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Abstract

Three new types of Gemini amphiphiles (N ,N ?-bis-(4-decyloxybenzylidene)-ethane-1,2-diamine, N ,N ?-bis-(4-

decyloxy-2-hydroxybenzylidene)-ethane-1,2-diamine, and (N ,N ?-bis-(4-decyloxy-2-hydroxybenzylidene)-ethane-1,2-

diamine)copper(II) were synthesized. Their aggregation behaviors were studied by TEM observation and monolayer

experiments. It was found that the vesicle formation and transformation can be adjusted by molecular structure, pH

value and the concentration of Cu2� in these surfactant systems.
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1. Introduction

Various kinds of organized assemblies, such as

vesicles, micelles, multilayer composites etc. have

been the subject of research for several decades [1�/

3]. Recently, researches about the control and

adjustment of assembly structure and morphology

have attracted broad attentions [4�/7]. In the mean

time, some new types of surfactants, such as

Gemini [8] and Bola [9], were also developed.

Since 1971, Bunton first synthesized a type of

cationic Gemini surfactant [10], many kinds of

Gemini surfactants have been prepared with the

feature of cationic [11], anionic [12], or neutral [13]

headgroups, and some particular physical�/chemi-

cal properties, for examples, with very low critical

micelle concentrations and low Krafft points

[14,15], were also found. Considering the struc-

tural characteristics of Gemini amphiphile, which

is constructed with two hydrophobic chains con-

nected by one or two hydrophilic head groups,

molecular design and tailoring in Gemini surfac-

tants are of great importance to investigate the

formation and properties of organized assemblies

[16]. On the other hand, the aggregate formation is

also influenced by environmental factors, such as

temperature and additives [17�/20]. Tanford and

Nagarajan discussed the relation between the

molecular packing parameter and the conforma-

tion of surfactant self-assembly [21,22]. Among the
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numerous works, the effects of pH and metal ions
on organized assemblies, especially on vesicles, are

remarkable, since they are found to have profound

influences in biochemical applications. The pH

value around a damaged tissue is usually different

from that around the normal one [23], and during

the process of root hair growth, pH was found to

influence the cell wall loosening, which can influ-

ence the vesicles enrichment [24].
In this work, we synthesized a Gemini amphi-

phile with two hydroxyl N ,N ?-bis-(4-decyloxy-2-

hydroxybenzyl idene)-ethane-1,2-diamine

(BDHEM). For comparison, another Gemini

amphiphile, N ,N ?-bis-(4-decyloxybenzylidene)-

ethane-1,2-diamine (BDEM), and a ligand

BDHEM with Cu2�, (N ,N ?-bis-(4-decyloxy-2-hy-

droxybenzylidene)-ethane-1,2-diamine)copper(II)
(BDHEM�/Cu) were also synthesized. The effect

of their structural difference on their capability of

aggregate formation was compared. The influ-

ences of pH values and metal ion concentrations

on the aggregate formation were also discussed.

2. Experimental

2.1. Materials and methods

2.1.1. Synthesis

2.1.1.1. N,N ?-Bis-(4-decyloxy-2-

hydroxybenzylidene)-ethane-1,2-diamine. 1.0 g (3.6

mmol) of 4-decyloxy-2-hydroxybenzaldehyde and

0.108 g (1.8 mmol) of ethylenediamine were
dissolved in 20 ml of ethanol. The solution was

gently stirred for 6 h at room temperature, and

yellow precipitate was observed in the solution.

The precipitate was filtered off and thoroughly

washed with acetone to give 0.84 g of BDHEM

(80%). FT-IR (KBr pellet): 2921, 2852, 1625, 1574

cm�1. 0.88 (t, CH3, 6H), 1.27 (m, CH2, 28H), 1.76

(m, CH2, 4H), 3.84 (s, CH2N, 4H), 3.94 (t, CH2O,
4H), 6.35 (d, phenyl ring, 2H), 6.39 (s, phenyl ring,

2H), 7.05 (d, phenyl ring, 2H), and 8.19 (s, CHN,

2H). UV�/vis (nm, ethanol): 283, 313, 410.

2.1.1.2. N,N ?-Bis-(4-decyloxybenzylidene)-ethane-

1,2-diamine. 1.0 g (3.8 mmol) of 4-decyloxybenzal-

dehyde and 0.114 g (1.9 mmol) of ethylenediamine

were dissolved in 20 ml of ethanol. The solution

was gently stirred for 6 h at room temperature,

and white precipitate was observed in the solution.

The precipitate was filtered off and thoroughly

washed with acetone to give 0.78 g of BDEM

(75%). FT-IR (KBr pellet): 2924, 2848, 1640, 1607
cm�1. 1H NMR (CDCl3, ppm): 0.88 (t, CH3, 6H),

1.27 (m, CH2, 28H), 1.78 (m, CH2, 4H), 3.91 (s,

CH2N, 4H), 3.97 (t, CH2O, 4H), 6.90 (d, phenyl

ring, 4H), 7.64 (d, phenyl ring, 4H), and 8.20 (s,

CHN, 2H).

The synthesis route about BDHEM and BDEM

are shown in Scheme 1.

2.1.1.3. (N,N ?-Bis-(4-decyloxy-2-

hydroxybenzylidene)-ethane-1,2-diamine)cop-

per(II). Cu(Ac)2 0.0401 g (0.201 mmol) were

Scheme 1. The synthesis route about BDHEM and BDEM.
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dissolved in 13 ml of ethanol (a). BDHEM 0.1166
g (0.201 mmol) were dissolved in 5:1 ethanol�/

chloroform (b). a was added to b slowly drop by

drop, while stirring at room temperature for 15

min. The solution was refluxed for 4 h then cooling

in room temperature. The precipitate was recrys-

talized in the solution of methanol:chloroform�/

7:1 (v/v) (Scheme 2).

2.1.2. Vesicle preparation

The ligand�/lipid vesicles of BDEM, BDHEM

and BDHEM�/Cu, were prepared by reverse-phase
evaporation, adding samples in chloroform solu-

tion and then removing the solvent thoroughly

under vacuum.

2.1.3. Microscopic studies

Micrographs were obtained with an electron

microscope (JEM-100CX) using freeze-fracture

techniques. For freeze-fracture sample prepara-

tion: fracturing and replication were carried out in

a high vacuum freeze-etching system (Balzers
BAF-400D).

2.1.4. Monolayer experiments

The monolayer experiments were carried out on

a Krüss Filmbalance FB-1. The isotherms were

recorded at 30.0 8C. The monolayer compression

speed of sample BDEM was 1.4 Å2 min�1 per

molecule, and the speed of sample BDEHM was

1.1 Å2 min�1 per molecule.

3. Results and discussion

The aqueous systems of BDHEM and BDEM

(1�/10�3 mol dm�3) were prepared by sonication

for 1 h at 60 8C. The resulting ligand�/lipid vesicle

solution was translucent. TEM observation

showed that no vesicles formed in BDEM or

BDHEM aqueous solutions. Increasing the pH in

the BDEM system seemed to have no effect to the

vesicle formation. However, for the BDHEM

system, the situation was different. With the pH

variation, vesicles were found at pH 10�/13 and no

vesicle existed at pH 14. This result is quite

different from the systems of conventional amphi-

philes. Usually the aggregation ability of conven-

tional neutral surfactants is not sensitive with the

change of pH. The results and some TEM images

are shown in Table 1 and Fig. 1.

It is well known that the type of aggregate

forming in a system will depend on the value of

molecular packing parameter [25]. P�/Vc/A0lc,

where Vc and lc are the volume and chain length

of the hydrophobic group, respectively, and A0 is

the optimum area of per polar group. For vesicle

formation, the proper value of P lies in the range

of 1/2�/1 and for bilayer or reverse micelle, more

than 1, whereas, for globular micelles, P lies in 0�/

1/2. Usually, (Vc/Lc) is nearly constant, hence the

variation of the optimum area of per polar group

A0 will influence the parameter P and have the

chance to adjust the type of the surfactant

aggregates.

Generally, in the same surfactant system, the

molecular packing of the organized assemblies

(vesicle, micelle, etc.) is similar to the molecular

packing of the surface layer (adsorption layer or

insoluble film). Thus it is useful to study the

Scheme 2. The synthesis route about BDHEM�/Cu2�.

Table 1

Vesicle formation of BDHEM and BDEM systems at different

pH

System PH TEM observation

BDEM 6�/7 (H2O) �/

BDEM 10 �/

BDEM 12 �/

BDHEM 6�/7 (H2O) �/

BDHEM 10 �/

BDHEM 12 �/

BDHEM 13 �/

BDHEM 14 �/

‘‘�/’’, Vesicle; ‘‘�/’’, no vesicle.
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limiting molecular area a0 in the surface film to

have better understanding to the formation of

organized assemblies. Since the solubility of

BDHEM and BDEM is poor, the surface pres-

sure�/area isotherms of monolayers were investi-

gated to understand the molecular packing in the

monolayer. Some results are shown in Fig. 2 and

Table 2.

Fig. 2 and Table 2 show that the molecular

packing of BDHEM monolayer on the water

subphase is obviously influenced by the pH value

and there exist a minimum for limiting area at pH

12. This phenomenon may be attributed to the

formation of the inner-molecular hydrogen bonds

in BDHEM. In our previous work, it was shown

that the hydroxyl group just ionizes 1/2 when pH

12 and the inner-molecular hydrogen bonds

formed [26]. The formation pulls the aromatic

rings together and causes the molecular area

reduction (Fig. 3). Consequently, the optimum

area of per polar group A0 of BDHEM aggregate

will also decrease, and P will increase (maybe fall

in the range of 0.5�/1), when the pH comes to 12 in

BDHEM systems. Hence, this is understandable

why it is beneficial to vesicle formation in the

range of pH 10�/13. On the other hand, since there

are no inner-molecular hydrogen bonds in BDEM

systems due to the absence of hydroxyl groups, the

pH value in subphase has less effect on the

molecular area of BDEM molecules. In fact the

packing parameter P may be calculated by the

Tanford formula [21]:

Fig. 1. TEM for vesicle formation of BDHEM system at (a) pH 10; (b) pH 12; (c) pH 13; (d) BDHEM�/Cu2� in pure water.

Table 2

The limiting areas (a0) of BDHEM and BDEM monolayers at

30.0 8C on a water surface with various pH values

pH a0 of BDHEM (Å2) a0 of BDEM (Å2)

6�/7 (H2O) 108 119

10 96 116

12 76 119

13 94

14 162 118
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Vc�27:4�26:9nc; Lc�1:5�1:265nc;

P�Vc=(A0�Lc);

Where nc is the number of carbon atoms

embedded in the hydrocarbon chain; Vc, the

volume occupied by an alkyl chain of nc; Lc, the

maximum length for a chain with nc; and A0 is the

area of headgroup. Here we used two Vc to stand

for Vc in the original formula, since BDHEM are

with double nonpolar tails. In pure water, the P

value of BDHEM system is near 0.40, but in the

solution of pH 12 and 14, P is around 0.55 and

0.26, respectively. Considering the fact that pH 12

is the best condition for the formation of inner

hydrogen bonds, it is logical to conclude that the

system of BDHEM aggregates possesses a mini-

mum optimum area of per polar group A0. It is

also understandable that there existed a maximum

density of vesicles at the solution of pH 12 (Fig. 1).

The effect of copper ion concentration on

aggregates formation about BDHEM and

BDEM was also studied. The samples of BDHEM

and BDEM were prepared by 10�3 mol dm�3.

After sonication for 1 h, there still remained some

precipitates. Vesicles were observed in the

BDHEM systems as well as BDEM systems if

the Cu2� concentration is low. However, vesicles

disappeared after the Cu2� concentration is equal

to or bigger than 10�3 mol dm�3 (Table 3). Some

TEM images are shown in Fig. 4.

From Table 3 and Fig. 4, we can find that

addition of small amount of Cu2� will be helpful

to the vesicle formation in these two systems, for

example, in the systems of BDHEM and BDEM

vesicles were observed at the Cu2� concentration

Fig. 3. The conformation change with increasing pH value of BDHEM.

Table 3

Vesicle formation in copper solution with different concentra-

tion

System CCu2� (mol dm�3) TEM observation

BDEM 10�3 �/

BDEM 10�4 �/

BDEM 10�5 �/

BDHEM 10�3 �/

BDHEM 5�/10�4 �/

BDHEM 10�4 �/

BDHEM 10�5 �/

‘‘�/’’, Vesicle; ‘‘�/’’, no vesicle. CCu2�: the concentration of

copper ion.

Fig. 2. Surface pressure�/area isotherms of BDHEM and

BDEM monolayers at 30.0 8C on the subphase: (1) BDHEM,

pH 6�/7 (water); (2) BDHEM, pH 10; (3) BDHEM, pH 12; (4)

BDHEM, pH 13; (5) BDHEM, pH 14; (6) BDEM, pH 6�/7

(water); (7) BDEM, pH 12.
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of 10�4 mol dm�3. The results of the isotherms of

monolayers in the systems of BDHEM and

BDEM titrated with Cu2� in the subphase also

showed that the limiting molecular area a0 of

BDHEM and BDEM both decrease with the

addition of Cu2� (Fig. 5 and Table 4). When the

Cu2� concentration increased from 0 to 10�4 mol

dm�3, for the systems of BDHEM and BDEM, a0

decreased from 108 to 86 and 119 to 98 Å2,

respectively. This phenomenon may be attributed

to the coordination interaction between the Cu2�

and BDHEM or BDEM. As pointed above, the

closer molecular packing is helpful to the vesicles

formation according to the geometry rule. How-

ever, when the Cu2� concentration is equal to or

bigger than 10�3 mol dm�3, no vesicles were

observed for the system of BDHEM and BDEM,

which indicating that high metal concentration can

destroy vesicles formation [27]. The excessive

Cu2� may induce the formation of precipitates

BDHEM�/Cu2� or BDEM�/Cu2� and greatly

reduce the actual BDHEM or BDEM concentra-

tion in the solution. Thus vesicles disappear in

these systems.

It is also interesting to note that BDHEM

seemed have stronger interaction with Cu2� than

that of BDEM with Cu2�. When the

Cu2�concentration is 10�5 mol dm�3, a great

deal of BDHEM vesicles were observed, in the

contrast to the fact that little vesicles of BDEM

existed at the same Cu2� concentration. The

results of the isotherms of monolayers in the

systems of BDHEM and BDEM showed that for

BDHEM, a0 decreased from 108 Å2 on pure water

subphase to 83 Å2. Nevertheless, for BDEM, a0 is

from 119 to 104 Å2 (Table 4 and Fig. 5). This may

be accredited to the different ligation binding sites

Fig. 4. Vesicle formation in the system of (a) BDEM, CCu2��/10�4 mol dm�3, by freeze fracture method; (b) BDHEM, CCu2��/10�4

mol dm�3, by freeze fracture method.

Fig. 5. Surface pressure�/area isotherms of BDHEM and

BDEM monolayers at 30.0 8C on the subphase: (1) BDHEM,

0 (water); (2) BDHEM, [Cu2�]�/10�5 mol l�1; (3) BDHEM,

[Cu2�]�/10�4 mol dm�3; (4) BDEM, 0 (water); (5) BDEM,

[Cu2�]�/10�5 mol dm�3; (6) BDEM, [Cu2�]�/10�4 mol

dm�3.

Table 4

The limiting areas (a0) of BDHEM and BDEM monolayers at

30.0 8C on different Cu2� concentration subphase

Concentration of Cu2� (mol

dm�3)

a0 of BDHEM

(Å2)

a0 of BDEM

(Å2)

Water 108 119

10�5 83 104

10�4 86 98
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of BDHEM�/Cu2� and BDEM�/Cu2�. For
BDHEM, there are four binding sites for a copper

ion: two oxygen atoms and two nitrogen atoms.

On the other hand, for BDEM, there are only two

nitrogen atoms that can act as binding site. Hence

the interaction of BDEM�/Cu2� will be much

weaker than BDHEM�/Cu2�.

To confirm our conclusion, another compound

BDHEM�/Cu was also synthesized. TEM observa-
tion demonstrated that vesicles formed in aqueous

BDHEM�/Cu solution (Fig. 1(d)). However, add-

ing 10�3 mol dm�3 Na2S2O3, Na2S2O4, or EDTA

to the BDHEM�/Cu (concentration 10�4 mol

dm�3) solutions, respectively, no vesicles were

observed in any case. This may be accredited to

the facts that Red-Ox reaction or ligand exchange

reaction occurred in such systems. For the addi-
tion of Na2S2O3 and Na2S2O4, the Red-Ox reac-

tion is [28].

Cu2�(BDHEM)0�e 0 [Cu2�(BDHEM)�]��e

0 [Cu2�(BDHEM)2�]0

One or two electrons can be delocalized across the

ligand. The reduction of the two-electron decreases

the density of intramolecular ion pair, which

diminishes monomer amphiphilicity and ulti-

mately deaggregates the assemblies [28]. Another

possibility is that when Na2S2O3 or Na2S2O4 was
added in the BDHEM�/Cu solution, the double

bond of nitrogen (C�/N) may disappear accom-

panied by breaking the planar structure of the

ring.

For the case of EDTA addition, EDTA com-

bines Cu2� more steadily than that with BDHEM.

Therefore, after sonication, a more stable com-

pound of Cu(EDTA) is produced:

BDHEM�Cu�EDTA

0 Cu(EDTA)�BDHEM:

Thus, adding Na2S2O3, Na2S2O4, or EDTA can

reduce the actual concentration of copper ions in

the system and finally destroy vesicles. These

results support our conclusion that copper ions

may influence the vesicle formation of BDHEM

and BDEM systems.

4. Conclusion

Three new types of Gemini amphiphiles were

synthesized. The effect of molecular structure and

environmental factors (pH value and metal ions)

on vesicle formation was investigated. In contrast

to the case of the BDEM system, the pH value has

strong influence on the vesicle formation of

BDHEM system. Vesicles were observed in the
pH range of 10�/13, and pH 12 was found to be the

best condition for vesicle formation. The measure-

ment of limiting area by surface pressure�/area

isotherms provided the useful molecular packing

information to understand the nature of the vesicle

formation.

Addition of Cu2� is also a good method to

adjust the vesicle formation and transformation in
this kind of systems. It was found that suitable

concentration of Cu2� promotes the vesicle for-

mation but higher Cu2� concentration will de-

stroy the vesicles. BDHEM�/Cu was also

synthesized and it was found to form vesicle easily.

Furthermore, adding Na2S2O3, Na2S2O4 or

EDTA, decreases the actual Cu2� concentration

and destroys the vesicles in all these systems. All
these results provided a simple way to control

vesicle formation in this kind of systems and shed

a light to the desired organized microstructure

research on controlling aggregate behavior by the

adjustment of molecular design and the effect of

pH value and metal ions concentration.
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