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a b s t r a c t
The adsorption and aggregation of 2-hydroxyl-propanediyl-a,x-bis(dimethyldodecyl ammonium bromide) (abbreviated as 12-3(OH)-12) in aqueous solution have been investigated by equilibrium and
dynamic surface tension, surface dilational rheology, conductivity, ﬂuorescence probing, viscosity, zeta
potential and dynamic light scattering measurements. The results measured by dynamic surface tension,
molar and differential conductivities strongly suggested the formation of dimolecular moieties in dilute
systems prior to their adsorption and aggregation, which was attributed to intermolecular hydrogenbonding between the hydroxyl substituted spacers. This increased the hydrophobicity of the molecular
moieties and greatly promoted their adsorption at the air/water interface and association in solution.
The intermolecular hydrogen-bonding between the molecules adsorbed at the air/water interface made
their arrangement tighter and thus produced lower ccmc compared with unsubstituted 12-3-12. Moreover, the effect of intermolecular hydrogen bonding promotes growth of 12-3(OH)-12 micelles and leads
to dissociation of the counterions on the aggregate surfaces.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Compared with traditional single-headgroup and single-alkyl
chain surfactants, the spacer group is a unique component part
in gemini surfactant molecule, which has been known to strongly
affect the self-assembly of gemini surfactants in aqueous solution
[1]. So far, the various gemini surfactants containing different spacers, for example, a ﬂexible hydrophilic [2–5], ﬂexible hydrophobic
[6,7], or rigid hydrophobic [8–11], have been investigated. Among
a class of cationic gemini surfactants containing hydroxyl substituted spacer interests us [12–18]. We expect that these surfactants
can produce the intermolecular hydrogen-bonding between the
substituted spacers when they adsorb at air/water interface or
associate in bulk solution.
Generally, the process of self-assembly of surfactant at air/
water interface or in aqueous solution was attributed in large part
to ‘‘hydrophobic effects” in which a major part of the driving force
for forming the ‘‘organized assembly” is an entropically favored
release of interfacial water [19–21]. This is a kind of nondirective
driving forces and generally results in the aggregates with
symmetric structure such as spherical micelles or vesicles.
Different from symmetric spherical micelles and vesicles, wormlike micelle has a very long contour length ca 1 lm, which is the
* Corresponding author. Fax: +86 591 22866152.
E-mail address: jxzhao.colloid@fzu.edu.cn (J. Zhao).
0021-9797/$ - see front matter Ó 2010 Elsevier Inc. All rights reserved.
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result of micellar growth along one-dimensional direction. Long
wormlike micelles can spontaneously entangle to jelly the solution. Viscoelstical wormlike micelle solutions and supramolecular
gels have extensive applications in industry [22–24]. Such systems
are typically formed by adding salt to the solutions of an ionic surfactant such as cetyltrimethylammonium bromide (C16TABr)
[25,26]. The mechanism involved has been ascribed to the effective
screening of the electrostatic repulsions between the charged
head-groups, which results in a reduction of the optimal molecular
area at the hydrocarbon–water interface, leading to an increase in
the end-cap energy [22].
Different from hydrophobic effects, intermolecular hydrogen
bonding is a directive driving force. If such a driving force could
be served as the supplementary contribution to the micellar system, this will undoubtedly accelerate growth of micelles. Indeed,
the role of intermolecular hydrogen bonding has been exhibited
in some systems, for instance, lecithin organogel formation [27]
and naphthol induced C16TABr viscoelastic gel [28], etc. The gemini
surfactant containing hydroxyl substituted spacer is a good candidate to investigate the contribution of intermolecular hydrogen
bonding to micellar growth. Recently, we synthesized a cationic
gemini surfactant 2-hydroxyl-propanediyl-a,x-bis(dimethyldodecyl ammonium bromide) (abbreviated as 12-3(OH)-12). This gemini surfactant has one hydroxyl substituted methylene spacer
compared with propanediyl-a,x-bis(dimethyldodecyl ammonium
bromide) (symbolized as 12-3-12), the latter is a gemini surfactant

458

X. Pei et al. / Journal of Colloid and Interface Science 351 (2010) 457–465

studied extensively [1]. As mentioned above, the behavior of 123(OH)-12 in aqueous solution had been previously examined in
several groups [12–18]. However, they did not focus on the role
of intermolecular hydrogen bonding though the hydrogen bonds
between the substituted hydroxyl group and water molecule has
been suggested. In the work we are performing, 12-3(OH)-12
was found to have a greatly stronger ability of wormlike micelleforming and to be more sensitive to the addition of salt, resulting
in long wormlike micelles formed, in comparison with 12-3-12.
This was perhaps due to intermolecular hydrogen bonding
interaction.
If there exists the intermolecular hydrogen bonding interaction
between 12-3(OH)-12 molecules, this effect also certainly affects
their adsorption and association in dilute solution. In the present
work we represent the results of a complementary study of 123(OH)-12 in aqueous dilute solution, in which the intermolecular
hydrogen bonding interaction between the substituted spacers
was emphatically investigated by various experimental methods.
For comparison, unsubstituted 12-3-12 was also examined on
the same level in order to realize the effect of the intermolecular
hydrogen bonding on the adsorption and the association of 123(OH)-12. This will beneﬁt us to well understand the rheological
behavior of the wormlike micelle solution formed by 12-3(OH)-12.
2. Materials and methods
2.1. Materials
Gemini surfactants, 2-hydroxyl-propanediyl-a,x-bis(dimethyldodecyl ammonium bromide) (referred below as 12-3(OH)-12)
and propanediyl-a,x-bis(dimethyldodecyl ammonium bromide)
(referred to as 12-3-12), were synthesized in our laboratory
according to the methods reported by Rosen [15] and Zana [7],
respectively. Their chemical structures are shown in Scheme 1.
All the products were conﬁrmed by 1H NMR and elemental analysis
as shown in Supporting Materials.
Nile Red (NR, phenoxazone-9, Acros) that is chemically known
as 9-diethylamino-5H-benzo[a]phenoxazine-5-one (C20H18N2O2),
and 1,6-diphenylhexatriene (DPH, Fluka, HPLC grade) were used
as received. Pyrene (Fluka) was re-crystallized three times in
ethanol. All the solutions were prepared with Milli-Q water
(resistivity = 18.2 MX cm1).
2.2. Measurements
2.2.1. Equilibrium surface tension
Equilibrium surface tension of the surfactant aqueous solutions
was measured with CHAN DCA-315 tensionmeter equipped with a
Pt–Ir du Noüy ring. The circumference of the ring is 5.930 cm. The
ratio of the outside radius to the radius of the ring cross section (R/
r) is 53.1218. Measurements were taken until successive values
agreed to within 0.1 mN m1.
2.2.2. Dynamic surface tension
Dynamic surface tension was measured using a SINTERFACE
bubble pressure tensionmeter, Model BPA-1S. The inside diameter

12-3(OH)-12

of the capillary is 0.2 mm. The experimental uncertainties in
dynamic surface tension measurements are approximately
±0.1 mN m1.
2.2.3. Surface dilational elasticity
Surface dilational elasticity measurements were carried out
with an optical angle meter, OCA-20, with oscillating drop accessory ODG-20 from Dataphysics Instruments GmbH, Germany. A
drop of liquid, formed from a syringe into a thermostated optical
glass cuvette containing water in the bottom to avoid drop evaporation, was hung for  40 min to guarantee the adsorption equilibrium. Then, the equilibrated surface was disturbed by sinusoidal
oscillations. The accessible frequency range was 0.01–1 Hz and
the relative area (A) variation was  7%, which satisﬁed the
requirement of linear viscoelasticity. The changes in drop shape
were monitored by a CCD camera with a minimum of 50 frames
per second. At the end of the experiment, the software retrieved
the images and calculates the change in area and respective
changes in surface tension for each cycle. Using a Fourier transform
analysis, the complex dilational modulus (e ) and phase angle (h)
were determined and the dilational elasticity e was calculated by

e ¼ je j cos h

ð1Þ

2.2.4. Electrical conductivity
Electrical conductivity of the sample solutions was performed
using a digital conductometer (Shanghai Weiye Instrument Plant,
model DDS-307 with DJS-0.1 platinum electrode. The cell constant = 0.928 cm1, provided by the manufacturer). From the
experimental data, the molar conductivity K was determined as
(j  j0)/C, where j0 is speciﬁc conductivity of water. Differential
conductivity was measured by a special conductivity cell consisted
of two parts: a transfer-pipette type of conductivity cell and a
round-ﬂask type of stock bulb, and their bottoms were connected
with a glass capillary. Based on the dependence of the speciﬁc conductivity, j, on the surfactant concentration, C, the differential conductivity, dj/dC, was deﬁned as the increment, (j2  j1)/(C2  C1)
for a pair of the nearest-neighboring data [29].
2.2.5. Spherical-to-rod-to-wormlike micelle transition
Spherical-to-rod-to-wormlike micelle transition was determined by the Nile Red (NR) probing method as reported previously
[30]. Fluorescence spectra of NR (2.0  106 mol L1) were recorded on a Hitachi F4500 ﬂuorescence spectrophotometer with
xenon lamp and photomultiplier detector. Slit for excitation and
emission monochromators was 5.0 nm. The excitation wavelength
(kex) was 480 nm.
2.2.6. Micropolarity
Micropolarity of the aggregates was measured using steady-state
ﬂuorescence spectroscopy with pyrene as the probe [31–33]. Steady-state ﬂuorescence emission spectra of pyrene (5  106 mol L1)
were recorded by the instrument described above at kex = 335 nm.
The ratio of the emission intensity of the ﬁrst to the third peaks
(I1/I3) was used to character the polarity of the microenvironment
located by pyrene that was known to solubilize in the palisade layers
of the micelles [34–36].

12-3-12

Scheme 1. Chemical structures of 12-3(OH)-12 and 12-3-12.
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2.2.7. Microviscosity
Microviscosity of the aggregates was obtained by DPH probing
method [33]. Fluorescence spectra of DPH were recorded on a Hitachi F4500 ﬂuorescence spectrophotometer as described above.
The excitation wavelength was 360 nm, and the emission was
monitored at 435 nm. The excitation polarizer was used to measure the ﬂuorescence anisotropy, r. The relationship between
microviscosity gi and r is

thermostatic circulator with temperature stability ±0.01 °C (Polysceience, USA). For others a thermostat (DC-0506, Shanghai Hengping Instrument Factory) with the accuracy of ±0.1 °C was used.

gi ¼ RT s=½V m ðr0 =r  1Þ

Fig. 1 shows the equilibrium surface tension (c) plots of 12-3(OH)12 and 12-3-12 in aqueous solution, where the c of 12-3(OH)-12 starts
to drop at a lower concentration C than that of 12-3-12. This yields a
smaller critical micelle concentration (cmc), indicating the stronger
micelle-forming ability of 12-3(OH)-12. Moreover, 12-3(OH)-12 has
a lower ccmc (33.4 mN m1 at 25 °C) at the saturated adsorption in
comparison with that (34.6 mN m1 at 25 °C) of 12-3-12. This corresponds to a smaller area (0.54 nm2) of 12-3(OH)-12 molecule adsorbed at the air/water interface than that (0.60 nm2) of 12-3-12,
which are calculated by Gibbs formula (Eqs. (5) and (6)) in terms of
the slope (dc/d log C) of the dropping curve at the cmc. This indicates
that adsorbed 12-3(OH)-12 molecules are arranged more tightly.

ð2Þ

where R is the gas constant, T is the absolute temperature, s is the
probe lifetime in its environment, Vm is the probe effective molar
volume, and r0 is the ﬂuorescence anisotropy in a medium of inﬁnite viscosity. For DPH the value of r0 is 0.362 in glycerol at
60 °C [37].
2.2.8. Zeta potential
Zeta potential measurements were performed by zeta potential
analyzer (Brookhaven Instrument Corporation, USA) equipped
with a microprocessor unit to measure the zeta potential. Each
sample was allowed to equilibrate for 2 h under constant agitation
and then kept in water-bath at 25 °C for 24 h to reach the equilibrium. The solutions were then transferred into the measurement
cells for 30 min before zeta potential measurements. The ﬁnal zeta
potential value was taken as an average of three measurements.
2.2.9. Viscosity
Viscosity of aqueous surfactant solutions was measured with
Ubbelohde viscometer. The dynamic viscosity (g) was calculated
according to Eq. (3):

g ¼ Aqt 

Bq
t

ð3Þ

where t is the efﬂux time, q is the density of sample, A and B are the
calibration constants of the viscometer. When t > 100 s, the term of
Bq
can be ignored and thus the relative viscosity to the solvent water
t
(gr) follows Eq. (4):

gr ¼

g t
¼
g0 t0

ð4Þ

where t0 is the efﬂux time of solvent.
2.2.10. Rheological measurements
Rheological measurements were performed on a stress controlled rheometer (AR2000ex, TA instruments) with cone-plate
sensor. The cone is made of standard ETC steel with the diameter
of 20 mm and the cone angle of 2°. The gap between the center
of cone and the plate is 50 lm. Each sample was kept for 5 min
on the plate to reach the equilibrium before testing. A strain sweep
was performed at a frequency of 6.28 rad s1 (1 Hz) before the test.
A strain value was then decided to make sure the sample in the
linear viscoelastic region during the following oscillatory
measurements.
2.2.11. Dynamic light scattering
Dynamic light scattering of micellar solutions was measured by
Brookhaven Instrument which was composed of a BI-200SM
goniometer, a BI-9000AT digital correlator (522 channels) and a
photomultiplier detector. The He–Ne laser with 15 mW power and
632.8 nm wavelength was as the light source. All solutions were
ﬁltered through 0.22-lm Millipore ﬁlters into cylindrical lightscattering cells (od = 15 mm). The scattered light at 90° was
collected and the autocorrelation function was analyzed using
CONTIN software.
All the measurements were conducted at 25 °C. For light
scattering measurements, the temperature was controlled by a

3. Results and discussion
3.1. Adsorption at the air/water interface

Cmax ¼ 

1
dc
2:303nRT d log C

ð5Þ

where n is 2 for the salt-free system [38,39].

Amin ¼

1
N A Cmax

ð6Þ

where NA is Avogardo constant.
Fig. 2 shows the experimental measurements of interface elasticity (e) as a function of frequency (v) in both systems at a concentration of 0.8 times of each cmc. The 12-3(OH)-12 system shows
greatly larger value of interface elasticity in comparison with the
12-3-12 system, demonstrating that the adsorption ﬁlm of 123(OH)-12 is denser. This is consistent with the results obtained
from the surface tension measurements.
Since 12-3(OH)-12 only differs from 12-3-12 in molecular
structure with a substituted hydroxyl group in the spacer, the
different adsorption phenomena are believed to come from the
effect of this substituted hydroxyl group. A possible reason is
formation of the hydrogen-bonding between the spacers of the
adsorbed 12-3(OH)-12 molecules. The ability of hydrogen bondforming of 12-3(OH)-12 with water has been suggested by Wettig
et al. [18], however, they did not focus on the intermolecular
hydrogen bonds. If so, the 12-3(OH)-12 molecules are certainly

Fig. 1. Surface tension (c) vs. log C plots for 12-3(OH)-12 (h) and 12-3-12 (s) in
aqueous solution.
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Fig. 2. Interfacial dilational elasticity (e) vs. oscillation frequency (v) for 12-3(OH)12 (h) and 12-3-12 (s) in aqueous solution, where the relative concentration of the
surfactant (C/cmc) is ﬁxed at 0.8.

pulled closer, which makes the arrangement of the molecules
tighter.
3.2. The state of 12-3(OH)-12 molecule in the dilute solution
Fig. 3a shows the variation of surface tension c with time t (the
plots of dynamic surface tension) at a concentration of 0.8 times of
each cmc. The decrease of c with increasing t is more signiﬁcant for
12-3-12, whereas the c of 12-3(OH)-12 has only a very small decrease over the range of initial time and then drops with further
increasing t. According to Ward and Tordai model [40] that describes the diffusion-only controlled adsorption process, the variation of c with t over the range of short time follows the formula:

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ct ¼ c0  2nRTC 0 Dt=p

ð7Þ

where c0 is the surface tension of the solvent, C0 is the concentration of surfactant in bulk solution and n is 2 as suggested by Li
et al. [38] and Zana [39]. From the straight line slope in the plots
of c vs. t1/2 (Fig. 3b), the diffusion coefﬁcient Ds. of 12-3(OH)-12
and 12-3-12 can be obtained, which are 0.28 ± 0.04  1011 and
1.05 ± 0.16  1011 m2 s1, respectively. As compared with 12-312, the far smaller D of 12-3(OH)-12 corresponds to the slower
diffusion of the molecular moiety towards the interface. A reason-

able explanation is the formation of oligo-aggregate ions in the
12-3(OH)-12 solution, which leads to large molecular weight of
the moiety. Since this slow diffusion does not occur in the 12-312 system, the formation of oligo-aggregate ions must relate to
intermolecular hydrogen-bonding between the substituted spacers
of 12-3(OH)-12. This fact indicates that the interaction between the
12-3(OH)-12 molecules has already occurred even in dilute solution
before they start to adsorb at the interface.
The evidence also comes from the results of conductivity measurements. Fig. 4a illustrates molar conductivity vs. surfactant concentration plots, in which the 12-3(OH)-12 system shows a
maximum, whereas the 12-3-12 system does not. This maximum
is the signature of premicellar association in surfactant solution
[39,41]. It arises because the equivalent conductivity of a small
aggregate of surfactant ions (dimeric or trimeric, etc.) is larger than
the sum of the equivalent conductivities of the ions constituting it
[41,42]. Differential conductivity technique also sensitively responds to the oligo-aggregate ions in the aqueous solution [43].
Fig. 4b gives out the comparison between the differential conductivity curves of the both at 25 °C, from which an obvious ‘‘peak” in
the curve of 12-3(OH)-12 can be observed. This has been attributed
to the characteristic of the oligo-aggregate ions in solution [43]. A
possible dimolecular structure of 12-3(OH)-12 linked by the
hydrogen bonds is schematically represented in Fig. 5, although
the details of the molecules arrangement may be complicated. This
mechanism reasonably explains the results shown in Figs. 1 and 2.
3.3. Micellar growth with increasing concentration
12-3-12 has a very small cmc compared with the corresponding
monomer dodecyltrimethylammonium bromide (C12TABr). This
makes the micelle formed initially very small and the aggregation
number was estimated to be  22 [44]. With increasing the concentration, more molecules participate in the construction of micelles, resulting in rapid growth of the micelles and ﬁnally
forming wormlike micelles [44]. As discussed in above sections,
12-3(OH)-12 has a stronger association ability than 12-3-12 and
therefore we believe it also goes through similar process. In a very
recent issue, we reported a new and sensitive ﬂuorescence method
to determine the transition of micelles from spherical-to-rod-towormlike using Nile Red (NR) as the probe [30], in which the Ia/
Ib of NR (the ﬂuorescence intensity ratio of the twisted intramolecular charge transfer band to the planar locally excited band) was
used as the index to represent the micellar transition. Fig. 6 shows

Fig. 3. (a) Surface tension (c) vs. time (t) plots for 12-3(OH)-12 (h) and 12-3-12 (s) in aqueous solution with a concentration of 0.8 cmc. (b) Plots of c against t1/2, which
derived from the original data in (a).
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Fig. 4. Molar conductivity (K, a) and differential conductivity (dj/dC, b) vs. concentration (C1/2) plots for 12-3(OH)-12 (h) and 12-3-12 (s) in aqueous solution. The arrow
indicates the cmc for 12-3(OH)-12 system.

shear thinning phenomena shown in Fig. 7a and the clear viscoelastic spectra (Fig. 7b) well verify the formation of the wormlike
micelles in both systems [45].
3.4. Micropolarity and microviscosity of the aggregate
Fig. 5. A schematic representation of dimolecular structure of 12-3(OH)-12 in
dilute solution.

the variation of Ia/Ib of NR with C for both systems, where the
curves show a minimum at relatively low concentration
(14.3 mmol L1 for 12-3(OH)-12 and 21.1 mmol L1 for 12-3-12)
and then rapidly rises to a plateau. As revealed in the previous
work, the minimum in the plot of Ia/Ib of NR vs. C indexes the critical point of the spherical-to-rod transition of micelles, whereas
the point where the curve levels off corresponds to the critical
one of the rod-to-wormlike transition of micelles [30]. From the
comparison between the plots in Fig. 6a and b, one can see that
the 12-3(OH)-12 micelles grow more rapidly than 12-3-12 ones
with increasing concentration. The corresponding viscosity of the
solution is well consistent with the micellar transition observation
as seen in Fig. 6.
Fig. 7 shows the results of rheological measurements at the concentration of about two folds of each second critical point. The

In this section, we examine the micropolarity and the microviscosity of the aggregate over the region of spherical-to-rod transition. It is well known that the pyrene (Py) is a sensitive probe to
determine the polarity of the microenvironment where Py is located. For this purpose the ratio of the ﬁrst to the third peaks (I1/
I3) in the Py emission spectrum was used as the index [31–33].
Over this region, 12-3(OH)-12 system shows obviously lower value
of I1/I3 (1.28 ± 0.01) compared with that (1.40 ± 0.01) of 12-3-12.
This means that the aggregates constructed by 12-3(OH)-12 has
a denser structure, agreeing with the assumption of the formation
of intermolecular hydrogen bonding in this system.
The microviscosity measurements also give out the similar
information. In this work, the aggregate microviscosity was determined using the ﬂuorescence probing method based on the measurement of the ﬂuorescence anisotropy of micelle-solubilized
DPH (1,6-diphenylhexatriene) [33,46]. According to Eq. (2), the
variation of the product of the microviscosity, gi, and the effective

Fig. 6. Variation of Ia/Ib of NR and relative viscosity (gr) vs. surfactant concentration (C) for 12-3(OH)-12 (a) and 12-3-12 (b) in aqueous solution.
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Fig. 7. Solution viscosity vs. steady shear rate curves (a) and viscoelastic spectra (b, G0 (ﬁlled symbols) and G00 (open symbols)) for 12-3(OH)-12 (rectangles, 80 mmol L1) and
12-3-12 (circles, 150 mmol L1) aqueous solutions.

molar volume of DPH, Vm, with the concentration is shown in Fig. 8.
At a comparable concentration, the giVm of 12-3(OH)-12 is much
larger than that of 12-3-12, which is consistent with the denser
structure of 12-3(OH)-12 aggregates.
3.5. Surface charge of the aggregates
Generally, the plot of speciﬁc conductivity j vs. surfactant concentration C (Fig. 9) can be used to estimate the ionization degree
of micelle (a) by the ratio of the slopes of the two straight lines
above and below cmc (S2 and S1), i.e., a = S2/S1 [47]. By this method,
the as of 12-3(OH)-12 and 12-3-12 are 0.24 ± 0.02 and 0.22 ± 0.02,
respectively. Very close a of both was also observed by Wettig et al.
[18]. Besides chemical nature of ionic headgroup, the ionization
degree generally relates to the area of ionic headgroup occupied
at the micellar surface [48]. The gemini micelle formed initially
only has very small aggregation number [1,44] and thereby the
core–shell structure of micelle may be uncompleted. That is to
say, the apparent area per headgroup under this state may lose
its meaning.
As mentioned in Section 1, the wormlike micelles formed by 123(OH)-12 were found to have a more sensitive response to the
addition of electrolyte than that of 12-3-12. To understand this
point, we measured the electrophoresis of the aggregates in aque-

Fig. 8. Relative microviscosity (giVm) vs. surfactant concentration (C) for 12-3(OH)12 (h) and 12-3-12 (s) in aqueous solution.

Fig. 9. Speciﬁc conductivity (j) vs. surfactant concentration (C) for 12-3(OH)-12
(h) and 12-3-12 (s) in aqueous solution.

ous solution over the region of rod-micelles. Fig. 10 shows the zeta
potential obtained from the micellar electrophoretic mobility
measurements as a function of surfactant concentration. At a comparable concentration, the zeta potential of 12-3(OH)-12 micelles

Fig. 10. Zeta potential vs. surfactant concentration (C) for 12-3(OH)-12 (h) and 123-12 (s) in aqueous solution.
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is greatly larger than that of 12-3-12. The micelle size over this
range was examined by dynamic light scattering technique.
Fig. 11 shows the normalized electric ﬁeld autocorrelation functions of 12-3(OH)-12 at 40 mmol L1 and 12-3-12 at 40 and
80 mmol L1, respectively, which were represented as bjg ð1Þ ðsÞj2
according to the Siegert relation [49]:

g ð2Þ ðsÞ ¼ 1 þ bjg ð1Þ ðsÞj2

ð8Þ

where g ðsÞ is normalized intensity autocorrelation function that
can be experimentally measured, b is a non-ideality factor accounting for the deviation from the ideal correlation and s is the delay
time. The electric ﬁeld autocorrelation functions are excellently ﬁtted by the CONTIN model as shown by the solid lines and thus the
CONTIN model is used to analyze the light scattering data. Fig. 12
illustrates the intensity–fraction distribution for the three samples,
from which the mean effective hydration diameters of the micelles
are obtained to be 30.4 nm for 12-3(OH)-12 at 40 mmol L1,
24.7 nm and 29.5 nm for 12-3-12 at 40 and 80 mmol L1, respectively. At the same concentration of 40 mmol L1, the micelle of
12-3(OH)-12 has a larger size than that of 12-3-12, well reﬂecting
the accelerated growth of the former due to the role of the intermolecular hydrogen bonding. The relative variance of 12-3(OH)-12 is
only 0.004, indicating the micelles are very monodisperse.
Contrarily, both systems of 12-3-12 show large relative variance,
which are 1.839 and 1.633, respectively, meaning polydispersity
of the micelle size. This situation is certainly relevant to the intermolecular hydrogen bonding, which strengthens the intermolecular
ð2Þ
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interactions and promotes the formation of the tightly packed
structure. In a word, at a comparable concentration, the 123(OH)-12 micelle has a larger size and a denser structure in comparison with the 12-3-12 micelle. This undoubtedly leads to more
charges on the surface of 12-3(OH)-12 micelle in comparison with
12-3-12 micelle. On the other hand, the intermolecular hydrogen
bonding also induces the increase in the hydrophilicity on the
aggregate surfaces, which is favorable to the release of the counterions. All the factors make 12-3(OH)-12 micelles larger zeta potential and more sensitive to respond the addition of electrolyte than
12-3-12 micelles.
Let us return to Fig. 9 to explain lower speciﬁc conductivity of
12-3(OH)-12 at micelle region than 12-3-12 using the results of
dynamic light scattering. This situation is consistent with the
observation of Wettig et al. [18], in which they also found substituted 12-4(OH)-12 and 12-4(OH)2-12 had lower speciﬁc conductivity than unsubstituted 12-4-12 but did not discuss it.
Obviously, 12-3(OH)-12 micelle with a large size moves slowly
than 12-3-12 micelle. This may be the reason producing relatively
low conductivity in 12-3(OH)-12 system.
4. Summary
A comparative study has been conducted in solutions of cationic
gemini surfactants 12-3(OH)-12 that contains a hydroxyl substituted spacer and unsubstituted 12-3-12. The results clearly show
that the intermolecular hydrogen bonds are formed between the

Fig. 11. The normalized electric ﬁeld autocorrelation functions of 12-3(OH)-12 solution at 40 mmol L1 (a), 12-3-12 solutions at 40 mmol L1 (b) and at 80 mmol L1 (c). The
solid lines are the ﬁtted results by the CONTIN model.
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Fig. 12. Intensity-fraction distribution for 12-3(OH)-12 solution at 40 mmol L1 (a), 12-3-12 solutions at 40 mmol L1 (b) and at 80 mmol L1 (c).

substituted 12-3(OH)-12 molecules, which leads to the dimer formation even in dilute solution before they start to adsorb at the
interface. This results in stronger adsorption and association of
12-3(OH)-12 in comparison with unsubstituted 12-3-12. Obviously, the effect of the intermolecular hydrogen bonding also remains in the organized assembly such as the adsorption ﬁlm and
the aggregates and thus strongly affects their properties. Different
from generally hydrophobic effects, intermolecular hydrogen
bonding is a directive driving force. When this effect is served as
the supplementary contribution to the micellar system, it is favorable to accelerate growth of micelles. The present results suggest
that a simple hydroxyl substitution in the spacer of gemini surfactant can achieve the goal of effectively utilizing the effect of intermolecular hydrogen bonding in the construction of the aggregates
with more complicated structure such as wormlike micelles. By
this point of view, the gemini surfactants with hydroxyl substituted spacer may be good candidates to construct viscoelastic
wormlike micellar systems. This subject will be further discussed
in detail in the following issue.
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