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Location of ethanol in sodium dodecyl sulfate aggregates
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The hexagonal liquid crystalline phase of SDS (Sodium dode-
cyl sulfate)/H,O system changes into lamellar liquid crystal
and the effective length of surfactant molecule dp/2 in the
lamellar liquid crystal decreases with the addition of ethanol.
The micellar aggregation number N of SDS decreases and the
micellar diffusion coefficient increases with the added ethanol.
Under a constant concentration of SDS, the molecule number
ratio of ethanol to SDS in the micelle increases with the con-
centration of ethanol and even exceeds 10 when ethanol con-
centration is 1. 085 mol/L. Al these results show that
ethanol, even though a short chain alcohol and soluble in wa-
ter, can partly exist in the interphase of the amphiphilic ag-
gregates showing some properties of co-surfactant.
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Introduction

Co-surfactant plays an important role in the am-
phiphilic self-assembly systems.!*? In most cases co-sur-
factant is an alcohol with medium chain length (e. g.
butanol to hexanol) . In these cases, co-surfactants exist
in the interphase of self-assembled aggregates, decreas-
ing the interaction between polar heads of the am-
phiphilic molecules, thus stabilizing the aggregates.

Ethanol is a short chain alechol and soluble in wa-
ter. In micelle systems, it is generally thought to be ad-
sorbed in the interface of the micelle and exists in water
continuous phase instead of being located in the micelle
interphase. Hence, under most circumstances, ethanol
is not used as co-surfactant in the amphiphilic self-as-
sembly systems with water as solvent and the location of
ethanol in the amphiphilic self-assembly systems is sel-

dom mentioned .
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Our research is based on SDS/C,HsOH/H,0 sys-
tem and is carried out in five aspects: the partial phase
diagram, structure of lamellar liquid crystal, aggregation
number of SDS micelle, molecule ratio of ethanol to SDS
in the interphase and the diffusion coefficient Dy of the
micelle. All our results give out one conclusion that in
the system of SDS/C,H;0H/H,0, although the majority
of ethanol is dissolved in water continuous phase and
some part of ethanol is adsorbed in the interface of the
amphiphilic self-assembled aggregates, there is still
some part of ethanol existing in the interphase of the
self-assembled aggregates.

Experimental
Materials

Sodium dodecyl sulfate (SDS, Sigma, 98%) was
recrystallized twice from ethanol. Fthanol was from
Aldrich (99% ). Pyrene was from Aldrich (99% ) and
cetylpyridine chloride from Fluka (98% ). Water used
was twice distilled.

Partial phase diagram

The isotropic solution region of SDS/C,HsOH/H,0
was determined by titrating ethanol into the mixture of
SDS and water with various ratios, or titrating water in
the mixture of SDS and ethanol. The hexagonal and
lamellar liquid crystal regions of SDS/C,HsOH/H,0
were determined in the same way with isotropic solution
region. The boundary line was checked with an optical
microscope with polarized light (Model 59X from Shang-
hai Analytical Instrument Factory) and by low angle X-
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ray diffraction.
Low angle X-ray diffraction

Low angle X-ray diffraction measurements were ob-
tained from D/maxrc X-ray diffractometer ( Rigaku,
Japan) . Ni filter and Cu radiation (wavelength =0.1542

nm) were used.
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Fig. 1 Relation between (1/Iy - 1)! and C;. The con-
centration of ethanol is (a) 0.17 mol/L, (b) 0.34
mol/L, and (¢) 0.68 mol/L.

Determination of binding constant K

In the isotropic solution of surfactant, water and
additive, there exists an equation as follows:>

(I/I- DY =(I,/1,-1)(1+1/KC,) (1)

where [ is the fluorescence intensity at various SDS con-
centration, I is the fluorescence intensity without SDS,
I, is the maximum fluorescence intensity, K is the
binding constant of additive with the micelle. For a defi-
nite system, v=1. C,, is the surfactant concentration to
form micelles and is equal to

C, = C, - CMC (2)

C, is the total surfactant concentration and CMC the

critical micellar concentration. The relationship between
(1/15- 1) and C;! was shown in Fig. 1. From the
slope and the intercept of the curve, the binding con-

stant K can be obtained. In the measurement of fluores-
cence intensity, the optimum emission wavelength was
380—420 nm and the optimum excitation wavelength
was 346 nm. Model RF-540 fluorescence spectrometer
(Rigaku, Japan) was used.

Determination of micellar aggregation number N

The aggregation number N of SDS micelle was de-
termined by measuring the total intensity of fluorescence
with and without quencher, 7(¢) and 1(0), respective-
ly. According to the following equation:*

I(t) = 1(0)exp( - [Q]/[M]) (3)

where [ Q] is the concentration of quencher and [ M] the

micelle concentration, which is related to N by
[M] = ([st]) - [sf]/N (4)

where [st] is the total concentration of surfactant, [ sf]
is the concentration of monomer surfactant and to a good
approximation can be taken as the CMC. Combining
Eqs. (3) and (4)

In[ 1(2)/1(0)] = N[Ql/(CMC - [st]) (5)

From a plot of In[ 7(¢)/1(0)] against [Q], N can
easily be calculated from the slope of the straight line.
In this measurement, the excitation wavelength is 335
nm and the emission wavelength is 380—420 nm. CMC
values are determined by measurements of conductivity
under DDS-11A conductometer ( Second Analytical In-
strument Factory of Shanghai) .

Determination of diffusion coefficient

Electrochemical measurements are conducted in a
three-electrode configuration with platinum as the work-
ing electrode, platinum plate as the auxiliary electrode
and a saturated calomel electrode (SCE) as the reference
electrode. After a continuous flow of nitrogen, the cyclic
voltammogram for SDS solution can be obtained at plat-
inum electrode with the swept potential (Fig. 2).

All of our measurements are carried out at 25 %

0.1C.
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Results and discussion
Partial phase behaviors of SDS/C,HsOH/H,0 system

Fig. 3 shows the partial phase diagram of SDS/
C,HsOH/H,0 system. There is an isotropic solution re-
gion L, a hexagonal liquid crystal region Hex and a
lamellar liquid crystal region Llc.
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rates in 0.018 mol/L SDS aqueous solution.
C>HsOH
L
SSLLe
Hex
H,0 SDS

Fig. 3 Partial phase diagram of SDS/C,HsOH/H,0 system.
L is isotropic solution region, Hex is hexanol liquid
crystal region and Llc is lamellar liquid crystal re-
gion.

Since ethanol is soluble in water, the isotropic so-
lution region is large. Normal hexagonal liquid crystal is
formed in the mixture of SDS/H,0 from water contents
41% to 61% . Ethanol can be dissolved in the hexago-
nal liquid crystal, but this dissolution causes a reduction
of hexagonal liquid crystal region. When the ethanol
content is higher than 9% , hexagonal liquid crystal re-
gion disappears. In SDS/H,0 system, when the content
of SDS is between 67% and 77% , the system is the
mixture of hexagonal and SDS. The addition of ethanol
to the system results in the formation of lamellar liquid
crystal. These results suggest that there are some ethanol
existing in the interphase of the hexagonal liquid crystal
and the lamellar liquid crystal. Only in this way can the
addition of ethanol reduce the hexagonal phase region
and transform the hexagonal phase to lamellar phase.

Low angle X-ray measurements provide another evi-
dence for location of ethanol in the lamellar liquid crystal
(Fig. 4). Value dj shows twice the length of the effec-
tive length of surfactant in the amphiphilic bilayer of
lamellar liquid crystal . AsFig . 4, dgisabout 2 .4—
2.5 nm in the lamellar crystal of SDS/C,HsOH/H,0

system.
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Fig. 4 Relation between interlayer spacing d and water con-
tent . CHsOH/SDS (wt/wt) is: (a) 18/82, (b)
21/79 and (c) 23/77.

The effective length [ of surfactant molecules in the
associated structure can be theoretically calculated from
the following equation :’

1=0.95x(1.5+1.265n) (6)

in which the constant (0.95) is the reflection of the dis-
order of hydrocarbon chains in amphiphilic bilayer. n is
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the carbon number of surfactant. For SDS, n =12, so !
=1.58 nm. Comparing with the values of d,/2 shown
in Fig. 4, which are 1.2—1.25 nm, we can see that
the addition of ethanol decreases the effective length of
SDS molecules. This result implies that some ethanol
molecules are located between the SDS molecules in the
amphiphilic bilayer of lamellar liquid crystal and thus re-
duce the order degree of SDS molecules. With reduced
order degree, SDS molecules bend to some extent and
their effective length thus decreases.

Molecule ratio of ethanol to SDS in the micelle

The measurement of the molecule ratio of ethanol to
SDS (r) can provide us with another clue to the location
of ethanol in SDS aggregation system.

In the system of SDS/C,HsOH/H,0, there exists

such an equilibrium® with K as binding constant :
M+ S=MS

where M is micelle, S is ethanol free in water continuous
phase and MS represents ethanol bound to micelles. The
distribution coefficient of ethanol between the water con-
tinuous phase and micelle phase, P, , can be related to

binding constant K by the following equation:’
K=(me_l)V0 (7)

where V; is the partial volume of SDS, V;=0.246 L/
mol® above CMC of SDS. P,,, can also be expressed by
the follows:®

me=(1_q)Mm/qMaq (8)

where ¢ = VC,, is the volume fraction of micelle phase
system. M,, and M,, are the molar fraction of ethanol
associated with micelle and free in water phase, respec-
tively. Assuming

p=M./ My, (9)
50 Pu=(1-¢q)p/q (10)
Since Mo+ M, =1

My,=p/(1+p) an
Hence, the molecule ratio of ethanol to SDS in the mi-
celle, r, is as follows:
r=M,Cy/C,=pC,/(1+p)C, (12)
where C, is the total concentration of ethanol and C,, is
the micellar concentration. Fig. 5 shows the variation of
r with C,,. The results in Fig. 5 show that under a con-
stant concentration of ethanol, the molecule ratio of
ethanol to SDS, r, decreases with the concentration of
SDS. The data also show that under a constant concen-
tration of SDS, the molecule ratio, r, increases with the
concentration of ethanol and even exceeds 10 when
ethanol concentration is 1.085 mol/L (curve d). This
result suggests that each SDS molecule is associated with
at least ten ethanol molecules in the micelle phase. Ob-
viously, it is impossible for all these ethanol molecules
to exist only by the way of being adsorbing in the inter-
face of the micelle. As we can deduce, some ethanol
molecules must have existed in the interphase of the mi-

celle.
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Fig. 5 Relation between molecule number ratio of ethanol to

SDS in the micelle r and the surfactant concentration

to form micelle C,. The total concentration of
ethanol Cpis: (a) 0.17 mol/L, (b) 0.34 mol/L,
(c) 0.86 mol/L and (d) 1.085 mol/L.

Micellar aggregation number N

The obvious decrease of the aggregation number N



22 Ethanol location

LiU, YU & GUO

of SDS micelle system with the addition of ethanol can
further prove our idea ahout the location of ethanol
(Table 1).

The decrease of micelle aggregation number N with
the addition of ethanol can be explained by the length of
the hydrophobic group ¢ of the surfactant molecule, the
cross-sectional area of the hydrophilic group a, and the
volume of hydrophobic group vy. For spherical micelle,

N can be expressed as follows: '

N = 4x(lc + 5)*/a, (13)

N = 4n(lc)® /3vy (14)
where s is the added length of the radius of the sphere
due to the hydrophilic group. It is obvious that the ag-
gregation number NV will increase with the length of the
hydrophobic group o of the surfactant molecule and de-
crease with increase in the cross-sectional area of the hy-
drophilic group @, and the hydrophobic group volume
vy. The decrease of the aggregation number N of SDS
micelle system (Table 1) shows that the addition of
ethanol can increase the value of a, or vy. But the only
way for ethanol to increase a, or vy is to exist in the in-
terphase of the micelle. The result is corresponding to

our former conclusions.
Diffusion coefficient of SDS micelle system

The location of ethanol in the micelle phase directly
affects the diffusion coefficient of SDS micelle as deter-
mined by the cyclic voltammogram.

Fig. 2 shows that cathodic peak potential £, is in-
dependent of the sweep rate, and Fig. 6 shows that ca-
thodic peak current i, is proportional to the square root
of potential sweep rate which indicates diffusion con-
trol. "' Thus the electrochemical progress of SDS micelle
solution is reversible. The mechanism of the electro-
chemical reaction for SDS at platinum electrode can be
obtained by rotating rink-disk electrode (RRDE) 1213

For a reversible wave, the relationship of the peak
current i, with potential rate v, solution concentration
C, and diffusion coefficient D, at 25°C is as follows: !

i, = 2.69 x 10°n*2C,D,*V%2A (15)
P

Cathodic peak current i, is in amperes, solution concen-
tration C, in mol/cm’, potential sweep rate v in V/s,
particle diffusion coefficient in the solution D, in cm®/s,
area of electrode A in cm?.

The number of electrons per SDS molecule oxidized
or reduced, n, can be calculated from peak potential
Ep and half-peak potential Ep/,. The relationship be-

tween Ep, Ep, and n is as follows: !

| EP - Ep/2 | = 22RT/nF (16)

For SDS reaction at platinum electrode, n =1 approxi-
mately (Table 2) . Thus from Eq. (15), we can get the
diffusion coefficient of SDS aggregates.
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Fig. 6 Peak currents with the square root of potential sweep

rates.

We have measured the diffusion coefficient of SDS
micelle solution without ethanol in our former research
and obtained the first and the second CMC as 8.0 x 103
mol/L and 5.6 x 10 mol/L, respectively. 12 When SDS
concentration is smaller than the first CMC, SDS exists
in the structure of monomer molecules or premicelles.
The results in Fig. 7 show that under such a circum-
stance, the addition of ethanol only leads to a slight in-
crease of SDS diffusion coefficient. So the slope of line
(a) is only 0.22 (Fig. 7). When SDS concentration is
between the first and the second CMC, SDS exists as
spherical micelle.*'® The diffusion coefficient of spheri-
cal micelles is smaller than that of monomer molecules or
premicelles because the volume of spherical micelles is
greater than that of monomer molecules or premicelles,
so line (b) is below line (a). With the increasing
ethanol concentration, the diffusion coefficient of spheri-

cal micelles increases faster than that of monomer
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molecules or premicelles and so the slope of line (b) is
0.4 and is twice that of line (a). This result proves that
some added ethanol is located in the interphase of the
spherical micelle and results in the decrease of aggrega-
tion number, hence the increase of diffusion coefficient.
When SDS concentration is higher than the second
CMC, the shape of the micelle is rod-like.*"'® The vol-
ume of rod-like micelles is larger and the diffusion coef-
ficient is smaller than that of spherical micelles, as a re-
sult, line (¢) is below line (b). Meanwhile, the slope
of line (c¢) is larger than that of line (b) and is approxi-
mately 0.62. This result again implies that some part of
the ethanol exists in the interphase of the rod-like mi-
celle and results in the micelle disaggregation to some
extent, hence the increase of the diffusion coefficient.

Lg(Dy)

5 10 15 20
Ethanol (%)

Fig. 7 Logarithm of diffusion coefficient of micelle with
ethanol concentration (weight percent) in SDS so-
lution. (a) 0.0018 mol/L, (b) 0.018 mol/L and
(¢) 0.18 mol/L SDS solution.

Conclusion

In the present research, we have demonstrated the
location of ethanol in SDS aggregates system from five
aspects: a) The addition of ethanol can reduce the
hexagonal region and transform the normal hexagonal liq-
uid crystal to lamellar liquid crystal; b) the effective
length of surfactant which is shown by half of the inter-
layer space of the lamellar liquid crystal is much less
than the theoretical value; ¢) the molecule ratio of
ethanol to SDS, r, in the micelle increases with ethanol
content and even exceeds 10 under the certain condi-
tions; d) the addition of ethanol greatly decreases the
aggregation number N of SDS micelle; e) the diffusion
coefficient of SDS micelle decreases with the addition of

ethanol. The combination of the above results gives out
the conclusion thatsome ethanol can exist in the inter-
phase of the SDS aggregates in addition to being ad-
sorbed. Thus, ethanol, though a short chain alcohol,

can also act as a co-surfactant in SDS aggregate system.

Table 1  Micellar concentration [ M], aggregation number N,
binding constant K and distribution coefficient P, at
different ethanol concentration

Ce,nom [(M](10*) N X P
(mol/L) (mol/L)
2.0x%10* 2.56 55 60 245
2.5x% 10* 2.60 54 52 211
1.0x 10* 2.63 54 46 188
5.0x 103 2.71 52 42 172
1.0x 107 2.87 49 38 156
0.17 3.40 40 26 106
0.34 4.2 34 20 82
0.68 6.2 23 13 54
0.86 7.1 20 11 48

Table 2 Potential sweep rate v, peak potential E,, half-peak e
potential £, and electrons per molecule oxidized or

reduced n
No. v (mV/s) E (V) E (V) n
1 6.0 0.71 0.65 0.93
2 12.0 0.70 0.64 0.95
3 18.0 0.70 0.64 0.95
4 24.0 0.69 0.63 0.97
5 30.0 0.70 0.65 0.97
6 36.0 0.70 0.65 0.97
7 42.0 0.69 0.63 0.96
8 48.0 0.69 0.63 0.96
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