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Micellar structures of dimeric surfactants with phosphate head groups and wettable spacers:
A small-angle neutron scattering study
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Dimeric or gemini surfactants consist of two hydrophobic chains and two hydrophilic head groups co-
valently connected by a hydrophobic or hydrophilic spacer. This paper reports the small-angle neutron scat-
tering ~SANS! measurements from aqueous micellar solutions of two different recently developed types of
dimeric surfactants:~i! bis-anionic C16H33PO4

2-~CH2!m-PO4
2C16H33,2Na1 dimeric surfactants composed of

phosphate head groups and a hydrophobic polymethylene spacer, referred to as 16-m-16,2Na1, for spacer
lengthsm52, 4, 6, and 10,~ii ! bis-cationic C16H33N

1~CH3!2-CH2-~CH2-O-CH2!p-CH2-N
1~CH3!2C16H33,2Br2

dimeric surfactants composed of dimethylammonium head groups and a wettable polyethylene oxide spacer,
referred to as 16-CH2-p-CH2-16,2Br2, for spacer lengthsp51 – 3. The micellar structures of these surfactants
are compared with the earlier studied bis-cationic C16H33N

1~CH3!2-~CH2!m-N1~CH3!2C16H33,2Br2 dimeric
surfactants composed of dimethylammonium head groups and a hydrophobic polymethylene spacer, referred to
as 16-m-16,2Br2. It is found that 16-m-16,2Na1, similar to 16-m-16,2Br2, form various micellar structures
depending on the spacer length. Micelles are disklike form52, rodlike for m54, and prolate ellipsoidal for
m56 and 10. The micelles of 16-CH2-p-CH2-16,2Br2 are prolate ellipsoidal for all the values ofp51 – 3. It
is also found that micelles of 16-m-16,2Na1 and 16-CH2-p-CH2-16,2Br2 are large in comparison to those of
16-m-16,2Br2 for similar spacer lengths. This is connected with the fact that both in 16-m-16,2Na1 and
16-CH2-p-CH2-16,2Br2, the head group or the spacer is more hydrated as compared to that in the
16-m-16,2Br2. An increase in the hydration of the spacer or the head group increases the screening of the
Coulomb repulsion between the charged head groups. This effect has been found to be more pronounced in the
dimeric surfactants having wettable spacers.@S1063-651X~99!00303-7#

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

Surfactant molecules self-aggregate in dilute aqueous
lutions to form micelles with properties different from tho
of the unaggregated molecules. The micelles formed ar
various structures, such as globular, ellipsoidal, cylindric
and disklike. The structure of micelles depends on
chemical structure of the surfactant molecule and the s
tion conditions, such as concentration, temperature, and i
strength@1–3#. The study of the role of various paramete
on the micellar structures is of interest both from the point
view of the basic research and the applications. This pa
examines the effect of change in the chemical structure of
recently introduced dimeric surfactants on their micel
structures as studied by small-angle neutron scatte
~SANS!.

The conventional surfactant molecules@e.g., cetyltri-
methylammonium bromide~CTAB!# consist of a hydrophilic
head group and a long hydrophobic chain connected to
head group. The dimeric or gemini surfactants, on the o
hand, consist of two hydrophobic chains and two hydroph
head groups covalently attached by a hydrophobic or hyd
philic spacer@4,5#. Dimeric surfactants form micelles at ver
low critical micelle concentration~CMC! and are highly ef-
ficient in lowering the oil-water interfacial tension in com
parison to the single chain counterparts. These prope
PRE 591063-651X/99/59~3!/3116~7!/$15.00
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suggest that the dimeric surfactants are possible candid
for the next generation of surfactants@6#.

The micellization behavior of bis-cationi
CnH2n11N1~CH3!2-~CH2!m-N1~CH3!2CnH2n11 ,2Br2 dime-
ric surfactants, referred to asn-m-n,2Br2, has been subjec
of several recent publications@7–15#. Cryo transmission
electron microscopy~TEM! @10,11# and SANS @12–15#
measurements have been carried out in order to unders
the micellar structures of these surfactants for the differ
lengths of the spacer and the hydrophobic chains. SANS
an advantage that the details of the micellar structure, suc
aggregation number, charge on the micelle, the conforma
of the spacer and the hydrophobic chains, could be obtai
We have reported the SANS measurements fr
16-m-16,2Br2 for m53 – 6, 8, 10, and 12@13,14#. It was
found that micelles are disklike form53, rodlike for m
54, and prolate ellipsoidal form>5. It was also observed
that the conformation of the spacer and the hydropho
chains change with the change in the length of the spac

It is of interest to see the effect of change in the chemi
structure of the head groups and the spacer on the mic
structures of dimeric surfactants. In this direction, we ha
extended our earlier SANS studies on 16-m-16,2Br2

to the following two different types of dimeric surfactant
The first type of dimeric surfactant
C16H33PO4

2-~CH2!m-PO4
2C16H33,2Na1, referred to as

16-m-16,2Na1, are different from the 16-m-16,2Br2 that
they contain anionic phosphate head groups instead of
3116 ©1999 The American Physical Society
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PRE 59 3117MICELLAR STRUCTURES OF DIMERIC SURFACTANTS . . .
dimethylammonium head groups. The hydration proper
of the phosphate head groups are different from those of
dimethylammonium head groups. The second type
dimeric surfactants C16H33N

1~CH3!2-CH2-~CH2-O-CH2!p
-CH2-N

1~CH3!2C16H33,2Br2, referred to as
16-CH2-p-CH2-16,2Br2, contain wettable polyethylene ox
ide spacer unlike the 16-m-16,2Br2 where the spacer is fully
hydrophobic. SANS measurements from 16-m-16,2Na1

for spacer lengths m52, 4, 6, and 10 and
16-CH2-p-CH2-16,2Br2 for spacer lengthsp51 – 3 are re-
ported and compared with the results of 16-m-16,2Br2 for
similar spacer lengths.

II. EXPERIMENT

Dimeric surfactants 16-m-16,2Na1 were synthesized@16#
employing modified Eibl’s procedure@17#. All the surfac-
tants gave satisfactory analytical and spectroscopic data
sistent with their proposed structures. Dimeric surfacta
16-CH2-p-CH2-16,2Br2 were prepared and characterized
described in the earlier paper@18#. The micellar solutions
were prepared by dissolving known amount of surfactant
D2O. The lower concentration of solutions were made
dilution method. The use of D2O instead of H2O provides
better contrast in neutron experiments. SANS experime
were performed using LOQ diffractometer at pulsed neut
source ISIS, U.K.@19#. LOQ diffractometer uses neutrons o
wavelength 2.2–10 Å, simultaneously by time of flight, wi
a 64364 cm2 detector at a distance of 4.1 m from th
sample. The measurements were made at the concentra
of 2.5 and 10 mM on 16-m-16,2Na1 dimeric surfactants
for spacer lengths m52, 4, 6, and 10. For
16-CH2-p-CH2-16,2Br2 dimeric surfactants, measuremen
were made at the concentrations of 2.5, 30, and 50 mM for
spacer lengthsp51 – 3. The samples were held in quar
sample holder of thickness 2 mm. The temperature for all
samples was kept at 30 °C. The data were recorded in thQ
range of 0.01–0.24 Å21. The measured SANS distribution
(dS/dV vs Q! after standard corrections and normalizatio
are shown in Figs. 1–6.

FIG. 1. SANS distributions from 2.5 mM 16-m-16,2Na1 micel-
lar solutions form52, 4, 6, and 10. Solid lines are theoretical fit
where interparticle effects have been neglected. The distribut
for m52, 4, and 6 are shifted vertically by multiplying 8, 4, and
respectively.
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III. SANS ANALYSIS

The coherent differential scattering cross sect
(dS/dV) for a system of monodispersed interacting micel
can be expressed as@20#

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

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 volumes
16-m-16,2Na1 and 16-CH2-p-CH2-16,2Br2 monomers are
(1035126.93m) and (105212326.91733p) Å 3, respec-
tively, as calculated from Tanford’s formula@21#, where
1035 and 1052 Å3 are the volumes of hydrophobic chain
with the head groups of the two monomers, 26.9 Å3 is the
volume of a methylene (-CH2-) unit and 73 Å3 is the volume
of a ethylene oxide (-CH2-O-CH2-) group.

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!&25S E
0

1

F~Q,m!dm D 2

, ~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
@22#

^F2~Q!&5E
0

p/2 sin2~Ql cosb!

Q2l 2 cos2 b

4J1
2~QRsinb!

Q2R2 sin2 b
sinbdb,

~7!

whereb is the angle between the axis of the cylinder a
bisectrix.J1 is the Bessel function of order unity. The dis
being the special case of cylinder, whenL!R. It can be
shown that for rodlike micellêF2(Q)& varies as 1/Q in the
Q range of 1/l ,Q,1/R and as 1/Q2 for disklike micelle in
the Q range of 1/R,Q,1/l .
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3118 PRE 59ASWAL, DE, GOYAL, BHATTACHARYA, AND HEENAN
S(Q) specifies the correlation between the centers of
ferent micelles and it is the Fourier transform of the rad
distribution functiong(r ) for the mass centers of the micell
In the analysis for ellipsoidal micelles,S(Q) has been calcu
lated using mean spherical approximation as developed
Hayter and Penfold@23,24#. In this approximation the mi-
celle is assumed to be a rigid equivalent sphere of diam
s52(ab2)1/3 interacting through a screened Coulomb pote
tial, which is given by

u~r !5u0

s

r
exp@2k~r 2s!#, r .s, ~8!

where k is the Debye-Huckel inverse screening leng
~which depends on the CMC and the fractional charge on
micelle! andu0 is the contact potential. The fractional char
a ~5z/N, wherez 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.

Although micelles are known to form polydispersed sy
tems, we have assumed them to be monodispersed fo
simplicity of the calculation and to limit the number of un
known parameters in the analysis. The dimensions of
micelle, aggregation number, and fractional charge h
been determined from the analysis. The semimajor axis~a!,
semiminor axis (b5c), and the fractional charge~a! are the
parameters in analyzing the SANS data. The aggrega
number is calculated by the relationN54pab2/3v.

IV. RESULTS AND DISCUSSIONS

A. Micellar structures of 16-m-16,2Na1 dimeric surfactants

SANS distributions from aqueous micellar solutions
bis-anionic 16-m-16,2Na1 dimeric surfactants for space
lengthsm52, 4, 6, and 10 at the surfactant concentration
2.5 mM are shown in Fig. 1. These distributions are differe
for different lengths of spacer. The cross section (dS/dV)
and the slope of the SANS distribution at the lowQ region
(Q,0.05 Å21) decrease as the spacer length is increas
This indicates that the micellar structures are different
these systems. It is observed that form52 and 4, SANS
distributions are straight lines in theQ range of 0.01–0.05
Å21. The linear fits to the SANS data on a log-log scale~Fig.
2! shows that form52, the slope of distribution is22 ~i.e.,
dS/dV varies as 1/Q2! and form54, the slope is21 ~i.e.,
dS/dV varies as 1/Q!. These observations suggest that m
celles are disklike form52 and rodlike form54 @22,25#.
The small values ofdS/dV in the low Q region for m56
and 10 is an indication of smaller micelles in these syste
than those form52 and 4.

The various structures of micelles of dimeric surfacta
as a function of spacer length can be understood in term
the surfactant packing parameter as introduced by Israel
vili et al. @26#. The parameter is given asP5v/Al, wherev
is the volume andA is the head group area, andl is the length
of the surfactant molecule. For surfactant moleculesP, 1

3 ,
spherical micelles are formed. There are structural chan
when P is increased. The various micellar shapes, such
ellipsoidal, cylindrical, and disklike may be obtained by i
creasingP. We understand that for short spacers, the t
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head groups are brought close to each other and this g
rise to the higher value of the surfactant packing parame
Thus, the dimeric surfactants with short spacers have
tendency to form the nonspherical large aggregates, suc
disklike or rodlike. The packing parameter decreases as
spacer length is increased. The micelles are expected t
ellipsoidal form56 and 10.

The micellar size parameters of 2.5 mM 16-m-16,2Na1

solutions for different spacer lengths are given in Table
The parameters have been determined using Eq.~2!. The fact
that measurements have been carried out at low conce
tion and the SANS distributions do not show any indicati
of correlation peak, we have assumedS(Q)51. For m52,
the disklike micelles have the radiusR5200 Å and thickness
t527 Å. The thickness is about the same as the length of
surfactant molecule. Usually, the thickness of the diskl
micelles should be twice the length of a molecule. It is
teresting to note that this is not true for disklike micelles
16-2-16,2Na1. A similar result was also obtained for disk
like micelles of 16-3-16,2Br2. It seems that disklike mi-
celles of dimeric surfactants are more compact such
head groups alternately pack in up and down directions.
m54, the rodlike micelles have the lengthl 5500 Å and
radiusR525 Å. The data fitting form56 and 10 shows tha
micelles are prolate ellipsoidal. The size of the micelles
m510 is smaller than those ofm56. It may be mentioned
that the radius of the disklike micelles form52 and the
length of the rodlike micelles form54 as obtained above
could be less than the actual values because of the limita
in the Q range of the SANS instrument.

Figure 3 shows the SANS distributions of 16-m-16,2Na1

micellar solutions at the concentration of 10 mM for m56
and 10. These SANS distributions show a correlation pe
which is the indication of a repulsive interaction between
ionic micelles. The correlation peak usually occurs atQm
;2p/d, whered is the average distance between the m
celles @27,28#. The micellar parameters in these solutio
~Table II! have been determined using Eq.~1!. TheS(Q) has
been calculated by a Hayter and Penfold type analysis.
analysis also gives the charge on the micelles. We find
micellar size decreases and the fractional charge on the

FIG. 2. A log-log plot of SANS distributions of 2.5 mM
16-m-16,2Na1 micellar solutions form52 and 4, in theQ range of
0.01,Q,0.05 Å21. Solid lines are fitted straight lines. The slop
of lines for m52 and 4 are22 and21, respectively.
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TABLE I. The various micellar parameters of 2.5 mM 16-m-16,2Na1 solutions form52, 4, 6, and 10.
The micellar parameters of 2.5 mM 16-m-16,2Br2 solutions as taken from Ref.@14# are given for the sake
of comparison.

System Shape Micellar dimensions~Å!

16-2-16,2Na1 disklike radius5200 thickness527

16-4-16,2Na1 rodlike length5500 radius525
16-4-16-2Br2 rodlike length5500 radius525

16-6-16,2Na1 ellipsoidal semimajor axis535.6 semiminor axis523.8
16-6-16,2Br2 ellipsoidal semimajor axis532.0 semiminor axis523.4

16-10-16,2Na1 ellipsoidal semimajor axis532.5 semiminor axis522.4
16-10-16,2Br2 ellipsoidal semimajor axis528.0 semiminor axis522.3
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celle increases when the spacer length is increased. The
cellar parameters form52 and 4 at the concentration o
10 mM are not discussed as the analysis procedure to ca
late S(Q) for a rodlike or disklike micelles has not bee
developed yet.

In Tables I and II, the micellar parameters
16-m-16,2Na1 have also been compared with th
16-m-16,2Br2 for similar spacer lengths. It is seen that f
both the types of surfactants, the trends of variation of
cellar structure and the fractional charge on the micelles
function of spacer length are similar. However, for a giv
spacer length the sizes of 16-m-16,2Na1 micelles are larger
than those of 16-m-16,2Br2 micelles. This is also consisten
with the fact that fractional charges on 16-m-16,2Na1 mi-
celles are smaller~Table II!. The dimensions of the micelle
decrease in an increase with the spacer length in b
16-m-16,2Na1 and 16-m-16,2Br2 micellar solutions. The
decrease in the semimajor axis as a function of spacer le
suggests that the spacer is almost in its extended confo
tion for all lengthsm52 – 10. The extended spacer results
an increase in the gap between the hydrophobic chains
an increase in the spacer length, and to fill this gap,
hydrophobic chains fold up in the interior of the micelle

FIG. 3. SANS distributions from 10 mM 16-m-16,2Na1 micel-
lar solutions form56 and 10. Solid lines are theoretical fits, whe
interparticle correlations are accounted using Hayter and Pen
type analysis. The distribution form56 is shifted vertically by
multiplying 2.
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This explains the decrease in the smaller dimension of
micelle when the spacer length is increased.

The phosphate head groups of 16-m-16,2Na1 dimeric
surfactants are more hydrated than dimethylammonium h
groups of 16-m-16,2Br2. That is, the phosphate head grou
will have more water of hydration surrounding them, a
this will decrease the Coulomb repulsion between
charged head groups. This is seen in Table II, where we
that the fractional charges on 16-m-16,2Na1 micelles are
less as compared to that on 16-m-16,2Br2 micelles. The
decrease in the fractional charge gives the decrease in
effective head group area and an increase in the surfac
packing parameter. Thus, the micelles of 16-m-16,2Na1 are
larger than those of 16-m-16,2Br2. The same effect has
been been observed earlier with the single chain surfact
of sodium dodecyl sulfate~SDS! and dodecyltrimethylam-
monium bromide~DTAB!. These two surfactants have th
same chain length, but the sulfate head group of SDS is m
hydrated than the trimethylammonium head group of DTA
The micelles of SDS@29# have been found to be larger tha
those of DTAB@30#.

B. Micellar structures of 16-CH2-p-CH2-16,2Br2 dimeric
surfactants

As already mentioned, unlike 16-m-16,2Br2 dimeric sur-
factants where the spacer is hydrophobic, the space
16-CH2-p-CH2-16,2Br2 dimeric surfactants is hydrophilic
SANS distributions from micellar solutions of 2.5 mM bis-

ld

TABLE II. The various micellar parameters of 10 mM
16-m-16,2Na1 solutions form56 and 10. The micellar parameter
of 10 mM 16-m-16,2Br2 solutions as taken from Ref.@14# are
given for the sake of comparison.

System

Aggregation
number

N

Fractional
charge

a
Semimajor
axis a ~Å!

Semiminor
axis b5c ~Å!

16-6-16,2Na1 76 0.19 38.3 23.8
16-6-16,2Br2 67 0.25 35.4 23.4
16-10-16,2Na1 58 0.27 36.1 22.4
16-10-16,2Br2 50 0.34 31.8 22.3
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cationic 16-CH2-p-CH2-16,2Br2 dimeric surfactants for
spacer lengthsp51 – 3 are shown in Fig. 4. It is seen th
these distributions are of the similar type. Data analy
based on Eq.~2! shows that micelles are prolate ellipsoidal
all these solutions. The values of extracted micellar para
eters are given in Table III. The semiminor axis of the m
celles is almost same for all spacer lengths. The value
semiminor axis are 25.4, 25.0, and 25.2 Å forp51 – 3, re-
spectively. However, the semimajor axis of the micelle v
ies non-monotonically with an increase in the spacer len
The values of semimajor axis have been found to be 6
42.0, and 64.0 Å forp51 – 3, respectively. These observ
tions may be understood in terms of conformation of
spacer. It seems as the length of the spacer is increased,
is looping of the spacer. The other parameter on which
micellar structure depends is the fractional charge on
micelles.

SANS distributions of 16-CH2-p-CH2-16,2Br2 at higher
surfactant concentrations of 30 and 50 mM are shown in
Figs. 5 and 6, respectively. All the SANS distributions sho
a strong correlation peak. The peak positions at differenQ
values is an indication of different micellar sizes in the
solutions. The micellar parameters in these solutions

FIG. 4. SANS distributions from 2.5 mM
16-CH2-p-CH2-16,2Br2 micellar solutions forp51 – 3. Solid lines
are theoretical fits, where interparticle effects have been negle
The distributions forp52 and 3 are shifted vertically by multiply
ing 3 and 9, respectively.

TABLE III. The various micellar parameters for 2.5 mM
16-CH2-p-CH2-16,2Br2 solutions for p51 – 3. The micellar pa-
rameters of 2.5 mM 16-m-16,2Br2 solutions form55, 8, and 12 as
taken from Ref.@14#, are given for the sake of comparison.

System
Semimajor axis

a ~Å!
Semiminor axis

b5c ~Å!

16-CH2-1-CH2-15,2Br2 65.5 25.4
16-5-16,2Br2 35.6 24.2
16-CH2-2-CH2-16,2Br2 42.0 25.0
16-8-16,2Br2 29.2 22.8
16-CH2-3-CH2-16,2Br2 64.0 25.2
16-12-16,2Br2 30.6 21.8
is
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given in Tables IV and V. The size of micelles as a functi
of spacer length varies nonmonotonically the same way
have been obtained for the concentration of 2.5 mM . The
fractional charge on the micelles also vary nonmonotonica
with an increase in the spacer length. It has the highest v
for p52 for which the micelles are smallest in size. A
increase in the micellar size forp53 may be connected with
the decrease in the value of the fractional charge and
looping of the spacer. The micellar size increases and
fractional charge decreases with an increase in the con
tration for all the spacer lengths. The semiminor axis do
not change with the concentration. For the concentration
50 mM , the size parameters are in good agreement with
preliminary results reported in our earlier paper@18#.

The comparison of micellar parameters
16-CH2-p-CH2-16,2Br2 with 16-m-16,2Br2 for three con-

d.

FIG. 5. SANS distributions from 30 mM
16-CH2-p-CH2-16,2Br2 micellar solutions forp51 – 3. Solid lines
are theoretical fits, where interparticle correlations are accoun
using Hayter and Penfold type analysis. The distributions fop
52 and 3 are shifted vertically by multiplying 3 and 9, respe
tively.

FIG. 6. SANS distributions from 50 mM
16-CH2-p-CH2-16,2Br2 micellar solutions forp51 – 3. Solid lines
are theoretical fits, where interparticle correlations are accoun
using Hayter and Penfold type analysis. The distributions fop
52 and 3 are shifted vertically by multiplying 3 and 9, respe
tively.
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TABLE IV. The various micellar parameters of 30 mM 16-CH2-p-CH2-16,2Br2 solutions forp51 – 3.
The micellar parameters of 30 mM 16-m-16,2Br2 solutions form55, 8, and 12 as taken from Ref.@14#, are
given for the sake of comparison.

System

Aggregation
number

N

Fractional
charge

a
Semimajor axis

a ~Å!
Semiminor axis

b5c ~Å!

16-CH2-1-CH2-16,2Br2 193 0.13 84.2 25.4
16-5-16,2Br2 124 0.14 59.8 24.2
16-CH2-2-CH2-16,2Br2 119 0.19 57.0 25.0
16-8-16,2Br2 66 0.30 38.6 22.8
16-CH2-3-CH2-16,2Br2 180 0.12 89.7 25.2
16-12-16,2Br2 70 0.32 48.6 21.8
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centrations under discussion are given in Tables III–V. T
results on 16-CH2-p-CH2-16,2Br2 dimeric surfactants for
p51 – 3 are compared with those of 16-m-16,2Br2 for m
55, 8, and 12, respectively as they have almost sim
spacer lengths@18#. This means that changes in the micel
structures of the these two types of dimeric surfacta
are connected with the change in the nature of the spa
i.e., wettable versus hydrophobic. The sizes
16-CH2-p-CH2-16,2Br2 micelles are much larger than thos
of the 16-m-16,2Br2 micelles. The fractional charges o
16-CH2-p-CH2-16,2Br2 micelles are smaller. While the
semiminor axis of 16-m-16,2Br2 micelles decreases with th
spacer length, it is almost independent of spacer length
16-CH2-p-CH2-16,2Br2 micelles. This suggests that th
changes in the conformation of the spacer as a function o
length are different in the two types of surfactants. This
also consistent with the fact that the relative effect of a w
table spacer in comparison to the hydrophobic spacer on
micellar sizes is different for different spacer lengthsp
51 – 3. The effect is more pronounced forp53 than that for
p51 and 2.

For comparable spacer lengths, the sizes
16-CH2-p-CH2-16,2Br2 micelles are larger than those fo
16-m-16,2Br2 micelles. As 16-CH2-p-CH2-16,2Br2

dimeric surfactants have wettable spacers, there is an
crease in the water of hydration around the head groups.
is the reason for the fact the fractional charges
16-CH2-p-CH2-16,2Br2 micelles are much smaller tha
those on 16-m-16,2Br2 micelles. An increase in the water o
hydration around the head groups for wettable spacers re
e

r
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er,
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in the screening of the charge on the micelles. The scree
effect increases with an increase in the length of the wetta
spacer.

V. CONCLUSIONS

The micellar structures of two different types of dimer
surfactants, 16-m-16,2Na1 for m52, 4, 6, and 10 and
16-CH2-p-CH2-16,2Br2 for p51 – 3, have been studied us
ing small-angle neutron scattering, and are compared w
the micellar structures of earlier studied 16-m-16,2Br2

dimeric surfactants. In the case of 16-m-16,2Na1 dimeric
surfactants, various micellar structures are formed. Mice
are disklike form52, rodlike form54, and prolate ellipsoi-
dal for m56 and 10. The micelles form510 are smaller
than for m56. That is, the packing parameter o
16-m-16,2Na1 dimeric surfactants decreases with an
crease in the spacer length. This suggests that the spac
almost in its extended conformation for all lengthsm52 to
10. However, the decrease in the smaller dimension of
micelle is connected with the folding of the hydrophob
chains. The 16-CH2-p-CH2-16,2Br2 micelles are prolate el-
lipsoidal for all the values ofp51 – 3. The semimajor axis
varies nonmonotonically as a function of spacer length. T
semiminor axis of the 16-CH2-p-CH2-16,2Br2 micelles does
not change much with the spacer length. These observat
suggest the looping of the wettable spacer
16-CH2-p-CH2-16,2Br2 micelles with an increase in th
spacer length. The fractional charges both on 16-m-16,2Na1
TABLE V. The various micellar parameters of 50 mM 16-CH2-p-CH2-16,2Br2 solutions forp51 – 3.
The micellar parameters of 50 mM 16-m-16,2Br2 solutions form55, 8, and 12 as taken from Ref.@14#, are
given for the sake of comparison.

System

Aggregation
number

N

Fractional
charge

a
Semimajor axis

a ~Å!
Semiminor axis

b5c ~Å!

16-CH2-1-CH2-16,2Br2 237 0.11 103.5 25.4
16-5-16-2Br2 238 0.11 115.0 24.2
16-CH2-2-CH2-16,2Br2 165 0.15 78.8 25.0
16-8-16,2Br2 72 0.29 42.0 22.8
16-CH2-3-CH2-16,2Br2 230 0.11 114.6 25.2
16-12-16,2Br2 88 0.19 60.8 21.8
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and 16-CH2-p-CH2-16,2Br2 micelles are smaller than thos
on 16-m-16,2Br2 micelles. We believe that this is connecte
with an increase in the water of hydration of the head gro
in 16-m-16,2Na1 micelles and of the spacer i
,

J.
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16-CH2-p-CH2-16,2Br2 micelles. The presence of the wat
screens out the micellar charges on the head groups. T
micellar sizes of the presently studied dimeric surfactants
larger than those of the 16-m-16,2Br2 for similar lengths.
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