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Small-angle neutron scattering study of micellar structures of dimeric surfactants
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Dimeric or gemini surfactants consist of two hydrophobic chains and two hydrophilic head groups co-
valently connected by a hydrocarbon spacer. Small-angle neutron scattering measurements from bis-cationic
C16H33N

1(CH3)2-(CH2)m-N1(CH3)2C16H33 2Br2 dimeric surfactants, referred to as 16-m-16, for different
length of hydrocarbon spacersm5 3–6, 8, 10, and 12, are reported. The measurements have been carried out
at various concentrations:C52.5 and 10 mM for allm andC530 and 50 mM form > 5. It is found that
micellar structure depends on the length of the spacer. Micelles are disks form53, cylindrical form54, and
prolate ellipsoidals for other values ofm. These structural results are in agreement with the theoretical pre-
dictions based on the packing parameter. It has also been observed that conformation of the spacer and the
hydrophobic chains in the interior of the micelle change as the length of the spacer is increased. The concen-
tration dependence form> 5 shows that the effect of surfactant concentration on the size of the micelle is more
pronounced form55 and 12 than for the intermediate spacers. The fractional charge on the micelle increases
with the increase in spacer length and decreases when the concentration is increased@S1063-651X~97!11312-5#

PACS number~s!: 61.12.Ex, 61.25.Hq, 82.70.Dd
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I. INTRODUCTION

Surfactant molecules@e.g., cetyltrimethylammonium bro
mide ~CTAB!# consist of a hydrophilic head group and
hydrophobic chain connected to the head group. These m
ecules in aqueous solution above a critical micellar conc
tration ~CMC! aggregate to form micelles. The aggrega
formed are of various types, shapes, and sizes, such as g
lar micelles, cylindrical micelles, and spherical vesicles. T
characteristics of these aggregates are determined by the
lecular structure of the surfactant molecule as well as by
solution conditions, such as concentration, temperature,
ionic strength@1,2#. Recently, a different class of surfactan
has been introduced@3,4#. These surfactants, called dimer
or gemini surfactants, consist of two hydrophobic chains a
two hydrophilic head groups covalently attached by a hyd
carbon spacer. Dimeric surfactants have the general form
CnH2n11N1(CH3)2-(CH2)m2N1(CH3)2CnH2n112Br2 and
are referred to asn-m-n surfactants. These surfactants po
sess unusal properties. In particular, they form micelles
very low CMC and are highly efficient in lowering the oi
water interfacial tension in comparison to the single ch
counterparts. These properties suggest that the dimeric
factants are possible candidates for the next generatio
surfactants @5#. This paper deals with micellization o
dimeric surfactants as studied by small-angle neutron sca
ing.

Dimeric surfactants are of interest as they provide a s
tem where aggregation behavior can be controlled by va
ing the spacer while keeping the length of the tail fixed@6#.
Israelachviliet al. have shown that the type of structure
the self-assembly formed by different surfactants depe
upon the geometrical packing parameter~see Sec. IV C! @7#.
In dimeric surfactants, the geometrical packing parame
can be varied by varying the length and the conformation
the spacer. For example, when the spacer is shorter tha
571063-651X/98/57~1!/776~8!/$15.00
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equilibrium distance between the charged head groups,
spacer remains fully extended to minimize the repulsion
tween the head groups. This gives rise to a higher value
the packing parameter. In the case where the spacer is lo
than the equilibrium distance between the charged h
groups the spacer will avoid being in a fully extended co
formation. Due to the hydrophobic character of the spa
chain, the same will try to minimize its contact with water b
folding inside the micellar interior. This is possible on
when the flexibility of the spacer chain is adequate. Th
molecular features, such as the spacer’s length and flex
ity, are essential for determining the overall shape of agg
gates of dimeric surfactants@8#.

The micellization behavior of dimeric surfactants h
been the subject of several recent publications@8–11#. Cryo-
TEM measurements have been reported from the mice
solutions of some of the dimeric surfactants@9#. Depending
on the chain and spacer lengths, various types of aggreg
such as ellipsoidal micelles, cylindrical or threadlike m
celles, membranes, and vesicles, have been observed
example, forn512, the micelles are threadlike for sho
spacers (m52,3), ellipsoidal or spherical for medium cha
length spacers (m55 –12!, and again threadlike or vesicle
for long spacers (m.14). It was seen that the aggrega
structure depends both on the spacer length and on the le
of the hydrophobic chains. However, the details of the m
cellar architecture, such as aggregation number, charge
the micelle, or information about the packing of the surfa
tant molecules in the micelles, are not obtainable from Cr
TEM measurements.

Small-angle neutron scattering~SANS! is an ideal tech-
nique to study the micellar structures of surfactants. It h
been used extensively to understand the micellar struct
of various single-chain surfactants@12,13#. Among the
dimeric surfactants, only 10-m-10 dimeric micellar systems
have been studied for different spacers,m52 –4 and 6, using
776 © 1998 The American Physical Society
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57 777SMALL-ANGLE NEUTRON SCATTERING STUDY OF . . .
SANS @10#. It has been reported that micelles are ellipsoi
for m52 and slightly elongated spheres for other values
m. In the analysis of the above data, authors have assu
that the spacer resides on the surface of the micelle and
drophobic chains are fully extended in the interior of t
micelle. It is not clear if these approximations are valid. W
have reported preliminary SANS measurements from mi
lar solutions of 16-m-16 dimeric surfactants for differen
length of spacers@11#. The mixed micelles of 16-m-16 with
single-chain surfactant CTAB have also been examined
us @14#. These studies clearly showed that the micellar str
ture is quite sensitive to the length of the spacer. These
periments were, however, carried out at CIRUS Reac
Trombay@15#, where there were several limitations. Becau
of the low count rate of the instrument, the measureme
were confined to high surfactant concentrations. Under th
conditions, additional complications due to interparticle
terference effects arise in the data analysis. Moreover,
lowest accessibleQ in the Trombay instrument is 0.0
Å 21 and hence large micelles~especiallym53 and 4! could
not be studied. In view of the above, we have now carr
out detailed measurements on 16-m-16 dimeric surfactants
for m53 –6, 8, 10, and 12 using a state-of-the-art low
~LOQ! diffractometer at ISIS, United Kingdom. The me
surements have been extended to quite dilute solutions
the effects of surfactant concentrations on micellar sizes
shapes are also examined.

II. EXPERIMENT

All the dimeric surfactants 16-m-16, m53 –6, 8, 10, and
12, were prepared and characterized as described in the
lier paper@11#. The micellar solutions were prepared by d
solving known amount of surfactants in D2O. The lower
concentration of solutions were made by dilution meth
The use of D2O instead of H2O provides better contrast i
neutron experiments. SANS experiments were performed
ing the LOQ diffractometer at the pulsed neutron source I
@16#. LOQ diffractometer uses neutrons of waveleng
2.2–10 Å, simultaneously by time of flight, with a 64364
cm2 detector at a distance of 4.1 m from the sample. T
measurements were made on the surfactant concentra
C52.5 and 10 mM for allm. Form>5, measurements wer
also made atC530 and 50 mM. The samples were held
quartz sample holder of thickness 2 mm. The temperature
all the samples was kept at 30 °C. The data were recorde
theQ range 0.009–0.24 Å21. The measured SANS distribu
tions (dS/dV vs Q) after standard corrections and norma
izations are shown in Figs. 1–7.

III. SANS ANALYSIS

The coherent differential scattering cross sect
(dS/dV) for a system of monodisperse interacting micel
can be expressed as@17#

dS

dV
5n~rm2rs!

2V2$^F2~Q!&1^F~Q!&2@S~Q!21#%1B.

~1!

The same expression for noninteracting micelles@i.e.,
S(Q);1# is given by
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dS

dV
5n~rm2rs!

2V2^F2~Q!&1B, ~2!

wheren denotes the number density of the micelles,rm and
rs are, respectively, the scattering length densities of
micelle and the solvent, andV is the volume of the micelle.
The aggregation numberN of the micelle is related to the
micellar volumeV by the relationV5Nv, wherev is the
volume of the surfactant monomer. The volume of the 1
m-16 monomer including the head group is calculated byv
5 ~10521 26.9m) Å 3, as obtained from Tanford’s formula
@18#. It is different from the way that has been been repor
in the earlier paper@11#, where the volume of the surfactan
monomer was kept as a parameter and determined from
analysis. The same procedure is not used now as it was
that micellar parameters are not very sensitive to the volu
of the monomer.

F(Q) is the single-particle form factor andS(Q) is the
interparticle structure factor.B is a constant term that repre
sents the incoherent scattering background, which is ma
due to hydrogen in the sample. For an ellipsoidal micelle

^F2~Q!&5E
0

1

@F~Q,m!#2dm, ~3!

^F~Q!&25F E
0

1

F~Q,m!dmG2

, ~4!

F~Q,m!5
3~sinx2x cosx!

x3
, ~5!

x5Q@a2m21b2~12m2!#1/2, ~6!

wherea andb are, respectively, the semimajor and semim
nor axes of the ellipsoidal micelle.m is the cosine of the
angle between the directions ofa and the wave-vector trans
fer Q.

For a cylindrical micelle of lengthL52l and radiusR
@19#

^F2~Q!&5E
0

p/2sin2~Ql cosb!

q2l 2cos2b

4J1
2~QR sinb!

q2R2sin2b
sinb db,

~7!

whereb is the angle between the axis of the cylinder a
bisectrix.J1 is the Bessel function of order unity. The disk
a special case of the cylinder whenL!R.

S(Q) specifies the correlation between the centers of
ferent micelles and is the Fourier transform of the rad
distribution functiong(r ) for the mass centers of the micelle
In the analysis for ellipsoidal micelles,S(Q) has been calcu-
lated using the mean spherical approximation as develo
by Hayter and Penfold@20,21#. In this approximation the
micelle is assumed to be a rigid equivalent sphere of dia
eters 5 2(ab2)1/3 interacting through a screened Coulom
potential, which is given by

u~r !5u0

s

r
exp@2k~r 2s!#, r .s, ~8!
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where k is the Debye-Hu¨ckel inverse screening lengt
~which depends on the CMC and the fractional charge on
micelle! andu0 is the contact potential. The fractional char
a(5z/N, where z is the micellar charge! is an additional
parameter in the calculation ofS(Q). In the case where the
intermicellar interactions are not significant in the solutio
S(Q);1.

In general, micellar solutions of ionic surfactants show
correlation peak in the SANS distribution@17#. The peak
arises because of the corresponding peak in the interpar
structure factorS(Q) and indicates the presence of electr
static interactions between the micelles. The peak positio
the distribution occurs atQm;2p/d, whered is the average
distance between the micelles. The data are well fitted b
Hayter-Penfold–type analysis. The analysis is applicable
the spherical micelles and has also been successfully ap
to the ellipsoidal micelles when the axial ratio (a/b) is not
very much larger than unity@22,23#. The data analysis pro
cedure to calculateS(Q) for cylindrical or disk micelles,
however, has not been developed yet. One of the best w
to analyze data then is to carry out experiments at low c
centrations, whenS(Q) ; 1. To confirm the above, i.e.
S(Q);1, the consistency of analysis is checked by diluti
the solution and analyzing the data obtained from suc
solution. In the low-concentration measurements, wh
SANS distributions do not show correlation peak, data h
been analyzed assumingS(Q);1. In the case where th
distribution shows a peak and the micelles are ellipsoid
data have been analyzed by takingS(Q) into account as
discussed above. In particular, for large aggregates, mice
are known to form polydisperse systems. However, we h
assumed them to be monodisperse for the simplicity of
calculation and to limit the number of unknown paramet
in the analysis. The dimensions of the micelle, aggrega
number, and fractional charge have been determined f
the analysis.

IV. RESULTS AND DISCUSSION

A. Effect of spacer length on the micellar structure

To understand the effect of the spacer chain length on
micellar structure, SANS experiments have been carried
on 16-m-16 dimeric surfactants for different length
m53 –6, 8, 10, and 12, of hydrocarbon spacers. The m
surements were made at two concentrations:C52.5 and 10
mM. SANS distributions form53 do not show a correlation
peak at either of the two concentrations. The same is the
for m54 at C52.5 mM. In the case ofC510 mM for
m54, a peak is shown atQm ; 0.013 Å21. These observa
tions suggest that intermicellar interactions are not very
nificant in the micellar solutions ofm53 and 4 for the above
concentrations. It is interesting to note thatdS/dV varies as
1/Q2 for m53 in theQ range 0.009–0.07 Å21 and as 1/Q
for m54 in the Q range 0.009–0.04 Å21. This has been
shown in Figs. 1 and 2, respectively. This suggests that
celles are disks form53 and cylindrical form54 @19,24#.
The data have been fitted assumingS(Q)51. In the case of
C510 mM for m54 system, which shows a peak in th
SANS distribution atQm ; 0.013 Å21, data have been ana
lyzed by the same method, i.e.,S(Q)51, but fitting the data
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in the Q rangeQ.2Qm . The dimensions of the micelle
were obtained by combining Eqs.~2! and~7!. The results are
given in Table I. Figure 3 shows a comparison between
calculated curves and the experimental data forC510 mM
solutions. For 16-4-16, the calculated curve in the lowQ
region is from the extrapolation to the fit. The disagreem
at low Q for m54 is a reflection of neglecting interparticl
correlations.

In Table I we see that in 16-3-16 solutions, micelles a
disks with radiusR;200 Å and thicknessL527 Å. Usually,
the thickness of a disk or a membrane should be twice
length of a molecule. It is interesting to note that this do
not happen for the 16-3-16 dimeric surfactant. When

FIG. 1. A log-log plot of SANS distributions for 16-3-16 mice
lar systems at concentrations ofC52.5 and 10 mM. The cross
sectiondS/dV varies as 1/Q2 for 0.009, Q, 0.07 Å21.

FIG. 2. A log-log plot of SANS distributions for 16-4-16 mice
lar systems at concentrations ofC52.5 and 10 mM. The cross
sectiondS/dV varies as 1/Q for 0.009, Q, 0.04 Å21.
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spacer is short, the two tails of the surfactant molecule co
very close to each other. It seems, in that case, that by
ancing the intramolecular hydrophobic interaction agai
the intermolecular hydrophobic interaction, the micel
formed are compact such that head groups alternately pa
up and down directions. That is, the head group of one
factant molecule faces the tail end of its neighboring m
ecule. Thus the thickness of the disk is equal to the lengt
the molecule. For 16-4-16 atC52.5 mM, micelles are cy-
lindrical with length L;500 Å and radiusR525 Å. The
value of micellar length forC510 mM data was obtained b
assuming that the length is greater than 500 Å and the fi
value came to be 550 Å. It is clear that this number ha
large error. It may be mentioned that because of the fi
interparticle interaction and limited-Q range, it is not pos-
sible to obtain the effect of concentration on the micel
length from the present data. The structural information
tained is similar to the Cryo-TEM measurements, wh

TABLE I. Micellar structures of short spacer 16-m-16 dimeric
surfactants.~a! 16-m-16 (m53,4) micellar systems forC52.5
mM. The parameters have been obtained assumingS(Q)51. ~b!
16-m-16 (m53,4) micellar systems forC510 mM. The param-
eters have been obtained assumingS(Q)51. For m54, which
shows a correlation peak atQ50.013 Å21, data have been fitted
for Q.0.025 Å21.

Radius Length
System Structure R ~Å! L ~Å!

~a!

16-3-16 disk 200.0 27.0
16-4-16 cylinder 25.0 500.0

~b!

16-3-16 disk 200.0 27.0
16-4-16 cylinder 25.0 550.0

FIG. 3. SANS distributions from 10-mM 16-m-16 (m53,4)
micellar systems. Solid lines are theoretical fits, where interpart
interference effects have been neglected. Form54, data have been
fitted for Q.0.025 Å21 .
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showed that the micelles are threadlike form54 and
vesicles or membranes form53 @9#. This is consistent with
the fact that on the length scale that the SANS technique
probe, the above structures will appear as cylindrical a
disks, respectively@25#.

The SANS distributions form>5 at the concentration
C52.5 mM are shown in Fig. 4. The shapes of all distrib
tions are similar and there is a correlation peak at aboutQm
; 0.025 Å21. The intensity (dS/dV) of the distributions at
the peak position is less than 0.75 cm21. The slow decrease
in intensity withQ suggests that micellar dimensions in the
systems are much smaller than those form53 and 4. It was
seen that a Hayter-Penfold–type analysis does not fit
SANS distributions and no meaningful parameters can
extracted. This may be related to the fact that the intensit
very low and there are not enough data points below the p
positions in these distributions. Thus we fitted the distrib
tion for Q*2Qm only, assumingS(Q)51. This showed that
micelles are prolate ellipsoidal in these systems. Various
rameters obtained from the analysis are given in Table II~a!.
The aggregation number and the minor axis of the mice
decrease as the length of the spacer increases. The majo
decreases and there is a reverse trend form.10. The effec-
tive head group area of surfactant molecules in the mice
has also been determined. It is seen that the effective h
group area increases with the length of the spacer and t
to saturate for long spacers (m.8). A similar variation of
surface area per surfactant at the air-solution interface
also been reported by the surface tension studies on 12-m-12
surfactants@26#.

The SANS distributions atC510 mM for m>5 are
shown in Fig. 5. These distributions show a well-defin
peak at aboutQm;0.035 Å21. This is because, as the su
factant concentration increases, the distance between the

le

FIG. 4. SANS distributions from 2.5-mM 16-m-16 (m>5) mi-
cellar systems. Solid lines are theoretical fits without invoking
terparticle correlations. The data have been fitted assum
S(Q)51 for Q.0.04 Å21. The solid lines in the low-Q region are
extrapolated from the fits. The distributions form55, 6, 8, and 10
are shifted vertically by 1.0, 0.75, 0.50, and 0.25 units, respectiv
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TABLE II. Micellar structures of 16-m-16 (m>5) dimeric surfactants.~a! 16-m-16 (m>5) micellar
systems forC52.5 mM. SANS distributions show a correlation peak at aboutQ;0.025 Å21. The param-
eters have been obtained assumingS(Q)51 for Q.0.04 Å21. Micelles are assumed to be prolate ellipsoid
(b5cÞa). ~b! 16-m-16 (m>5) micellar systems forC510 mM. Unlike~a!, whereS(Q) was neglected, the
present parameters have been obtained by a Hayter-Penfold–type analysis, which assumes screened
potential between the micelles. Micelles are assumed to be prolate ellipsoidal (b5cÞa). The fractional
charge on the micelle is the additional parameter in the analysis.

Aggregation Effective head
number Minor axis Major axis group area

System N b5c ~Å! a ~Å! a/b A ~Å 2)

~a!

16-5-16 74 24.2 35.6 1.47 128.5
16-6-16 61 23.4 32.0 1.37 138.0
16-8-16 50 22.8 29.2 1.28 154.0
16-10-16 44 22.3 28.0 1.26 165.0
16-12-16 44 21.8 30.6 1.40 170.5

Aggregation Fractional Effective head
number charge Minor axis Major axis group area

System N a b5c ~Å! a ~Å! a/b A ~Å 2)
~b!

16-5-16 79 0.23 24.2 38.0 1.57 124.5
16-6-16 67 0.25 23.4 35.4 1.52 135.0
16-8-16 57 0.27 22.8 33.0 1.45 147.0
16-10-16 50 0.34 22.3 31.8 1.43 161.0
16-12-16 49 0.36 21.8 34.1 1.56 162.0
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celles decreases and the peak position in the SANS distr
tion shifts to a higher-Q value in comparison to that for th
C52.5 mM system. The data have been fitted by the Hay
Penfold–type analysis. The micellar parameters obtained
this analysis are given in Table II~b!. The fractional charge
on the micelle as obtained from this analysis is also given

FIG. 5. SANS distributions from 10-mM 16-m-16 (m>5) mi-
cellar systems. Solid lines are theoretical fits, where interpart
correlations are accounted for using a Hayter-Penfold–type an
sis. The distributions form55, 6, 8, and 10 are shifted vertically b
4, 3, 2, and 1 units, respectively.
u-

r-
by

n

Table II~b!. The trends for aggregation number, effecti
head group area, and minor and major axes are simila
those found forC52.5 mM solutions@Table II~a!#. The
small changes in parameters are connected with the effe
concentration. The fractional charge on the micelle increa
as the length of the spacer increases. It is also seen
effective micellar charge (z5Na) is nearly proportional to
the equivalent sphere radius@R5(a2b)1/3#, consistent with
the predictions of the charge renormalization models
globular micelles@27#.

B. Effect of concentration

The results of SANS measurements forC52.5 and 10
mM have been discussed above. Measurements were m
on additional concentrations ofC530 and 50 mM form>5.
The SANS distributions are shown in Figs. 6 and 7. SAN
patterns forC550 mM are in good agreement with thos
reported earlier@11#. Measurements could not be made f
high concentrations ofm53 and 4, as they show viscoelast
behavior@28#, and the dimensions of micelles in these so
tions are expected to be much larger than those that ca
measured by SANS.

The peak in the SANS distributions forC530 and 50
mM is due to the strong electrostatic repulsion between
micelles. Figures 5 and 6 show that for both concentrati
the peak intensity and the peak position of the distributio
change when the spacer changes. The intensity drops an
peak shifts to higherQ with an increase in the spacer leng
and the trend changes form512.

The above data were analyzed using the method of Ha
and Penfold. Results are given in Table III. It is seen that

le
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micellar structure changes as the concentration increa
The effect is different in the different ranges of the conce
tration. For example, micellar parameters do not cha
much as the concentration changes four times from 2.5 to
mM ~Table II!. However, micellar parameters change sign
cantly when the concentration increases from 10 to 50 m
~Table III!. The minor axis of the micelle does not chan
much with the surfactant concentration. It has thus been k
fixed at an average of the values as obtained from the da
the different concentrations. The aggregation number
micellar size increase as the concentration increases.
fractional charge and the effective head group area decr
with the increase in the concentration. These changes
more pronounced form55 and 12 as compared to those f
the intermediate spacer lengths. The fact that them512 sys-

FIG. 6. SANS distributions from 30-mM 16-m-16 (m>5) mi-
cellar systems. Solid lines are theoretical fits of a Hayter-Penfo
type analysis.
es.
-
e
0

-

pt
at
d
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se
re

tem behaves like a short spacer system is connected to
change of conformation of the spacer.

C. Conformation of spacer and hydrophobic chains
in the micelle

The packing parameterp is a useful quantity to determin
the micellar structure of surfactant molecules. The param
is defined in terms of three quantities:~i! volume v, ~ii !
effective head group areaA, and~iii ! effective chain lengthl
of the surfactant molecule. It is given asp5v/Al. Israelach-
vili et al. have shown that the surfactant molecules w
p,0.33 tend to form spherical micellar structures. Micell
are ellipsoidal or cylindrical for 0.33, p, 0.5. For the
higher values of packing parameterp.0.5, surfactant mol-
ecules aggregate to form disks, membranes, vesicles, et

–
FIG. 7. SANS distributions from 50-mM 16-m-16 (m>5) mi-

cellar systems. Solid lines are theoretical fits of a Hayter-Penfo
type analysis.
old–

les are
TABLE III. Micellar structures of 16-m-16 (m>5) dimeric surfactants at higher concentrations.~a! 16-
m-16 (m>5) micellar systems forC530 mM. The parameters have been obtained by a Hayter-Penf
type analysis. Micelles are assumed to be prolate ellipsoidal (b5cÞa). ~b! 16-m-16 (m>5) micellar
systems forC550 mM. The parameters have been obtained by a Hayter-Penfold–type analysis. Micel
assumed to be prolate ellipsoidal (b5cÞa).

Aggregation Fractional Effective head
number charge Minor axis Major axis group area

System N a b5c ~Å! a ~Å! a/b A ~Å 2)

~a!

16-5-16 124 0.14 24.2 59.8 2.47 108.5
16-6-16 79 0.27 23.4 41.8 1.78 128.0
16-8-16 66 0.30 22.8 38.6 1.70 141.0
16-12-16 70 0.32 21.8 48.6 2.23 145.0

~b!

16-5-16 238 0.11 24.2 115.0 4.75 87.0
16-6-16 108 0.16 23.4 57.5 2.46 116.0
16-8-16 72 0.29 22.8 42.0 1.82 136.0
16-12-16 88 0.19 21.8 60.8 2.79 134.0
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dimeric surfactants, the micellar structure can be easily c
trolled by changing the spacer length. The change in
spacer length changes the packing parameter and henc
structure.

The values ofv, A, l , andp for surfactant molecules in
10-mM 16-m-16 micellar solutions are given in Table IV
The volume of surfactant moleculev is obtained using Tan
ford’s formula. The volume of molecule increases by 26
Å 3 when one~CH2) unit is added to the spacer. The effe
tive length l of the molecule is obtained from the data a
has been assumed to be the minor axis of the micelle.
effective head group areaA is also obtained from the dat
and is simply the total surface area of the micelle divided
the aggregation number.

It is seen that the effective length of surfactant molec
decreases as the length of the spacer increases. This is
nected to the fact that an increase in spacer length resul
a gap between the hydrophobic chains, and to fill this g
the hydrophobic chains fold up in the interior of the micel
It has also been seen that the effective head group are
creases with an increase in the spacer length and beco
constant for long spacers. The effective head group area
coming constant for large spacer length means that

TABLE IV. Packing parameter for surfactant molecules
10-mM 16-m-16 micellar systems.v has been calculated from Tan
ford’s formula andA and l are obtained from the analysis.

Effective head Effective chain Packing
Volume group area length paramete

System v ~Å 3) A ~Å 2) l ~Å! p

16-3-16 1133 84.0 27.0 0.500
16-4-16 1160 95.5 25.0 0.486
16-5-16 1187 124.5 24.2 0.394
16-6-16 1213 135.0 23.4 0.384
16-8-16 1267 147.0 22.8 0.378
16-10-16 1321 161.0 22.3 0.368
16-12-16 1375 162.0 21.8 0.390
,

.

J.

a,
n-
e
the

he

y

e
on-
in

p,
.
in-
es
e-
e

spacer is no longer extended and starts looping inside
micelle. These results suggest that conformation of
spacer and the hydrophobic chains in the micelle change
the length of the spacer increases. It is of interest to carry
contrast variation experiments with deuterated spacers to
plore the conformational changes in the micelle.

The values of packing parameter form53, 4, 5, 6, 8, 10,
and 12 are 0.5, 0.486, 0.394, 0.384, 0.378, 0.368, and 0
respectively. They form disk micelles form53, cylindrical
for m54, and prolate ellipsoidal form>5. That is, we find
that there is a good correspondence between the packing
rameter and the experimental structures, in agreement
the theoretical predictions of Israelachviliet al.

V. SUMMARY

Micellar structures of bis-cationic 16-m-16 dimeric sur-
factants have been studied using SANS. Measurements
made for different length of hydrocarbon spacers,m53 –6,
8, 10, and 12, at various concentrations. It is found that
micellar structure depends on the length of the spacer.
celles are disks form53, cylindrical for m54, and prolate
ellipsoidals for other values ofm. The fractional charge on
the micelle increases with an increase in the spacer len
The variation in the length and effective head group area
the surfactant molecules in the micelles shows that the c
formation of hydrophobic chains and the spacer cha
when the length of the spacer increases. The length of
surfactant molecule decreases monotonically with an
crease in the length of the spacer. The effective head gr
area increases as the length of the spacer is increased
becomes constant for long spacers. The concentration de
dence form>5 shows that the micellar size increases a
the fractional charge decreases when the surfactant con
tration increases. It is seen that the effect of concentratio
more pronounced form55 and 12. The packing parameter
higher for m55 and 12 than for the intermediate space
The long spacer surfactant system behaves like that of a s
spacer as there is a tendency of the spacer to loop inside
micelle.
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