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1-D  structures  were  found  in  azo
dyes  and  cationic  surfactants  mixed
systems.
Helixes  were  found  in  one  of  the
mixed  systems.
The regulation  of the  formation  of
these  1-D  structures  has  been  inves-
tigated.

g  r  a  p  h  i  c  a  l  a  b  s  t  r  a  c  t

Combination  of  steric  effect,  �–� stacking,  electrostatic  and  hydrophobic  interaction,  the  packing  model
of  dye and  surfactant  molecules  in the  1-D  nano-structures  has  been  suggested.
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a  b  s  t  r  a  c  t

The  construction  and  regulation  of  one-dimensional  (1-D)  structure  have  been  fully  investigated  in
anionic  azo  dyes  and  cationic  surfactants  mixed  systems.  Anionic  azo dyes  with  different  charge  numbers
and different  size  of conjugated  groups  were  selected.  Analogously,  cationic  alkyl  quaternary  ammoni-
ums surfactants  with  different  chain  length,  charges  on  the  head,  and  types  of  the  surfactants  were  tested.
By studying  the  relationship  between  molecular  structure  and  intermolecular  interactions  in  a  controlled
vailable online xxx
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way,  it  was  found  that 1-D self-assembly  is  a process  that  affected  by  multiple  interactions,  including
electrostatic  attractions,  hydrophobic  interactions,  and  potential  �–� staking.  Besides,  the  symmetry  of
the  molecules  also  affects  the  morphology  of  the  assemblies.

© 2013 Elsevier B.V. All rights reserved.
zo dyes

. Introduction

Recently, one-dimensional (1-D) nano-structures have received
n intensive attention owing to their superior electronic [1–6], opti-

al [7–9], sensing [10–12],  and energetic [13] properties resulted
rom the quantum-confinement effects and high surface area to
olume ratio, and are expected to be applied in biological sensing

∗ Corresponding authors. Tel.: +86 10 62765058; fax: +86 10 62765058.
E-mail addresses: yunyan@pku.edu.cn (Y. Yan), jbhuang@pku.edu.cn

J.-b. Huang).

927-7757/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.colsurfa.2012.12.062
[14] and disease diagnoses [15–18].  So far, many attempts have
been made to achieve 1-D nano-structures such as vapor depo-
sition [19], solution–liquid–solid method [20], template-directed
methods [21–24],  and molecular self-assembly [25–30].  Among
these, self-assembly in aqueous solution is a simple and mild
way to construct 1-D nano-structures since it allows rational con-
trol of the shape and size of 1-D nano-structures. Combining the
non-directional interactions such as electrostatics, solvophobicity,

directional forces such as coordination binding, hydrogen bond-
ing, and �–� stacking, via molecular design, one may  obtain,
well-defined 1-D structures with different properties [31]. Typi-
cal examples are 1-D nano-structures assembled from conjugated

dx.doi.org/10.1016/j.colsurfa.2012.12.062
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:yunyan@pku.edu.cn
mailto:jbhuang@pku.edu.cn
dx.doi.org/10.1016/j.colsurfa.2012.12.062
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Fig. 1. Schemes of che

isk-like molecules or dyes, where the symmetry and �–� inter-
ctions among the conjugated groups define the orientation of
-D self-assembly. For example, Shelnutt reported the formation
f nano-fibers by two oppositely charged porphyrins in aqueous
olution [32]. Faul studied the formation of nanotubes by two oppo-
itely charged dyes with different frame structure (porphyrins and
erylenes) [33]. Besides, dyes (often carrying negative charges)
ere also co-assembled with surfactants or other molecules via

lectrostatic interaction, hydrogen bonding and coordination inter-
ction to construct 1-D nano-structures. For instance, Burger
chieved ribbon-like aggregates by perylenetetracarboxylic dian-
ydride, which has a negative charged perylene frame structure
nd optical ionic of quaternary ammonium with two  hydropho-
ic chains [34]. Similarly, Hoffmann reported the formation of
ano-fibers in the mixed systems of dyes and surfactants, where
he morphology of the fibers was controlled by the mixed ratio
35]. Fine-tune of the 1-D self-assembled structures were achieved
y Faul and co-workers, through introduction of the hydrogen
onding [36], coordinating [37], and chiral centers into the sur-
actants [38]. In our recent studies, nano-fibers were constructed
n different systems, including the mixed system of an aromatic
nionic surfactant and oppositely charged aromatic hydrotropic
alt [26], the mixed system of negative charged bile salts and vari-
us metal ions [30], and azo-modified surfactants with head groups
f dipeptide [27] and glycosylamine [28]. The driving forces in these
ystems are including electrostatic attraction, hydrophobic inter-
ctions, �–� interactions, coordination interactions and hydrogen
onds.

In spite of the elegant studies on the aforementioned 1-D nano-
tructures based on dyes, the role of non-covalent interactions
hat participate in the assembling process is still lack of system-
tic study. This work aims to establish the relation between the

olecule structure and the morphology of the self-assemblies, and

o understand the role of non-covalent interactions on the for-
ation of 1-D self-assembly. To this end, 1-D assemblies formed

n a series of mixed systems of azo dyes and surfactants were
 e                                              f

ctructure of azo-dyes.

studied. The dyes have similar structures (Fig. 1) which dif-
fer either in charge numbers, or in the size of aromatic rings.
Analogously, the structure of the cationic surfactant was  also
varied in a rationally controlled way, including changing the
chain length, the charges on the head, as well as varying the
type of the surfactants, namely from classical to Gemini with
spacers of various length. Upon considering these structural fac-
tors one by one, we are able to obtain a systematic knowledge
about the role of head group sizes, charge density matching, �–�
interactions, and hydrophobic interactions on the 1-D structure
formation.

2. Materials and methods

2.1. Materials

Acid Red 13 (AR13), Acid Red 27 (AR27), Azo Rubine (AR), Sun-
set Yellow (SY), Acid Red 9 (AR9) and methyl orange (MO) were
purchased from TCI. Bordeaux Red (BR) was from Acros Organics
Co. Dodecyltrimethylammonium bromide (DTAB), sodium dode-
cylsulfate (SDS) and p-octyl polyethylene glycol phenyl ether
(Triton X-100) were from Alfa Aesar. All these chemicals were
used as received. Quaternary ammonium bromides were prepared
by reaction of 1-bromododecane and the corresponding trialky-
lamine as described in our previous paper. The abbreviations of
the quaternary ammonium bromides are listed as follows: dodecyl-
triethylammonium bromide (DEAB); dodecyltripropylammonium
bromide (DPAB); octyltributylammonium bromide (OTAB); decyl-
tributylammonium bromide (DeTAB); dodecylpyridinium bromide
(DPyB) and dodecylmethylimidazolium bromide (DMImB). The
Gemini surfactants alkylene-a,s-bis(dodecyldimethylammonium

bromide) (12-s-12(Me)) (s = 4\6\10) were synthesized in this lab
according to the procedure reported elsewhere [39]. Milli Q water
was used throughout this work. All other reagents were products
of A.R. grade.
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ig. 2. (a) Fresh mixture of AR/12-6-12(Me), under polarizer; (b) after two days, u
d)  TEM image of AR13/12-6-12(Me) charge ratio = 1:2 system, CT = 1 mM;  (e) TEM i
-12(Me) charge ratio = 2.5:1 system, CT = 3 mM;  (g) TEM image of AR/12-6-12(Me)

.2. Sample preparation

Samples were prepared by mixing aqueous solutions of surfac-
ant and dye at certain mixing ratio. These samples were vortex

ixed and were maintained at 25 ◦C in a thermostatic bath at least
or three days before measurements.

.3. Transmission electron microscopy (TEM)

Micrographs were obtained with a JEM-100CX II transmission
lectron microscope. For negative-stained samples, uranyl acetate
olution (1%) was used as the staining agent. One drop of the sam-
les was placed onto a carbon Formvar-coated copper grid (230
esh), and the excess water was removed with a piece of filter

aper. Then a drop of staining agent was placed to the grid loading
amples. After a couple of seconds, the excess staining agent was
emoved with filter paper again.

.4. Dynamic light scattering measurements (DLS)
DLS were carried out using a spectrometer of standard design
ALV-5000/E/WIN Multiple Tau Digital Correlator) with a 22 mW
r laser (wavelength: 632.8 nm). The temperature was  controlled
t 25 ± 0.5 ◦C using a Haake C35 thermostat. To prepare dust-free
olarizer; (c) TEM image of AR9/12-6-12(Me) charge ratio = 1:1 system, CT = 1 mM;
of AR27/12-6-12(Me) charge ratio = 2:1system, CT = 1 mM;  (f) TEM image of BR/12-
e ratio = 1:1 system, CT = 1 mM.

solutions for light scattering measurements, the solutions were fil-
tered through a 0.22 �m membrane of hydrophilic PVDF filter into
light scattering cells before the measurements. The scattering angle
was 90◦.

2.5. X-ray diffraction (XRD)

For XRD measurements, several drops of the suspension were
dropped on a clean glass slide, followed by drying in air. Reflection
XRD studies were carried out for the film with a model XKS-2000
X-ray diffractometer (Scintaginc). The X-ray beam was  generated
with a Cu anode, and the wavelength of the K�1 beam was 1.5406 Å.
The X-ray beam was directed toward the film edge, and the scan-
ning was  done up to a 2� range from 2 to 10◦ and 2 to 30◦.

3. Results and discussion

3.1. Assemblies in the mixed systems of dyes and Gemini
surfactant 12-6-12(Me)
We first studied the mixed solutions of azo dyes (including
AR, AR9, AR13, AR27, BR) with a Gemini surfactant hexylene-1,6-
bis(dodecyldimethylammonium bromide) (12-6-12(Me)). All the
fresh aqueous mixtures of azo dyes and Gemini surfactants are
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Fig. 3. (a)Size distribution and (b) TEM image of

ransparent homogeneous solution at 25 ◦C (Fig. 2a). Two  days
ater, a strong birefringence phenomenon can be observed (Fig. 2b),

hich suggests the formation of unsymmetrical structures in these
olutions.

If we define the molar fraction of the dyes in azo dyes and
emini surfactants mixed systems as r = ndye/(ndye + nsurfactant), it
as found that the 1-D nano-structures can be observed in a
ide range of r at various concentrations. Although precipita-

ion was formed in all of the mixtures at the total concentration
eyond 0.005 mM and r beyond 0.1, the microstructures can be
nalyzed by using TEM. For the corresponding AR and AR9 mixed
ystems, TEM results revealed that the precipitates are formed
olely by 1-D nano-structures as well. However, for the AR13/12-
-12(Me) mixed system, nano-fibers were observed in a limit
ange of 0.1 < r < 0.5, whereas random precipitates were found at
ther ratios. Similar phenomena occurred to the AR27/12-6-12(Me)
nd BR/12-6-12(Me) mixed systems: nano-fibers were formed
t 0.5 < r < 1. TEM results revealed that 1-D nano-structures of
0–200 nm width can be observed in the birefringent solutions
Fig. 2c–g). In AR9/12-6-12(Me) and AR27/12-6-12(Me) systems,
he nano-structures are rigid and run up to several micrometers. In
R/12-6-12(Me), AR13/12-6-12(Me) and BR/12-6-12(Me) systems,

he nano-structures are soft and fiber-like, which can be hundreds
icrometers or even longer. It can be clearly visualized that the

ggregates in AR/12-6-12(Me) system are a mixture of nano-fibers
nd nano-helixes (Fig. 2g).

At r below 0.1, no precipitates can be observed in all of the
ve dye/surfactant systems. DLS results suggest the presence of
wo families of particles with the hydrodynamic radius Rh around

 nm and 50 nm,  respectively. TEM observation verified the larger
nes are vesicles, whereas the smaller ones can be attributed to
icelles which are invisible under TEM. The vesicles in the five
ixed systems of various dyes and 12-6-12(Me) are all with radius

eing 50–200 nm under TEM. (Fig. 3) The phase diagrams of the
yes/12-6-12(Me) systems are showed in Fig. 4.

These 1-D nano-structures are stable between 0 ◦C and 55 ◦C.
owever, at temperature higher than 55 ◦C, they shrink into

andom precipitates in a few minutes and the process is irre-
ersible.

The formation rate of these 1-D nano-structures is closely
elated with temperature, concentration, and r. First of all, the
ate of formation is fast at high temperature. For instance, the
ano-fibers in the AR/12-6-12(Me) 1:1 system (CT = 1 mM)  will

orm within hours and reach equilibrium in one or two  days at

5 ◦C, while it takes several weeks to arrive at stable state at
◦C. Secondly, it is very interesting to find a negative correlation
etween the concentration and the rate of 1-D nano-structure for-
ation, namely, the higher the concentration is, the slower the
-6-12(Me) charge ratio = 1:9 CT = 1 mM system.

nano-structures form. For instance, the nano-fibers start to occur
in 2 h at 25 ◦C in CT = 1 mM system (Fig. 5a) and grow beyond one
hundred micrometers within one day (Fig. 5b), which morphology
have little change contrasting with that of 48 h (Fig 5c). In con-
trast, it takes two  days to reach the corresponding stage in the
5 mM system, (Fig. 5e). Thirdly, r also affects the rate of formation
for these 1-D structures. For example, it takes one day for the 1-D
nano-structures in the AR/12-6-12(Me) system (CT = 1 mM,  25 ◦C)
to reach equilibrium if r < 0.67 (nAR/n12-6-12(Me) < 2/1). In contrast,
the equilibrium may  be completed immediately at r ≥ 0.67.

3.2. The effect of surfactant types

In order to get a general rule on the 1-D structure formation,
further experiments are performed in mixed systems of AR and
different types of surfactants. First of all, we  compared the struc-
tural difference of conventional surfactants and Geminis. It is well
known that Geminis usually exhibit stronger aggregation ability
and have more versatility in aggregate morphology than the con-
ventional ones of the same chain length. Therefore, we hope to
clarify whether it is the special Gemini structure that triggered the
1-D structure formation. For this purpose, self-assembly formed in
the mixed systems of azo dyes and conventional surfactant DTAB,
which has the same chain length with 12-6-12(Me) were examined.
It was found that the assemblies in the mixed systems of azo dyes
with conventional surfactants are also one dimensional, except
that they are broader. For instance, in the AR9/DTAB, BR/DTAB,
and AR27/DTAB systems, the assemblies are all ribbon-like or
plate-like with widths over 1 �m.  In the AR/DTAB and AR13/DTAB
systems, the assemblies are still fiber-like only that their widths are
increased. The major difference is that there are no helixes in the
AR/DTAB systems. Comparing the XRD results of dyes/Gemini sur-
factants and those of dyes/conventional surfactants, it is found that
dyes/conventional surfactants have much sharper peaks, which
stands for better crystallinity.

3.3. The effect of electrostatic interactions

The above results suggest that the Gemini structure is not the
determinative role for the 1-D structure formation; it seems that
the interaction between the surfactant and the dyes are very crucial.
In order to analyze the role of electrostatic interaction among the
interactions, we  use conventional surfactants with various head
groups to make further systematic studies in case of necessary. In

Table 1 we list the structures formed by dyes with surfactants with
various electrical states.

Table 1 clearly demonstrates that neither nonionic nor anionic
surfactant systems are able to form 1-D structures. In contrast, if
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Fig. 4. Phase diagrams of the dyes/12-6-12(Me) systems at 25 ◦C: (a)AR/12-6-12(Me); (b) AR9/12-6-12(Me); (c) AR13/12-6-12(Me); (d) AR27/12-6-12(Me); (e) BR/12-6-
12(Me). S stands for solution, while P stands for precipitation.

Fig. 5. TEM images of AR/12-6-12(Me) charge ratio = 1:1 systems at 25 ◦C: (a) CT = 1 mM,  

Table  1
The aggregation states of AR/Surfactant (of different electrical state) complex.

Surfactant Aggregates

Triton X-100 no self-assemblies observed

c
t
t
c

SDS no self-assemblies observed
DTAB nano-fibers
12-6-12(Me) nano-fibers and nano-helixes (Fig. 2g)
ationic surfactants were employed, either conventional or Gemini
ype, 1-D nano-structures are always observed by TEM. Apparently,
he electrostatic attraction between anionic dyes and opposite
harged surfactants is essential to the formation of nano-structure.
2 h; (b) CT = 1 mM,  24 h; (c) CT = 1 mM,  48 h; (d) CT = 5 mM,  24 h; (e) CT = 5 mM,  48 h.

3.4. The effect of the structure of azo dyes

Although electrostatic attraction is proved to be a key driving
force, directional interaction, such as �–� Staking, is also necessary
for the formation of the 1-D structure. To unravel such an effect,
self-assemblies were compared in dyes of various structures with
12-6-12(Me).

It is clear from Table 2 that the number of charges on the azo

dyes (AR9, AR13, AR27) and the frame structure (AR13, AR) does
not influence the formation of 1-D nano-structures. However, when
the size of conjugate groups decreased, 1-D nano-structures can-
not be observed anymore. With further decreasing the size of the
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Table  2
The aggregation states of azo dyes/12-6-12(Me) complex.

Azo dye Aggregates

AR nano-fibers and nano helixes (Fig. 2g)
AR9 nano-rods (Fig. 2c)
AR13 nano-fibers (Fig. 2d)
AR27 nano-rods (Fig. 2e)
BR nano-fibers (Fig. 2f)
SY block
MO  no self-assemblies were observed

2 4 6 8 10

2θ/deg

BR/12-6-12(Me)

AR27/12-6-12(Me)

AR9/12-6-12(Me)

AR13/12-6-12(Me)

AR/12-6-12(Me)

c
f
i
i
t

f
c
p
a
6

For surfactants with chain length of 12 carbons, 1-D structures can
Fig. 6. X-Ray diffraction result of the dye/surfactant systems.

onjugate groups (Methly Orange, MO), transparent solution is
ormed instead of precipitation, which indicates a decrease in the
nteraction among dyes and surfactants. This suggests that �–�
nteraction in the mixed systems may  play a key role in the forma-
ion of 1-D nano-structures besides electrostatic attraction.

Interestingly, XRD results suggest that these dyes may  have dif-
erent packing modes. The peaks of 2� around 2.7–3.4 degrees
orrespond to distances between 3.3 and 2.6 nm.  (Fig. 6) These

eaks can be divided into two groups. The complexes of AR9, AR27
nd BR with 12-6-12(Me) have a repeat unit over 3 nm (AR9/12-
-12(Me): 3.04 nm;  AR27/12-6-12(Me): 3.27 nm; BR/12-6-12(Me):

Fig. 7. Model for the possible structur
sicochem. Eng. Aspects 422 (2013) 10– 18 15

3.20 nm.), while AR and AR13 have a repeat unit of 2.61 nm and
2.79 nm respectively. It is worth mention that the AR27 and BR also
have small peaks of 2� around 3.4 degrees, which are corresponded
to a repeat unit of 2.60 nm.  According to Faul’s study of a similar
system, these peaks can be attributed to the lamellar structure of
spaced dyes and surfactants [40]. It is noticeable that the charges on
AR9, BR, and AR27 are located in the same naphthalene ring, while
the charges of AR and AR13 are separated in different naphtha-
lene rings. This different charge distribution on the dyes is probably
the crucial role that determines the molecular packing in the self-
assemblies. It is well-known that the �–� interaction may  lead to
the 1-D orientation [31]. In our study, this may also occur between
the dye molecules. Taking into account the hydrophobic interac-
tions contributed by the surfactant chains which tend to assemble
to minimize the contact with water, a possible model of the assem-
blies is suggested (Fig. 7). In this model, the rigid dye scaffolds
are in an anti-parallel arrangement forming the crystalline layers
with the alkyl chains alternating into the two neighboring alkyl lay-
ers. The potential �–� stacking between the dye molecules tends
to be perpendicular to the axis of the nano-fibers, which makes
the assemblies favor one-dimensional growth, rather than forma-
tion of two-dimensional plane. The long axis of AR9, AR27 and BR
is mainly parallel to the hydrophobic chains, so that the overall
length of the electrostatic complexes, which is the repeating unit
in the self-assembled structures, is ∼3.1 nm. In contrast, the long
axis of AR and AR13 is perpendicular to the hydrophobic chains,
which results in an overall length for the electrostatic complexes
being ∼2.6 nm.  It should be pointed out that in AR27/12-6-12(Me)
and BR/12-6-12(Me) systems, a few nano-structures also have a
molecular arrangement with the dyes’ long axis perpendicular to
the hydrophobic chains, but they are not dominant conformation.

3.5. The effect of the surfactants’ structure

The size of the head group of the surfactants also influences the
formation of 1-D nano-structure in these mixed systems. (Table 3)
be formed when the head groups are amine hydrochloride (DDHC)
and trimethyl ammonium (DTAB) in the mixture with various azo
dyes. However, when the head groups were replaced by larger

e of dye/surfactant assemblies.
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Table  3
The aggregation states of azo dyes/surfactants with different size of the head groups.

surfactant AR AR13 BR

DDHC nano-fibers (Fig. 9e) nano-fibers (Fig. 9f) nano-fibers (Fig. 9g)
DTAB nano-fibers (Fig. 9a) nano-fibers (Fig. 9d) plate-like
DEAB vesicle (Fig. 8b) vesicle vesicle
DPAB vesicle (Fig. 8 d) vesicle vesicle

o
c
a
v
e
s
a
d

t
m
u
d
(
t
i

e
t

F
s

DPyB plate-like plate-like plate-like
DMImB  plate-like plate-like plate-like

nes such as triethyl or tripropyl groups, the mixtures become
lear solutions. TEM and DLS results reveal that the assemblies
re fragments with an average hydrodynamic radius of 20 nm and
esicles 50–200 nm.  (Fig. 8) This may  be attributed to the stereo
ffect aroused by the larger surfactant heads which leads to a
maller packing parameter[41].  Therefore, the curvature of the self-
ssembled structures increases so that 1-D nano-structures are
isfavored.

The 1-D structure formation was closely related with the sub-
le stacking of the conjugated groups of the dyes in the above

ixed systems. For instance, if the packing was disturbed by
sing surfactants with bulky aromatic groups, such as dodecylpyri-
inium bromide (DPyB) and dodecylmethylimidazolium bromide
DMImB), only sheet-like structures were observed, suggesting that
he aromatic head groups have disturbed the 1-D directional pack-

ng of the dyes.

It is well-known that hydrophobic effect will be greatly influ-
nced by the surfactant chain length. In order to study this effect on
he formation of 1-D structures, cationic surfactants with different

ig. 8. (a) Size distribution and (b) TEM image of AR/DEAB charge ratio = 1:1 CT = 1 mM syst
ystem.
sicochem. Eng. Aspects 422 (2013) 10– 18

hydrocarbon chain length were selected and studied in the mixed
systems of azo dyes and cationic surfactants. (Table 4)

It is found in Table 4 that at the surfactant chain length being
shorter, such as using OTAB, 1-D structures cannot be formed no
matter with which dye. The assemblies in these systems are plate-
like or short ribbons, and most of them are larger than 1 �m both
in width and length. When the carbon number of the surfactant
chains reached 12, nano-fibers are formed in the AR and AR13
systems (Fig. 9a and d). However, with the hydrocarbon chain
of the surfactants being longer, the assemblies become shorter
with the width beyond five hundreds nanometers and length over
micrometers. Similar situations also occurred in Gemini surfac-
tants systems. XRD results (Fig. 10)  demonstrate that when the
hydrophobic chains are shortened to 8C, the peak of pure AR crys-
tal shows up instead the peak of AR/surfactant complex. When
the chain grows longer to 10C, the peak of AR/Surfactant com-
plex occurs, but the peak of pure AR is still there. As the chain
was extended to 12C, the peak of pure AR disappears. With further
increasing of the chain lengths, the peak of AR/surfactant remains,
and the aggregates grows larger. These phenomena suggest that
only appropriate hydrophobic effect is beneficial to the 1-D nano-
structure formation. If the hydrophobic chains are too short, the
hydrophobic effect is not strong enough to form AR/Surfactant com-
plex. On the contrary, as the hydrophobic chains become too long,
the hydrophobic effect is too strong, and the aggregates tend to

grow into bigger ones with larger aggregation number to decrease
the chains’ contact area with water. Only when the hydrophobic
chains have a length of 12C, the hydrophobic effect is suitable to
form nano-fibers.

em; (c) Size distribution and (d) TEM image of AR/DPAB charge ratio = 1:1 CT = 1 mM
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Table  4
The assemblies of azo dyes/surfactants with different hydrocarbon chains length.

surfactant AR AR13 BR

OTAB plate-like (Fig. 9c) short ribbon plate-like
DeTAB plate-like short ribbon rodlike
DTAB nano-fibers (Fig. 9a) nano-fibers (Fig. 9d) short ribbon
TTAB  plate-like ribbon and plate-like nano-fibers and short ribbon
CTAB nano-fibers (Fig. 9b) ribbon ribbon
8-6-8(Me) plate-like plate-like plate-like
12-6-12(Me) nano-helixes (Fig. 2g) nano-fibers (Fig. 2d) nano-fibers (Fig. 2f)
16-6-16(Me) ribbon ribbon ribbon

Fig. 9. TEM image of (a) AR/DTAB charge ratio = 1:1 CT = 1 mM;  (b) AR/CTAB charge ratio = 1:1 CT = 1 mM;  (c) AR/OTAB charge ratio = 1:1 CT = 1 mM;  (d) AR13/DTAB charge
ratio  = 1:1 CT = 1 mM;  (e) AR/C12NH3Cl charge ratio = 1:1 CT = 1 mM;  (f) AR13/C12NH3Cl charge ratio = 1:1 CT = 1 mM;  (g) BR/DDHC charge ratio = 2:1 CT = 1 mM;  (h) AR/12-10-
12(Me)  1:1 CT = 1 mM;  (i) AR13/12-10-12(Me) 1:1 CT = 1 mM;  (j) BR/12-10-12(Me) 2:1 CT = 1 mM.

Table 5
The aggregation states of azo dyes/Gemini surfactants with different spacer lengths.

surfactant AR AR13 BR

12-2-12(Me) plate-like plate-like plate-like
12-4-12(Me) plate-like 

12-6-12(Me) nano-fibers and nano-helixes (Fig. 2g) 

F
d

12-10-12(Me) nano-fibers (Fig. 9h) 

5 10 15 20 25 30

AR

2θ  /deg

AR-OTAB

AR-DeTAB

AR-DTAB

AR-TTAB

AR-CTAB

ig. 10. X-Ray Diffraction of the complexes of AR and cationic surfactants with
ifferent length of hydrophobic chains.
plate-like plate-like
nano-fibers (Fig. 2d) nano-fibers (Fig. 2f)
nano-fibers (Fig. 9i) nano-fibers (Fig. 9j)

In case of the employment of Gemini surfactants, the spacer
length of the Gemini surfactants is also crucial on the morphology
of the aggregates. (Table 5) When the carbon number of the spacer
is 2 or 4, it tends to form sheet-like structures in the mixed systems.
Only at the carbon number of the spacer being 6 or 10, 1-D nano-
fibers can be formed. It seems that the spacer length play a similar
role as the hydrocarbon chains of the surfactant which is to increase
the hydrophobic effect.

4. Conclusions

In conclusion, 1-D nano-structures can be constructed from the
mixed systems of azo dyes and cationic surfactants in a broad
range of concentration and mixing ratio. The formation of 1-D
nano-structures can be regulated from the molecular level, such as
variation of the conjugated groups of the dyes, change of the head
group size and the chain length of cationic surfactants. Our study
suggests that 1-D assembly formation is controlled by multiple
interactions in these systems. Electrostatic attraction, hydropho-

bic effect, and geometric packing all influence the morphology
of the 1-D assemblies. The results in this work are instructive to
further understanding and controlling of the assembly of 1-D nano-
structures.
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