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Abstract Surfactant adsorption films at the air/water in-
terface, which usually exert a significant influence over
system behaviour, are closely related to the surfactant
molecular structure. In this research, a series of Gemini
surfactants containing four hydroxyl groups at the head
groups, namely: alkanediyl-α,ω-bis[di(2-hydroxylethyl)
dodecylammonium bromide], abbreviated to 12(2OH)-s-
12(2OH), where s = 3, 6, 8 and 10, respectively, were
investigated by using interfacial dilatational rheological
measurements. The effects of oscillating frequency, bulk
concentration and spacer length on the dilatational behav-
iour of 12(2OH)-s-12(2OH) were investigated. The varia-
tion of dilatational modulus of 12(2OH)-8-12(2OH) with
concentrations showed two peaks which were attributed to
different configurations adopted by the spacer, revealing
the effects of dynamic configuration of the spacer on sur-
factant interfacial adsorption. The fit to the results, with
that data available, using the Lucassen/van den Tempel
(LVT) model showed that the presence of hydroxyl
groups near the head groups of Gemini surfactants en-
hanced the interfacial elasticity of the adsorption films.

Keywords Gemini surfactant . Hydroxyl group . Spacer
length . Dynamic configuration . Dilatational modulus

Introduction

Surfactants can adsorb at fluid interfaces to form adsorp-
tion monolayers, which are important for the stabilisation
of emulsions or foams. The resistance to the disturbance
of the films arises from the dynamic equilibrium between
surfactant molecules in the bulk solution and surfaces.
With increasing focus on the application of emulsions
[1–3] and foams [4–7], it is essential to enrich the knowl-
edge regarding the structure and dynamic behaviour of
allied adsorption films. Since the adsorption, dispersion
and even conformation of surfactant molecules can be
revealed by the interfacial rheological properties of ad-
sorption films [8, 9], the surface dilatational measure-
ments thus become useful and important techniques for
investigating surfactant film structures and their dynamic
behaviour.

Gemini surfactants, which refer to a new type of sur-
factants following work by Menger [10], have received
considerable research attention during recent years.
Compared with traditional surfactants, Gemini surfactants
are made up of two hydrophilic head groups, two hydro-
phobic tails and a spacer linked at, or near, the head
groups. They display unique solution behaviour and rich
aggregation morphologies and offer new areas of applica-
tion, which expand the conception of surfactants [11, 12].
In a Gemini surfactant molecule, the spacer is the key
structural element. The length [13], rigidity [10, 14, 15]
and stereochemistry [16, 17] of the spacer affect the self-
assembly of Gemini surfactants. Once an adsorption film
has been formed by a Gemini surfactant, the spacer is
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expected to affect the interfacial dilatational behaviour
because the position of the spacer is close to the head
group of the surfactant and is situated within the adsorp-
tion layer. Although Gemini surfactants have been applied
in many foam and emulsion systems [18–22], research
into the adsorption films formed by Gemini surfactants
using surface dilatational measurements has been reported
recently. Xu et al. [23] investigated the dilatational rheo-
logical properties of a Gemini surfactant 1,2-ethane
bis(dimethyl dodecyl ammonium bromide). The results
showed that the strength of the interfacial layer is greater
than that of the dodecyltrimethyl ammonium bromide.
They also revealed that Gemini surfactant has a stronger
binding ability with gelatin than that of DTAB [24].
Zhang et al. [25] studied anionic Gemini surfactants with
polyoxyethylene spacers. The number of ethylene oxide
groups was found to influence the nature of the interfacial
film. This phenomenon indicates that the adsorption films
formed by Gemini surfactants have properties that differ
from those of traditional surfactants. Due to the rather
complex molecular structure of Gemini surfactants, the
intermolecular interactions among multiple groups are
thus involved, which resulted in sophisticated adsorption
film structures and new film properties.

Hydrogen bonds are important molecular interactions
involved in the self-assembly of surfactants. When hy-
droxyl groups are introduced into the molecular structure
of a Gemini surfactant [26–30], the resultant hydrogen
bonding between molecules can affect their aggregation
behaviour. The stronger adsorption at the air/water inter-
face [31] and a stronger ability to form wormlike micelles
[32] have been verified for Gemini surfactants containing
hydroxyl groups. Since the adsorption film properties
have a close relationship to foam stability, Zhao et al.
[33] have investigated three Gemini surfactants containing
hydroxyl groups at the spacer. The results obtained by
surface dilatational measurements showed that the pres-
ence of hydrogen bonds indeed improved the foam stabil-
ity formed by these surfactants. However, the dilatational
properties of the adsorption films formed by Gemini sur-
factants containing hydroxyl groups have been little
researched, to date. A deeper understanding of the self-
assembly and dynamic behaviour of such surfactants
needs more sample systems. In the present work, we in-
vestigated a series of Gemini surfactants containing four
hydroxyl groups at the head groups (Fig. 1), namely
alkanediyl-α,ω-bis[di(2-hydroxylethyl) dodecylammonium
bromide], abbreviated as 12(2OH)-s-12(2OH), where s = 3,
6, 8 and 10, respectively, using surface dilatational measure-
ments. Gemini surfactants with such a structure provided an
opportunity to investigate the effect of spacer length and hy-
droxyl groups on the properties of those adsorption films
formed.

Experimental

Materials

1-bromododecane, diethanolamine, 1,3-dibromopropane, 1,6-
dibromopropane, 1, 8-dibromopropane and 1,10-
dibromodecane were all purchased from Aladdin Reagent
Co., Ltd, China. The 12(2OH)-s-12(2OH), where s = 3, 6, 8
and 10, respectively, was synthesised in our laboratory.

Synthesis

An improved method of surfactant synthesis, differing from
that reported by Wang et al. [30], was used. The general pro-
cedure may be described as follows: 1-bromododecane and
excessive diethanolamine were reacted at 60 °C for 48 h. After
addition of alkaline water, the raw product was extracted with
ether. The extracts were combined and the ether was removed.
The residue was distilled under vacuum to get the N-
dodecyldiethanolamine as a viscous liquid. The correspond-
ing dibromoalkane was mixed with N-dodecyldiethanolamine
at a ratio of 1:2.5 in an autoclave. After addition of small
amounts of ethanol, the reaction was carried out at 110 °C
for 120 h. After cooling, the resulting mixture was recrystal-
lised from ethanol/ethyl acetate or ethyl acetate three times to
obtain the final product. The molecular structure and purity
were confirmed by 1HNMR and elemental analysis provided
in Supporting Information.

Methods

The dilatational properties of 12(2OH)-s-12(2OH) were
measured by using an optical angle meter OCA-20 with
oscillating drop accessory ODG-20. The variation of the
relative area (A) was set at about 6 %, and the accessible
frequency ranged from 0.01 to 1 Hz. The photo was taken
at a speed of 250 frame per second by a CCD camera,
from which the changes in interface tension (dγ) were
calculated. The interfacial dilatational modulus was then
obtained from ε* = dγ/AdA. The phase angle (θ) was

Fig. 1 The molecular structure of 12(2OH)-s-12(2OH), s = 3, 6, 8 and 10
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acquired by Fourier transform analysis. The dilatational
elasticity and dilatational viscosity were calculated based
on Eqs. (4) and (5), respectively, where ω = 2πv, and v is
the frequency of sinusoidal oscillation.

Theory

The Gibbs interfacial dilatational modulus, ε*, is defined as
follows:

ε* ¼ dγ
dlnA

ð1Þ

where γ represents the interfacial tension, and A indicates the
interfacial area. Actually, ε* contains two components and can
then be presented as a complex number,

ε* ¼ εþ iωη ð2Þ
where ε is an elastic component, accounting for dilatational
elasticity stored in the interface, η represents a loss modulus
accounting for the energy dissipated in the relaxation process
and is also called dilatational viscosity. ω is the oscillating
frequency. θ is the phase angle which relates to the rate of
dilatational elasticity and dilatational viscosity and can be cal-
culated as follows:

tanθ ¼ η
ε

ð3Þ

The dilatational elasticity ε and dilatational viscosity η can
be calculated from the absolute value of dilatational modulus
|ε*| and phase angle θ, respectively.

ε ¼ ε*
�� ��cosθ ð4Þ

η ¼ ε*
�� ��
ω

sinθ ð5Þ

Results and discussion

Influence of oscillating frequency

It is seen that all surfactants investigated showed similar dila-
tational behaviours with frequency. In brief, only the varia-
tions of dilatational parameters with oscillation frequency of
12(2OH)-3-12(2OH) were discussed.

The surfactant molecules in the interfacial adsorption
layers are in a dynamic equilibrium with the ones in bulk.
When an external force changes the surface area, a surface
tension gradient is produced, and the surfactant molecules in
the adsorption layer have either to diffuse from the bulk to the

interface, or vice versa, to decrease the gradient. At low fre-
quencies, the surfactant molecules have enough time to re-
spond to the disturbance by the diffusion between the surface
and bulk or by the rearrangement in the monolayer. As a
result, the interfacial elasticity, which is mainly related to the
energy deviation of the surfactants from their equilibrium
state, gives a rather low value. While at high frequencies, it
is difficult for the surfactant molecules to restore themselves to
the equilibrium state due to the correspondingly short time
intervals. The monolayer thus behaves in a more elastic fash-
ion. This can be seen from in Fig. 2b and in other interfacial
systems [34], where the interfacial elasticity increases with
frequency over the range examined; however, interfacial vis-
cosity decreases with increasing frequency for those concen-
trations shown (Fig. 2c). According to reported results, the
effect of dilatational frequency on the interfacial viscosity is
rather complex. With an increase in the frequency, the inter-
facial viscosity may decrease, increase or yield an extreme
value [35, 36] because the interfacial viscosity originates from
multiple relaxation processes such as diffusion or molecular
rearrangement within the monolayer. The viscosity behaviour
of 12(2OH)-3-12(2OH) shown here indicates that the relaxa-
tion of interfacial films is dominated by some slow processes.
The characteristic frequency of the relaxation may be smaller
than the examined frequencies [36]. Due to the action with a
rather complex molecular structure, the behaviour of Gemini
surfactant 12(2OH)-3-12(2OH) in an adsorbed monolayer is
more complicated than that of single tailed surfactants. The
relaxation processes thus become slower. The complex mod-
ulus behaves in a fashion almost the same as the interfacial
elasticity, indicating that the adsorption films are elastic.
Besides, all phase angles swept during the examined frequen-
cy range are positive, revealing that the surface tension change
leads to the surface area change.

Influence of concentrations

The variation of interfacial elasticity and viscosity of
12(2OH)-3-12(2OH) with concentration is shown in Fig. 3.
Both 12(2OH)-6-12(2OH) and 12(2OH)-10-12(2OH) show
similar behaviour (Fig. S4 and Fig. S7: Supporting
Information). A maximum appears for both interfacial elastic-
ity and viscosity with the increase of the concentration for all
examined frequencies. The increase of concentration in bulk
solution usually exerts two effects on the dilatational proper-
ties of an adsorption film: one is to cause an increase of sur-
factant concentration on the interface, which shortens the dis-
tance between surfactant molecules at the interface and makes
molecular interactions stronger, contributing to the dilatational
elasticity; the other is to accelerate the diffusion rate of the
surfactant molecules between the bulk and the surface so that
the local surface tension gradient caused by the extra distur-
bance is quickly reduced. This will lead to a decrease in
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surface elasticity. The two contrary effects in combination
produce a maximum elasticity with increasing surfactant
concentration.

The interfacial viscosity is also affected by increasing sur-
factant concentration. As stated above, the interfacial viscosity
is related to multiple relaxation processes involving diffusion

and rearrangement of the molecules. The accelerated diffusion
rate and increased concentration on the surface can enhance
these relaxation processes, which promotes interfacial viscos-
ity at low concentrations, while the decreased surface tension
gradient may cause a decrease in the dilatational modulus and
in the dilatational viscous component [36]. As a result, a
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Fig. 2 Experimental plots of complex modulus (ε*, a), interfacial
elasticity (ε, b), interfacial viscosity (η, c) and phase angle (θ, d) as a
function of frequency (v), respectively, for 12(2OH)-3-12(2OH) aqueous
solutions at 25 °C. The symbols represent different surfactant

concentrations: log(C/mmol L−1) = 1.60(square), 1.40(circle),
1.20(triangle), 1.00(inverted triangle), 0.80(diamond), 0.60(left-
pointing triangle) and 0.40(right-pointing triangle)
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maximum appeared in the interfacial viscosity with increasing
concentration.

Noticeably, the dilatational behaviour of 12(2OH)-8-
12(2OH) with increasing concentration differs somewhat
from that of other surfactants (Fig. 4). The dilatational
modulus is resolved into elastic and viscous moduli. For
both curves, there were two maxima at lower frequen-
cies, which admit the occurrence of multiple relaxation
processes owing to the longer time intervals between
external disturbances. In fact, such dilatational behaviour
has been discovered for some nonionic surfactants [37]
and a Gemini surfactant with an ethylene oxide chain as
the spacer [25]. The reason is attributed to the reorienta-
tion and compression of ethylene oxide chains in the
interfacial layer [25]; however, the Gemini surfactant
12(2OH)-8-12(2OH) does not have a long ethylene oxide
chain as either a hydrophilic head group or spacer; the
explanation above may not be suitable. Zana et al. inves-
tigated the adsorption behaviour of alkanediyl-α,ω-
bis(dimethylalkylammonium bromide) Gemini surfactants
at an air/water interface [38]. The results show that the
molecular occupation area reaches a maximum when the
number of carbon atoms in the spacer (s) is between 10
and 12. The reason for this is attributed to the different
configurations adopted by the spacer at low and high s
values. At low s values, the spacer is more or less shown
to stretch at the air/water interface. While when s ≥ 10,
the spacer adopts a folded, wicket-like conformation.
This reveals that, besides chain length and chemical
structure, the configuration adopted by the spacer in dif-
ferent conditions is also an important factor affecting the
adsorption behaviour of surfactants. As a result, the
unique dilatational properties of 12(2OH)-8-12(2OH),
which has a spacer composed of a polymethylene chain,
may be explained by the configuration variation of the
spacers.

The first maximum in the interfacial elasticity-
concentration curves (Fig. 4a) is caused by increasing

concentration. Compared with that at s = 3 or 6, the max-
imum of 12(2OH)-8-12(2OH) shifts to lower concentra-
tions. Similar behaviour is observed for 12(2OH)-10-
12(2OH) (Supporting Information, Fig. S7), indicating a
stronger adsorption at the air/water interface. It means that
12(2OH)-s-12(2OH) becomes more hydrophobic with the
increase of spacer length. This is in good agreement with
Zana et al. [38], in which the spacer becomes sufficiently
hydrophobic when s ≥ 10. Obviously, the hydrophobicity
of 12(2OH)-8-12(2OH) is in an intermediate state. The
spacer configuration adopted by 12(2OH)-8-12(2OH) is
thus sensitive to external stimulus, which is the origin of
the second maximum.

At equilibrium, the spacer of 12(2OH)-8-12(2OH) gen-
erally maintains a stretched configuration at the air/water
interface. However, once an oscillation is applied to the
interface, the molecules are forced to change their config-
urations and the distances between them to respond to the
periodical area changes. The information on molecular
interactions can thus be obtained from the oscillation
measurements. It is suggested that in such a dynamic pro-
cesses, the stretched spacer of 12(2OH)-8-12(2OH) has
opportunities to overcome the energy barrier to be curved
towards the air side of the interface due to its hydropho-
bicity, and the two alkyl chains are drawn close because
of the curved spacer. The interactions between molecules
are thus enhanced, which contributes to the elasticity of
the inter fac ia l f i lm. This addi t ional process is
superimposed on the original processes to produce the
second maximum. For 12(2OH)-10-12(OH), the spacer
has already been curved at its equilibrium state.
Furthermore, the configuration of the spacer is not sensi-
tive to the oscillation caused areal changes to the inter-
face. In other words, the configuration adopted by the
sufficiently long spacers has no strong need to change in
response to oscillation because they have already been
curved. As a result, there is no obvious second maximum
in the elasticity-concentration curves, and only an
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increasing tendency of elasticity is observed at higher
concentrations (Supporting Information, Fig. S7).

The configuration adopted by the spacer is relative to
the distance between the two head groups of a Gemini
surfactant, which is dependent on the electrostatic repul-
sion. Under normal equilibrium conditions, the electro-
static repulsion is fixed. While in the presence of extra
electrolyte, the repulsion can be significantly decreased.
Thus, with the distance between the head groups being
shortened, the originally stretched spacer of 12(2OH)-8-
12(OH) at the air/water interface should have already
become curved in its equilibrium state, and the second
maximum that originated from the spacer configuration
change will be weakened. This assumption has been
identified by measuring the dilatational properties of
12(2OH)-8-12(OH) in the presence of 50 mmol L−1

NaBr (Fig. 5), where the second maximum vanishes up-
on the addition of NaBr. Besides, the first maximum
shifts to much lower concentrations because the adsorp-
tion of surfactants is enhanced by the increased ionic
strength of such solutions.

Effects of spacer length and hydrogen bonds on the high
frequency limit of the elasticity

The interfacial elasticity is closely related to the stability
of emulsions and bubbles [19, 39–42]. A tight packing of
surfactant molecules at interfaces facilitates the generation
of high interfacial elasticity. Compared with traditional
surfactants [41], Gemini surfactants can form more com-
pact films at interfaces, which usually exhibit high inter-
facial elasticity [19, 21], and the interfacial elasticity may
be affected by the spacer. Since the interfacial elasticity
depends on both the frequency and the concentration, the
relationship between the spacer length and the interfacial
elasticity appears to be more complex. To exclude the
effect of frequency, the elasticity at high frequency may
be a suitable parameter for comparison. However, the
elasticity at high frequency usually cannot be obtained
under normal experimental conditions. One feasible meth-
od is to obtain the elasticity at high frequency based on
the data at low frequencies using the LVT model [8, 43],
which is based on the assumptions that the adsorption is
governed only by diffusion processes, and has no energy
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barriers. The model describes the interfacial moduli as
follows:

ε v;Cð Þ ¼ ε0
1þ ξ

1þ 2ξ þ 2ξ2
ð6Þ

η v;Cð Þ ¼ ε0
2πv

ξ

1þ 2ξ þ 2ξ2
ð7Þ

ξ ¼
ffiffiffiffiffiffiffiffi
ω0

4πv

r
ð8Þ

where ε0 is the theoretically fitted interfacial elasticity at high
frequency, and ω0 is the molecular exchange parameter.

The variations of ε0 with concentration for 12(2OH)-s-
12(2OH) are shown in Fig. 6. It was observed that the high
frequency limit of the elasticity ε0 increases initially, reaches a
maximum and then decreases with increasing concentration.
Similar to the interfacial elasticity at low frequencies, the ap-
pearance of the maximum is caused jointly by increased inter-
facial concentrations and the decreased surface tension gradi-
ents. The value of ε0 is 91.0 and 97.0 mNm−1 for 12(2OH)-3-
12(2OH) and 12(2OH)-6-12(2OH) systems, respectively,
both of which are almost equal. While for a 12(2OH)-8-
12(2OH) system, the value of ε0 decreases to 65.1 mN m−1.
Further increases in spacer length resulted in an increase in ε0.
A ε0 value of 113.0 mN m−1 was found for the 12(2OH)-10-
12(2OH) system. This indicated that Gemini surfactants with
both short (s = 3 or 6) and long (s = 10), spacers can produce a
high interfacial elasticity. The reason for this is attributed to
the effect of spacer length on the packing of molecules at
interfaces. A Gemini surfactant with a short spacer usually
has a smaller occupation area at interfaces than that with lon-
ger ones [38], which then forms dense films with enhanced
molecular interactions between molecules in the films. As the
spacer length increases, the packing density of alkyl chains at
the interface decreases, and the molecular interactions are thus
weakened. However, when the spacer is long enough to curve
towards the air side, such as in the Gemini surfactant
12(2OH)-10-12(2OH), the curved spacer can interact with
the alkyl chains of the surfactant and serve as the hydrophobic
part. The molecular interaction in the films is enhanced again
and thus results in an increased interfacial elasticity ε0.

As a directive molecular interaction, hydrogen bonds facil-
itate the aggregation of surfactants [26] in solutions and dense
packing at the air/water interfaces [31]. Such additional mo-
lecular interactions are expected to promote the increase of
interfacial elasticity. This fact has been proven by comparing
the behaviours of 12-3-12 and 12(2OH)-3-12(2OH), as shown
in Fig. 7. Although both have the same spacer, the limited
interfacial elasticity of the later (with four hydroxyl groups)
is generally higher than that of the former (without hydroxyl
group). Similar behaviour was observed by Zhao et al. [33],
where a Gemini surfactant 12-3(OH)-12 with one hydroxyl

group in spacer shows stronger limiting interfacial elasticity
than that of 12-3-12 without a hydroxyl group. By comparing
the head group structure of 12-3-12, 12-3(OH)-12 and
12(2OH)-3-12(2OH), it is clear that the presence of hydroxyl
groups near the surfactant head groups is a main factor for
promoting the interfacial elasticity of surfactant adsorption
films. This observation is helpful for designing surfactants as
stabilisers of emulsions and foams.

Conclusions

The dilatational properties of a series of Gemini surfactants
containing four hydroxyl groups at the head groups, namely
alkanediyl-α,ω-bis[di(2-hydroxylethyl) dodecylammonium
bromide], were investigated. The spacer length exerts a sig-
nificant effect on the properties of the interfacial films because
of its involvement in the molecular interactions at the air/water
interface. The variation of dilatational modulus of 12(2OH)-8-
12(2OH) with concentration presents two peaks, as caused by
the configuration changes in the spacer. This indicates that,
besides the molecular structure, the dynamic configuration
adopted by any specific part of surfactants is also a key factor
affecting interfacial viscoelasticity. By comparing the limited
interfacial elasticity of 12-3-12 without hydroxyl group and
12(2OH)-3-12(2OH) with four hydroxyl groups, it is obvious
that the presence of hydroxyl groups enhances the molecular
interactions at the interface and promotes the interfacial elas-
ticity. The results explored are helpful for improving our un-
derstanding of the dilatational behaviour of Gemini surfac-
tants. The aforementioned surfactants are also expected to
have potential applications in the preparation of stable emul-
sion and foam systems.
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