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Abstract

The effect of ethanol on the surface properties of bolaamphiphiles and their mixed systems with oppositely charged conventional surfactants
is studied and compared with the corresponding conventional surfactant systems. It is found that both the bolaamphiphile and the conventional
surfactant have the similar variation tendencygf. andI', in the single surfactant system. However, in the cationic and anionic mixed
surfactants system then decreases with the ethanol addition in the bolaamphiphile systems. This tendency is reverse to that in conventional
surfactant system. Surface activity of the asymmetric bolaamphiphiles SHMC decreases greatly when ethanol is added into the system due to
the existence of the hydroxyl group in the SHMC molecule. Adding opposite charged surfactant may greatly increase surface activity in the
SHMC/C,NEt;Br/ethanol systems.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction As to conventional surfactants, the study of surfactants in
non-aqueous solvents was rather limited in comparison with
Bolaamphiphiles are molecules with two polar groups the numerous works of surfactants in water. Among the re-
connected by one or two hydrophobic chajag2]. On the searches in the non-aqueous solvents, the work in the po-
basis of design and synthesis of many kinds of bolaam- lar solvent and their mixture with water was still less than
phiphiles, the research on the bolaamphiphiles was greatlythe work done in the apolar solvents. Early efforts were
developed in the past two decades, especially on the areanade by Ray{18] and the concept ‘solvophoboic effect’
of monolayer membrane formatigh—7]. Recently, the re-  was suggested after correlating the micelle formation for a
searches on asymmetric bolaamphiphile, which usually hadkind of nonionic surfactant in about 20 kinds of solvents.
two different polar groups in its molecular structure, were Later the researches of micelle formation were carried on in
carried out in this field8-12]. many kinds of solvents including ethylene gly¢d®], glyc-
Moreover, the properties of both symmetric and asymmet- erol, formamide, various alcohols, diols, formic a¢i®8],
ric bolaamphiphiles in air/water surface were also studied amides, DMSJ20], hydrazing21], and low-melting fused
[13-15] Compared to that in conventional surfactant sys- salts[22]. However, most of the works were concentrated
tem, usually, in bolaamphiphile system, the surface tensionon the cmc variation in these solvents, the tendency about
was higher and the adsorption amount was smaller due tothe change ofcmc was still rare.
their reverse U-shape conformation in the surffice-17] In 1999[23], the surface properties of various kinds of
However, so far little work was focused on the surface prop- conventional surfactants in mixed ethanol-water solvents
erties of bolaamphiphiles in polar non-aqueous solvents andwere studied in our lab. It was found that the varying ten-
their mixture with water. dency ofycmc induced by ethanol amount may be predicted
according to the saturation adsorption amoufit,j and
* Corresponding author. yeme Values in water. Fpr the surfactants with.biggég<>
E-mail address jbhuang@chem.pku.edu.cn (J. Huang). and smallerycmc values in water, the.cmc values increased
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with ethanol addition; for the surfactants with smallés,

and biggerycmc values in water, the effect was opposite.
Although some interesting results were found, more details
and profound work were still needed to obtain more insight
of the nature in this aspect.

Considering the specific molecular structure and con-
formation in the air/water interface, we studied the effect
of ethanol on the surface properties of bolaamphiphiles
and their mixed systems with oppositely charged con-
ventional surfactants in this paper. Bolaamphiphiles
with simple structure, flexible (sodium eicosanedioate
[NaOOC(CH)18COONa] (SED), 1,20-eicosamethylene
dipyridinium dibromide [Br CsHsN*(CH,)2oNTCsHsBr~]
(EMPB)) or with rigid group (phenyl-1,4-bis(oxyhexameth-
ylene trimethyl ammonium bromide) [B(CHz)sN™
(CH2)6OCsH40O(CHp)eNT(CH3)3Br—] (PHTAB)), and a
kind of asymmetric bolaamphiphiles (sodium-4-(6-hexamet-
hyleneoxy) cinnamate [HO(CHsOCsH4CH=CHCOONa]
(SHMC)) were synthesized and studied. Their surface
properties were compared with that in the conventional
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tilled from the KMn(Qy-containing deionized water to re-
move traces of organic compounds.

2.2. Methods

The surface tension of surfactant solution was mea-
sured by the drop volume meth¢2i4]. The density of the
ethanol-water mixture needed for calculating the surface
tension was measured with a DMA45 densitometer (Anton
Paar K.G.A-8054, GRAZ, Australia). The surfactants were
mixed in molar ratios and the solvents (ethanol/water) were
mixed in volume ratios. The temperature of the experiments
was kept at 3Gt 0.5°C.

The ionic strengths of all solutions were adjusted to
0.1 mol/kg with NaBr. The pH values were adjusted to 9.2
with NapB404-10H,0 in the systems containing carboxy-
late surfactants.

The values of critical micelle concentration (cmc), and
the surface tension at cmgdne) was determined from the
inflection points in the/—logc curve. The saturation adsorp-

surfactant systems. This is the first report about the surfacetion amount of surfactantsd(,,) was calculated according

properties of bolaamphiphiles in the mixed solvents.

2. Materials and methods
2.1. Materials

Sodium eicosanedioate, 1,20-eicosamethylene dipyri-
dinium dibromide and phenyl-1,4-bis(oxyhexamethylene
trimethyl ammonium bromide) were synthesized according
to the literature414,15] Sodium 4-(6-hexamethyleneoxy)
cinnamate was synthesized as followed steps: 1.64g
4-hydroxycinnamic acid and 0.8g sodium hydroxide was
dissolved in 10 ml water, and 0.012 mol 6-bromo-1-hexanol
was dissolved in 40 ml ethanol. These two solutions were
mixed and the mixed solution was stirred for 24 h af60
The product was recrystallized from an ethanol-water mix-
ture. 'TH NMR (200 MHz, D,0): &, ppm: 7.45 (d, 2H),
7.2 (d, 2H), 6.9 (d, 2H), 6.3 (d, 2H), 4.0 (t, 2H), 3.5 (t,
2H), 1.6-1.7 (t, 2H), 1.30-1.5 (t, 2H). Anal. Calc. for
CisH1904Na: C, 62.93; H, 6.64; Found: C, 62.75; H, 6.37.

Decyl trimethyl ammonium bromide @NMesBr) and
sodium dodecanoate {§COONa) was synthesized accord-
ing to the literature$23]. Dodecyl triethyl ammonium bro-
mide (C2NEt3Br) was synthesized from n-dodecyl bromide
and triethyl amine. The product was recrystallized five times
from an ethanol-acetone mixture. SDS (AR) was purchased
from Sigma and used as received. The purities of all the sur-
factants were examined by the examination of surface ten-
sion, and no surface tension minimum was found in all the
surface tension curveg{logc curves).

Ethanol was refluxed with magnesium scraps and iodine
more than 2 h and distilled. Sodium bromide is of AR grade
and has been baked at 50D for 6 h. N&B40O4-10H,O
(AR) was product of Beijing Chemical Co. Water was dis-

to the Gibbs adsorption equation:
dy

F°°=( l )Igc

2.30RT
Herey was the surface tension in mN/mas the concen-
tration of corresponding surfactant in single surfactant sys-
tem, while it represented the total concentration in mixed
system.I",, was the saturate adsorption amount in mél/m
T was the absolute temperature, dte- 8.314 J/mol K.

3. Results and discussion
3.1. The surface properties of single system of EMPB

The y—logc curves and the values of cmggme and I'
of EMPB in ethanol-water mixtures are showrig. 1and
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Fig. 1. Surface tension of EMPB system in ethanol/water mixture with
various volume ratios.
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Table 1
The surface physico-chemical properties of EMPB in ethanol-water mix- 50+
tures
Ethanol-water cmc Yeme I's 45
ratio (103 mol/L) (mN/m) (10-8 mol/n?)
1:4 0.95 38.9 0.12 _
1:9 1.17 40.0 1.26 g 404
1:19 3.31 425 1.60 €
0:1 0.30 48.3 1.10 =
35- ¢
Table 1 ThelI'« andycmc versus the ethanol content curves
of EMPB and the conventional surfactant decyl trimethyl 301
. . . . L 1 n 1 L 1 L 1 n 1 L 1 n

ammonium bromide (©NMesBr) [23] are shown irFig. 2 60 55 50 45 40 35 3.0 2.5

From Table 1we can find that in aqueous solutidns, lgc

is greatly lower in EMPB system (1.18 10-%mol/m?)
than that in GoNMesBr system (3.63< 10~6 mol/m?) [23].
Combined the fact that EMPB molecules will take the re-
verse U-shape conformation in the air water system, which 55 M2
makes the outside group of the adsorption layer is Gt 4

—CHs, theycme of EMPB (48.3 mN/m) i bigger than that of 0] "o
C10NMesBr (39.8 mN/m)[23] in water. However, the dif- :2)?9
ference ofycmc and I between the two surfactant aqueous
solutions does not influence the variation tendency of the 451
ethanol addition, both the;mc and I'», decrease with the
increase of ethanol concentration in EMPB andNMe3Br 404
systems.
With the addition of ethanol, the solvophobic effgi®] of
the surfactants is reduced, which makesfhg decrease. In 851

(]
9

addition, as the ethanol concentration goes up, more ethanol
molecules will participate in the surface layer which makes ol
the I's, of the system decrease due to the competition ad- 6.5-60-55-50-4.5-40-35-30
sorption. With the decrease of thE, the ycmc of the lge
both surfactant solutions would increase with the addition of Fig. 4. Surface tension of 1:2 EMPB/SDS system in ethanol/water mixture
ethanol. However, the ethanol addition also changes the com-with various volume ratios.
position of the mixed solvents and the surface tension of the
mixed solvents will be greatly lower since the surface tension 3.2. The surface properties of the mixed systems of
of ethanol is much smaller than that of water, thus the surface symmetric bolaamphiphiles and their oppositely charged
tension of the solvents and themc of the systems would  conventional surfactants
decease. It is obviously that the later effect has the greater
contribution toycmc in EMPB and GoNMesBr systems, The mixed systems of bolaamphiphiles and their
which makes the/cmc decrease with the ethanol addition.  oppositely charged conventional surfactants were also

Fig. 3. Surface tension of 1:6 EMPB/SDS system in ethanol/water mixture
with various volume ratios.
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Fig. 5. Surface tension of 3:2 EMPB/SDS system in ethanol/water mixture Fig. 8. Surface tension of 1:2 SED/NEBBr system (pH= 9.2) in with
various volume ratios.

with various volume ratios.
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Fig. 6. Surface tension of 1:6 PHTAB/SDS system in ethanol/water mix-
ture with various volume ratios.

investigated. The/—logc curves and the results are shown
in Figs. 3—8and Tables 2—7 The curves ofl"s, and yc¢me _
versus the content of ethanol in these mixed systems and®!
conventional mixed system (@COONa/GoNEt3Br) are

shown inFig. 9.
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Fig. 7. Surface tension of 1:2 PHTAB/SDS system in ethanol/water mix- 0:1
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ture with various ethanol/water mixture volume ratios.

Table 2

The surface physico-chemical properties of 1:6 EMPB/SDS in ethanol—

water mixtures

Ethanol-water

cme Yeme I

ratio (104 mol/L) (mN/m) (10-® mol/m?)
1:4 3.24 31.6 0.94

15 3.98 32.1 0.98

1:19 2.35 33.9 1.14

1:39 1.12 35.3 1.42

0:1 0.96 37.0 1.94

Table 3

The surface physico-chemical properties of 1:2 EMPB/SDS in ethanol-

water mixtures

Ethanol-water

cmce Yeme I's
ratio (10~*mol/L) (mN/m) (10-% mol/n?)
1:4 1.00 34.5 1.20
1.5 1.51 35.5 1.14
1:9 0.31 36.6 0.92
1:39 2.29 37.7 1.44
0.30 38.1 1.80

Table 4

The surface physico-chemical properties of 3:2 EMPB/SDS in ethanol-

water mixtures

Ethanol-water

cmc Yeme I's
ratio (10~* mol/L) (mN/m) (10-8 mol/n?)
1.5 1.10 35.1 0.86
1.9 2.04 35.6 0.96
1:19 3.31 39.5 0.95
0:1 0.44 42.0 2.32
Table 5

The surface physico-chemical properties of 1:6 PHTAB/SDS in ethanol-

water mixtures

Ethanol-water

cmc Yeme I's
ratio (10~*mol/L) (mN/m) (10-% mol/m?)
1:4 1.45 32.2 1.64
1.9 0.85 32.9 3.22
1:19 0.63 325 3.38
0.51 32.4 3.46
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Table 6
The surface physico-chemical properties of 1:2 PHTAB/SDS in
ethanol-water mixtures

Ethanol-water cmc Yeme I's

ratio (10~*mol/L) (mN/m) (10-8 mol/m?)
1:4 3.02 32.7 2.26

15 2.63 32.9 2.32

1:9 1.91 325 2.68

1:19 0.87 33.3 2.70

0:1 1.38 335 3.80

FromFig. 9awe can find that",, usually deceases with
the increase of ethanol content in the two series of mixed
systems of bolaamphiphiles and their oppositely charged
conventional surfactants, which is same to the tendency of
'« variation in conventional cationic and anionic mixed
surfactant system. Similarly to the case of the single bo-
laamphiphile system, it may be attribute to the decrease of
solvophobic effect, as we said above.

On the other hand, fronfig. 9b we can see the ten-
dency of theycmc variation in the mixed solutions of
bolaamphiphiles and their oppositely charged conventional
surfactants is completely different to the case in the conven-
tional catanionic surfactant mixed systems. In the system
of C11COONa/G2NEt3Br, the yemc increases with ethanol
addition, while in the mixed systems of symmetric bolaam-
phiphiles and their oppositely charged conventional sur-
factants, theycmnc values usually decrease (in EMPB/SDS
systems) or nearly keep constant (in PHTAB/SDS and
SED/G>NEt3Br systems) with the increase of ethanol
concentration.

The y¢mce oOf solution is usually determined by the sur-
face tension of the solvent, and adsorption amount of the
solutes. Compared with that in the single surfactant sys-
tem, I',, Of the mixed conventional catanionic surfactant
system is usually very big. Thus the surfactant molecules
in the surface are more and the solvent molecules are less
So the surface tension of the solution is affected more by
the surfactants in the surface layer than by the solvent. In
fact theycmc Of the aqueous catanionic surfactant system is
very low (~22-25mN/m[23], near the surface tension of
ethanol, 22 mN/m) and the solvent effect to thac is very
tiny. Thus with the addition of ethanol, thé,, of the sur-
factants decreases, and thgnc increases. In addition, ac-
cording to the previous worf23], surface tension of liquid
is also determined by the atoms and atomic groups forming

Table 7
The surface physico-chemical properties of 1:2 SERNEt3Br (pH
= 9.2)in ethanol-water mixtures

Ethanol-water cmc Yeme I's

ratio (10~*mol/L) (mN/m) (10-® mol/m@)
15 1.32 33.0 1.54

1.9 1.05 33.6 2.36

1:19 1.07 34.8 2.64

0:1 2.51 35.6 2.92
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ig. 9. ' (a) andycmc (b) vs. the ethanol content curves of conventional
cationic and anionic surfactants and bolaamphiphiles and their oppositely
charged conventional surfactants.

the outmost layer of surfad@5]. The contribution of CH

to surface energy is less than that of £&hd much less than
that of waterf{26]. With the addition of ethanol, th€ ., of

the system decreases, then some surfactant molecules would
change the conformation from upstanding to bending and the
groups forming the outmost layer are partly replaced from
methyl to methylene. Therefore, the area ratio occupied by
methylene in the outmost layer will gradually increase (see
Fig. 10a and j which also makes thgcmc of the system
increases. This fact is prevalent in the mixed systems of con-
ventional cationic and anionic surfactafis].

However, it is completely different in the mixed systems
of bolaamphiphiles and their oppositely charged conven-
tional surfactants. According to the previous wdig],
EMPB, SED and PHTAB molecules will adopt reverse
U-shape conformation in the surface. Thus methylene group
is the outmost group of the bolaamphiphiles adsorption
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Fig. 10. Schematic diagram for the structure of surface phase of system: ) ) ) )
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ethanol molecules; (b) conventional cationic and anionic surfactants with g c

participation of ethanol molecules; (c) the reverse U-shape conformation of

bolaamphiphiles in the surface without participation of ethanol molecules; Fig. 12. Surface tension of 1:2 SHMGANEBr system (pH= 9.2) in
(d) the reverse U-shape conformation of bolaamphiphiles in the surface ethanol/water mixture with various volume ratios.

with participation of ethanol molecules.

tion will be helpful to the micelle formation. The relative di-
layer in both aqueous system and in the mixture of water electric constant of solvent would decrease with the ethanol
and ethanol (se€ig. 10c and )l So the effect of outmost  addition. According to Coulomb’s law, the attractive force
groups in the bolaamphiphile systems on the change ofbetween the headgroups of bolaamphiphiles and their oppo-
yeme IS very tiny. Moreover, the o, in this kind of mixed sitely charged conventional surfactants will increase, which
systems is small. Hence the solvent molecules in the sur-leads to low cmc in the system. However, this effect is over-
face are more and the solvent effect is primary. Combined comed by the reduction of solvophobic effect at high ethanol
to the contribution of", decrease to thgcmc, it is reason- content, which leads to the cmc increases with the ethanol
able that theycmc of the mixed systems of bolaamphiphiles addition.
and their oppositely charged conventional surfactants will However, the variation tendency of cmc in some systems,
decrease (EMPB/SDS systems) or nearly keep constantsuchas 1:2,3:2 EMPB/SDS and single EMPB system is very
(PHTAB/SDS and SED/GNERBr systems) with ethanol ~ complex. Based on the current data and research work it is
addition. This variation tendency is completely different difficult to explain the cmc variation tendency in these three
from that of conventional system in despite of the same systems. More work is needed to study the cmc tendency
variation tendency of ", in the respective systems. with the ethanol addition in this field.

The cmc variation tendency of these systems was also
studied. Usually the cmc values of the mixed systems will in- 3.3. The surface properties of asymmetric bolaamphiphile
crease with the addition of ethanol, which may be attributed SHMC and its mixture with C1oNEt3Br
to the reduction of solvophobic effect. However, in the 1:2
PHTAB/SDS systems and 1:2 SEDABIEt3Br systems, the The y—logc curves of the SHMC and 1:2 SHMC{g
cmc values decrease first and then increase with the ethanoNEt3Br systems in various ethanol proportions are shown in
addition, indicating that small amount of the ethanol addi- Figs. 11 and 12respectively. The surface-chemical proper-

ties of SHMC/G2NEt3Br are shown irTable 9

5 FromFig. 11, it is interesting that the surface activity of

119 SHMC decreases greatly when small amount of ethanol is
:8{19 added into the aqueous system. From the results of our pre-
: vious work[23] and the work in 3.1 and 3.2, usually the sur-
55 ¢ factant will lose its surface activity when the mixed volume
_ ratio of ethanol and water is equal to or bigger than 1:2. How-
§ ever, in the SHMC system, the variety of surface tension is
g very small <3 mN/m) in a broad concentration range (from
= 50+
"-‘N Table 8
The values ofy¢me of SHMC (pH = 9.2) in ethanol-water mixtures and
45 . . ‘ ‘ . the values of surface tension of mixed solvepdofyeny
35 -3.0 ‘2-5|g f-o 15 -1.0 Ethanol-water ratio Yeme (MN/m) Ysolvent (MN/m)
. . . 1:9 54.4 .
Fig. 11. Surface tension of SHMC system (pH9.2) in ethanol/water 1:19 47.1 i;z

mixture with various volume ratios.
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Table 9 4. Conclusion
The surface physico-chemical properties of 1:2 SHMGNE&Br (pH

= 9:2) in ethanol-water mixtures The effect of ethanol on the surface properties of bolaam-

Ethanol-water eme Yeme r 0 phiphiles and their mixed systems with oppositely charged
ratio (10" mol/L ) (mN/m) (10-° mol/m?) conventional surfactants are studied. In the single surfactant
L5 0.99 35.9 1.40 system, thd o, andycmcin bolaamphiphiles system change
oY 1ol 39 2% similarly to that in the conventional surfactant system. In
01 096 385 292 the system of bolaamphiphiles and their oppositely charged

conventional surfactants, thé,, has the similar tendency
while theymc has the reverse tendency to that of the conven-
tional cationic and anionic surfactants. The different vari-
3.9 x 10 t0 5.0 x 10-?mol/L), when the mixed volume  ation tendency Ofyeme in bolaamphiphiles system comes
ratio of ethanol and water is jUSt 1:19. FUrthermore, with from the low adsorption amount and the reverse U-Shape
ethanol addition, the value gfmc of SHMC is close to the  conformation in the surface of bolaamphiphiles. Surface ac-
value of surface tension of mixed solvent (Seble §. That  tjvity of SHMC greatly decreases after ethanol addition due
is to say, the surface activity of SHMC is very sensitive to to the hydroxyl group in the SHMC molecule. However, a
the ethanol addition. This may be attributed to the existence simp|e and effective way is found to promote the surface
of the hydroxyl group in the SHMC molecule, which makes activity of SHMC in the ethanol/water mixtures by adding
the solvophobic effect in SHMC system greatly reduces af- the oppositely charged conventional surfactant. This is the
ter the ethanol addition. Side support is that the solubility first report about the surface properties of bolaamphiphiles
of SHMC in ethanol is much better than that in water. in mixed solvents and we hope it would shed a light on the

However, when the opposite charged conventional sur- theoretical research and the application of bolaamphiphiles
factant GoNEt3Br is added into the SHMC system, the re-  jn non-aqueous systems.

sult is greatly changed. Frofaig. 12 and Table 9 it can

be found that the ethanol effect to the surface activity of

the SHMC/GoNEt3Br system is not as strong as that in Acknowledgements
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