
Colloids and Surfaces A: Physicochem. Eng. Aspects 421 (2013) 193– 200

Contents lists available at SciVerse ScienceDirect

Colloids  and  Surfaces  A:  Physicochemical  and
Engineering  Aspects

jo ur nal homep a ge: www.elsev ier .com/ locate /co lsur fa

Effect  of  spacer  rigidity  on  the  aggregations  of  ester  containing  Gemini
surfactants  in  aqueous  solutions:  A  study  of  density  and  fluorescence

Zhiguo  Zhanga,  Huanhuan  Wanga,  Peizhu  Zhenga,  Weiguo  Shena,b,∗

a School of Chemistry and Molecular Engineering, East China University of Science and Technology, Shanghai 200237, China
b Department of Chemistry, Lanzhou University, Lanzhou, Gansu 730000, China

h  i  g  h  l  i g  h  t  s

� New  volumetric  method  was  pro-
posed  to detect  the  second  aggrega-
tion  point.

� The  vesicle  formation  of  the  surfac-
tant  with  rigid  spacer  was  confirmed.

� The  rigidity  of  the  spacer  affects
the  microenviromental  properties
greatly.

� Gemini  surfactant  has larger  sur-
face  area  at  micelle  interface  than  at
water  surface.
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a  b  s  t  r  a  c  t

The  two  Gemini  surfactants  (1-Dodecanaminium,N,N′-[[(2E)-1,4-dioxo-2-butene-1,4-diyl]bis(oxy-
2,1-ethanediyl)]bis[N,N-dimethyl-,bromide)(12-fo-12)  and  (1-dodecanaminium,N,N′-[(1,4-dioxo-1,4-
butanediyl)bis(oxy-2,1-ethanediyl)]  bis[N,N-dimethyl-,  bromide)  (12-su-12),  which  have  very  similar
structure  but  bearing  rigid  and  flexible  spacers  respectively,  and  their monomeric  counterpart  1-
dodecanaminium,  N-[2-(acetyloxy)ethyl]-N,N-dimethyl-,  bromide  (DTAAB)  were  synthesized  and  their
aggregation  behaviors  in aqueous  solutions  were  studied  by  measurements  of  the  density  and  fluo-
rescence.  From  the  density  measurements,  the  vesicle  formation  of 12-fo-12  was  confirmed  and  the
volumetric  properties  of  the  aggregates  were  obtained.  By  using  fluorescence  methods,  the  micropolar-
ity,  the  steady-state  anisotropy  and  the  aggregation  number  in the micelles  were  measured.  It  was  found
that the  rigidity  of  the  spacer  affected  the  microenvironmental  properties  significantly.  The  aggregation
numbers  were  used  to compare  with  those  calculated  from  the  geometric  properties  of  the  micelles  by
a simple  geometry  model,  which  showed  good  consistence  with  each  other  except  for  the  calculations
involving  the  surface  area  of the  headgroup  for the  12-su-12  system.  It  indicated  that  the  surface  area  of
12-su-12  at  the  water–micelle  interface  was  significantly  larger  than  that  at the  water–air  interface.

© 2013 Published by Elsevier B.V.

1. Introduction

It has been generally recognized that the thermodynamic
studies of properties of surfactants in aqueous solutions, such
as the activity, the enthalpy change, the volume property and

∗ Corresponding author at: School of Chemistry and Molecular Engineering, East
China University of Science and Technology, Shanghai 200237,
China. Tel.: +86 21 64250804; fax: +86 21 64250804.

E-mail address: shenwg@lzu.edu.cn (W.  Shen).

the electrical conductivity, etc are important to understand their
behaviors in aqueous solutions. These quantities are indispensable
to test various theories and models of surfactant systems and
are the guidelines for their practical applications. The volumetric
properties such as the apparent molar volume V� or the par-
tial volume of surfactant in the aqueous solution is one of the
most important physicochemical quantities; however compared
to other properties, the studies on the volume property of the
surfactant solutions are rather limited.

The volumetric property is supposed to be sensitive to the struc-
ture change of the surfactants in solutions, because the structure

0927-7757/$ – see front matter ©  2013 Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.colsurfa.2012.12.019

dx.doi.org/10.1016/j.colsurfa.2012.12.019
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:shenwg@lzu.edu.cn
dx.doi.org/10.1016/j.colsurfa.2012.12.019


194 Z. Zhang et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 421 (2013) 193– 200

change must alter the parking parameter resulting in the change of
the average volume occupied by a surfactant molecule/ion in the
aggregate [1,2]. This sensitivity seems to be more general for vari-
ous surfactant systems and it has been used to determine the critical
micelle concentration (cmc) and the second critical aggregation
concentration (scac) by examining the variation of the apparent
molar volume or the partial molar volume of the surfactant with the
concentration; however the scac was seldom detected with reliable
precision [3,4]. Rosenholm [5] proposed a formulism for determi-
nation of the cmc  by the measured apparent molar volumetric data
(V�) for surfactant solutions based on a pseudo-phase separation
model:

V� = Vmic
� + cmc

m
(Vmon

� − Vmic
� ) (1)

for m ≥ cmc, where Vmon
�

and Vmic
�

are the apparent molar volumes
of the monomer surfactant and the surfactant in the micelle respec-
tively; m is the molality of the surfactant; for m ≤ cmc,

V� = Vmon
� (2)

and V� keeps almost unchanged. This method has been successfully
used in determination of the first cmc  of some surfactant systems
[6–8] and has an additional advantage to provide the volumetric
properties of the monomer and the micelle for surfactants. How-
ever, to our best knowledge, this method has not been used to
detect the second aggregate formation. As it is well known that
the density of solutions may  be measured by a vibrating tube den-
sity meter with a precision of 10−6 g ml−1, which is capable to give
an apparent molar volume or a partial molar volume of a solute in
a surfactant solution with an accuracy about 0.3% at diluted con-
centration, thus it is possibly to be a more advantageous technique
in detection of the second aggregation in the surfactant systems.

The microenvironment of the aggregates formed by surfactants
is another important physicochemical property of the aggregates
which plays a crucial role in practical applications such as func-
tional materials [9–11], drug delivery [12] and micelle catalysis
[13]. In the past decades, the microenvironmental properties of
different aggregates have received much attention due to the devel-
opment of the fluorescence technique, which is a powerful tool to
study microheterogeneous systems.

Recently we reported the aggregation behaviors of two Gemini
surfactants that differ only at the rigidity of the spacers [14], namely
(1-dodecanaminium,N,N′-[(1,4-dioxo-1,4-butanediyl)bis(oxy-
2,1-ethanediyl)] bis[N,N-dimethyl-, bromide) (12-su-12)
and (1-Dodecanaminium,N,N′-[[(2E)-1,4-dioxo-2-butene-1,4-
diyl]bis(oxy-2,1-ethanediyl)]bis[N,N-dimethyl-,bromide)(12-
fo-12), and their monomeric counterpart 1-Dodecanaminium,
N-[2-(acetyloxy)ethyl]-N,N-dimethyl-, bromide (DTAAB), the
structures of which are shown in Fig. 1. We  measured the cmc
by various methods and determined the size and the morphology
of the aggregates in the surfactant aqueous solutions by DLS and
transmission electron microscopy for each of the above systems
and found that 12-su-12 only formed spherical micelles in the
concentration range studied, while 12-fo-12 formed micelles first
and then the micelles quickly grew up to form vesicles; however
none of the measurement of the surface tension, the measurement
of the conductivity, or isothermal titration calorimetry (ITC) was
capable of indentifying the difference between the critical vesicle
concentration (cvc) and the cmc. From our previous experimental
results we also deduced that the surface area occupied by a
12-su-12 molecule at the water–micelle interface is significantly
larger than that at the water–air interface [10].

In the present paper, we propose a volumetric method and use
the fluorescence techniques to get more insights into the differ-
ences of the aggregation behaviors of the above surfactants in their
aqueous solutions and to confirm previous findings.

Fig. 1. Chemical structures of 12-su-12 (a), 12-fo-12 (b) and DTAAB (c).

2. Experimental

2.1. Materials

The surfactants were synthesized and purified as previ-
ously reported [10]. Dodecyltrimethylamonium bromide (DTAB,
mass purity >99%) and cetyltrimethylammonium bromide (CTAB,
mass purity >99%) were purchased from J&K Chemical Ltd. and
Sinopharm Chemical Reagent Co. Ltd., respectively; sodium bis(2-
ethylhexyl)sulfosuccinate (AOT, mass purity >99%), pyrene (mass
purity >98%), 1-dodecylpyridinium chloride (DPC, mass purity
>98%) and 1,6-diphenyl-1,3,5-hexatriene (DPH, mass purity >98%)
were purchased from Sigma–Aldrich. All chemicals were used as
received except for AOT, which was kept over phosphorus pentox-
ide under vacuum for a week before use. Double distilled water was
used in preparations of all surfactant solutions.

2.2. Density measurement

The densities of the surfactant solutions were measured using
a vibrating tube density meter supplied by Anton Paar (Model
DMA-5000 M)  with automatic viscosity correction. The tempera-
ture in the sample cell was regulated to ±0.001 K by a Peltier unit
and measured by the built-in platinum resistance thermometer
with an accuracy of ±0.01 K and a repeatability of ±0.001 K. The
accuracy and the repeatability in the density measurement were
±5 × 10−6 g ml−1 and ±1 × 10−6 g ml−1, respectively. The more
detail description of the apparatus and the procedure for den-
sity measurement was reported previously [15]. The precision in
determination of the density was checked by repeating the mea-
surements of the densities of freshly prepared solutions and found
to be about ±2 × 10−6 g ml−1.

The apparent molar volume V� was calculated from the density
data by [16]

V� = M

�
+ 103(�0 − �)

m�0�
(3)

where M is the molecular weight of the surfactant, � and �0 (g ml−1)
are the densities of the solution and the water respectively, m
(mol kg−1) is the molality of the surfactant.

2.3. Steady-state fluorescence

The steady-state fluorescence measurements were taken using
a fluorimeter (Model FLS 920) supplied by Edinburgh Instrument.
The fluorimeter was  equipped with a 450 mW Xe arc lamp and a
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