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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
C16H3sN " (CH3) »-(CH,) ("N T (CH3) ,C1¢H33 2Br~ dimeric surfactants, referred to as &646, for different
length of hydrocarbon spacems= 3—-6, 8, 10, and 12, are reported. The measurements have been carried out
at various concentration€=2.5 and 10 mM for allm and C=30 and 50 mM form = 5. It is found that
micellar structure depends on the length of the spacer. Micelles are disks=f8;; cylindrical form=4, and
prolate ellipsoidals for other values of. 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 fon= 5 shows that the effect of surfactant concentration on the size of the micelle is more
pronounced fom=5 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 inN®&8684651X%97)11312-5

PACS numbgs): 61.12.Ex, 61.25.Hq, 82.70.Dd

[. INTRODUCTION equilibrium distance between the charged head groups, the
spacer remains fully extended to minimize the repulsion be-
Surfactant moleculeke.g., cetyltrimethylammonium bro- tween the head groups. This gives rise to a higher value of
mide (CTAB)] consist of a hydrophilic head group and a the packing parameter. In the case where the spacer is longer
hydrophobic chain connected to the head group. These mothan the equilibrium distance between the charged head
ecules in agueous solution above a critical micellar concengroups the spacer will avoid being in a fully extended con-
tration (CMC) aggregate to form micelles. The aggregatesformation. Due to the hydrophobic character of the spacer
formed are of various types, shapes, and sizes, such as globthain, the same will try to minimize its contact with water by
lar micelles, cylindrical micelles, and spherical vesicles. Thefolding inside the micellar interior. This is possible only
characteristics of these aggregates are determined by the mahen the flexibility of the spacer chain is adequate. Thus
lecular structure of the surfactant molecule as well as by thenolecular features, such as the spacer’s length and flexibil-
solution conditions, such as concentration, temperature, anty, are essential for determining the overall shape of aggre-
ionic strengti 1,2]. Recently, a different class of surfactants gates of dimeric surfactants].
has been introducel®,4]. These surfactants, called dimeric ~ The micellization behavior of dimeric surfactants has
or gemini surfactants, consist of two hydrophobic chains andeen the subject of several recent publicati@s11]. Cryo-
two hydrophilic head groups covalently attached by a hydroTEM measurements have been reported from the micellar
carbon spacer. Dimeric surfactants have the general formulgolutions of some of the dimeric surfactap®d. Depending
CrHant iN*(CHs) »-(CHy) i— N (CHs) ,CoHapn 1 2Br~ and  on the chain and spacer lengths, various types of aggregates,
are referred to as-m-n surfactants. These surfactants pos-such as ellipsoidal micelles, cylindrical or threadlike mi-
sess unusal properties. In particular, they form micelles agelles, membranes, and vesicles, have been observed. For
very low CMC and are highly efficient in lowering the oil- example, forn=12, the micelles are threadlike for short
water interfacial tension in comparison to the single chairspacers ifi=2,3), ellipsoidal or spherical for medium chain
counterparts. These properties suggest that the dimeric suength spacersnj=5-12, and again threadlike or vesicles
factants are possible candidates for the next generation &r long spacers ri>14). It was seen that the aggregate
surfactants[5]. This paper deals with micellization of structure depends both on the spacer length and on the length
dimeric surfactants as studied by small-angle neutron scattepf the hydrophobic chains. However, the details of the mi-
ing. cellar architecture, such as aggregation number, charge on
Dimeric surfactants are of interest as they provide a systhe micelle, or information about the packing of the surfac-
tem where aggregation behavior can be controlled by varytant molecules in the micelles, are not obtainable from Cryo-
ing the spacer while keeping the length of the tail fixéf TEM measurements.
Israelachviliet al. have shown that the type of structure of  Small-angle neutron scatterif®ANS) is an ideal tech-
the self-assembly formed by different surfactants dependsique to study the micellar structures of surfactants. It has
upon the geometrical packing paramei®ee Sec. IV €[7].  been used extensively to understand the micellar structures
In dimeric surfactants, the geometrical packing parameteof various single-chain surfactantsl2,13. Among the
can be varied by varying the length and the conformation oflimeric surfactants, only 16+10 dimeric micellar systems
the spacer. For example, when the spacer is shorter than thave been studied for different spacemss 2—4 and 6, using
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SANS[10]. It has been reported that micelles are ellipsoidal das o 2n
for m=2 and slightly elongated spheres for other values of gq ~Nem=ps)?V (F4(Q))+B, 2
m. In the analysis of the above data, authors have assumed

that the spacer resides on the surface of the micelle and hygheren denotes the number density of the micelles,and
dr_ophoblc'chams are_fuIIy extended_ in t.he interior _of theps are, respectively, the scattering length densities of the
micelle. It is not clear if these approximations are valid. Weicelle and the solvent. and is the volume of the micelle.
have reported preliminary SANS measurements from micelry,q aggregation numbey of the micelle is related to the
lar solutions of 16m-16 dimeric surfactants for different i-ajiar volumeV by the relationV=Nv, wherev is the

length of spacerpl1]. The mixed micelles of 16-16 with — \61yme of the surfactant monomer. The volume of the 16-
single-chain surfactant CTAB have also been examined by, 16 monomer including the head group is calculatedy by

us[14]. These studies clearly showed that the micellar struc—_ (1052 + 26.9m) A2, as obtained from Tanford’s formula

ture is quite sensitive to the Iength of the spacer. These X1g]. It is different from the way that has been been reported
periments were, however, carried out at CIRUS Reactor

at M in the earlier papelll], where the volume of the surfactant
Trombay[15], where there were several limitations. Becauseonomer was kept as a parameter and determined from the

of the low count rate of the instrument, the measurements, v sis The same procedure is not used now as it was seen

Were.c.:onfmed tf’_h'gh surfac.tant. concentrations. Un(:{er thesﬁ’lat micellar parameters are not very sensitive to the volume
conditions, additional complications due to interparticle in- ¢ tha monomer

terference effects arise in the data analysis. Moreover, the F(Q) is the single-particle form factor an§(Q) is the

lowest accessibleQ in the Trombay instrument is 0.02 o narticle structure factoB is a constant term that repre-

71 . . _
A ~* and hence large micelléespeciallym=3 and 4 could  eps the incoherent scattering background, which is mainly
not be studied. In view of the above, we have now carried o 1o hydrogen in the sample. For an ellipsoidal micelle

out detailed measurements on 616 dimeric surfactants
for m=3-6, 8, 10, and 12 using a state-of-the-art low Q 1
(LOQ) diffractometer at ISIS, United Kingdom. The mea- <F2(Q)>=f [F(Q,x)]%du, )
surements have been extended to quite dilute solutions and 0

the effects of surfactant concentrations on micellar sizes and 2

h I ined '
shapes are also examined. <|:(Q)>2:UO F(Q,u)du

Il. EXPERIMENT

: 4

All the dimeric surfactants 16-16, m=3-6, 8, 10, and F(Q,u)= mm_—sw, (5)

12, were prepared and characterized as described in the ear-

lier paper[11]. The micellar solutions were prepared by dis-

solving known amount of surfactants in,D. The lower x=Q[a?u?+b?(1— u?]*? (6)
concentration of solutions were made by dilution method.

The use of QO instead of HO provides better contrast in Wherea andb are, respectively, the semimajor and semimi-
neutron experiments. SANS experiments were performed ugior axes of the ellipsoidal micellg: is the cosine of the
ing the LOQ diffractometer at the pulsed neutron source I1SISingle between the directions afand the wave-vector trans-
[16]. LOQ diffractometer uses neutrons of wavelengthfer Q.

2.2-10 A, simultaneously by time of flight, with a 864 For a cylindrical micelle of lengthb =21 and radiusR
cm? detector at a distance of 4.1 m from the sample. Thd19]

measurements were made on the surfactant concentrations

C=2.5and 10 mM for alm. Form=5, measurements were 5 125in?(Ql cosB) 4J2(QR sing)
also made a€=30 and 50 mM. The samples were held in (F(Q))= o qA%co2p PRI sing dg,
guartz sample holder of thickness 2 mm. The temperature for @

all the samples was kept at 30 °C. The data were recorded in

the Q range 0.009-0.24 A'. The measured SANS distribu- where g is the angle between the axis of the cylinder and
tions (dX/d(} vs Q) after standard corrections and normal- pisectrix.J; is the Bessel function of order unity. The disk is

izations are shown in Figs. 1-7. a special case of the cylinder wher<R.
S(Q) specifies the correlation between the centers of dif-
IIl. SANS ANALYSIS ferent micelles and is the Fourier transform of the radial

The coherent differential scattering cross Sectiondistribution functiong(r) for the mass centers of the micelle.
(dX/dQ) for a system of monodisperse interacting micelleslln ﬂ:je ar}alys;]s for elllpsoﬁal_mllcelleS(Q) ha_s beendcaICLIJ- q
can be expressed 7] ated using the mean spherical approximation as develope
by Hayter and Penfold20,21. In this approximation the
ds micelle is assumed to be a rigid equivalent sphere of diam-
- N(pm—ps) 2VH{(F?(Q))+(F(Q))[S(Q)—1]}+B. etero = 2(ab®)? interacting through a screened Coulomb
(1) potential, which is given by

The same expression for noninteracting micelle=.,

g
S(Q)~1] is given by u(r)=uo—exg —«(r-o)], r>o, )
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where k is the Debye-Huokel inverse screening length
(which depends on the CMC and the fractional charge on the
micelle) andug is the contact potential. The fractional charge
a(=2z/N, wherez is the micellar chargeis an additional
parameter in the calculation & Q). In the case where the
intermicellar interactions are not significant in the solutions,
S(Q)~1.

In general, micellar solutions of ionic surfactants show a
correlation peak in the SANS distributidi7]. The peak
arises because of the corresponding peak in the interparticle
structure factoiS(Q) and indicates the presence of electro-
static interactions between the micelles. The peak position in
the distribution occurs &,,~2#/d, whered is the average
distance between the micelles. The data are well fitted by a
Hayter-Penfold—type analysis. The analysis is applicable to
the spherical micelles and has also been successfully appliet i
to the ellipsoidal micelles when the axial ratia/b) is not 0.01 ¢ ¢
very much larger than unit{22,23. The data analysis pro- (')(')1 ' — '0'1 0.2
cedure to calculaté&s(Q) for cylindrical or disk micelles, ' Q (1/A) ' '
however, has not been developed yet. One of the best ways
to analyze data then is to carry out experiments at low con- gg, 1. A log-log plot of SANS distributions for 16-3-16 micel-
centrations, wher5(Q) ~ 1. To confirm the above, i.e., |ar systems at concentrations 6f=2.5 and 10 mM. The cross
S(Q)~1, the consistency of analysis is checked by dilutingsectionds /d() varies as 1?2 for 0.009< Q< 0.07 A~ ™.
the solution and analyzing the data obtained from such a
solution. In the low-concentration measurements, whergn the Q rangeQ>2Q,,. The dimensions of the micelles
SANS distributions do not show correlation peak, data havgvere obtained by combining Eq&) and (7). The results are
been analyzed assumir(Q)~1. In the case where the given in Table I. Figure 3 shows a comparison between the
distribution shows a peak and the micelles are e”ipSOida|Ca|Cu|ated curves and the experimenta| dataGer10 mM
data have been analyzed by taki®gQ) into account as solutions. For 16-4-16, the calculated curve in the Qw-
discussed above. In particular, for large aggregates, micelleggion is from the extrapolation to the fit. The disagreement

are known to form polydisperse systems. However, we havegt low Q for m=4 is a reflection of neglecting interparticle
assumed them to be monodisperse for the simplicity of theorrelations.

calculation and to limit the number of unknown parameters |n Table | we see that in 16-3-16 solutions, micelles are
in the analysis. The dimensions of the micelle, aggregationjisks with radiusR~200 A and thicknesk =27 A. Usually,
number, and fractional charge have been determined fronhe thickness of a disk or a membrane should be twice the
the analysis. length of a molecule. It is interesting to note that this does
not happen for the 16-3-16 dimeric surfactant. When the

100 .
g 1/Q° fit for 16-3-16

(1/cm)

Cross section

IV. RESULTS AND DISCUSSION 100 g T
A. Effect of spacer length on the micellar structure : 1/Q fit for 16-4-16

To understand the effect of the spacer chain length on the
micellar structure, SANS experiments have been carried out g 10 |
on 16m-16 dimeric surfactants for different lengths, ©
m=3-6, 8, 10, and 12, of hydrocarbon spacers. The mea- =
surements were made at two concentratidhs:2.5 and 10
mM. SANS distributions fom=3 do not show a correlation
peak at either of the two concentrations. The same is the case
for m=4 at C=2.5 mM. In the case of£=10 mM for
m=4, a peak is shown &,, ~ 0.013 A~*. These observa-
tions suggest that intermicellar interactions are not very sig-
nificant in the micellar solutions oh=3 and 4 for the above
concentrations. It is interesting to note tl/d() varies as
1/Q? for m=3 in theQ range 0.009-0.07 A! and as 10
for m=4 in the Q range 0.009-0.04 A'. This has been OOTE
shown in Figs. 1 and 2, respectively. This suggests that mi- c;ow ' — Io 1 0.5
celles are disks fom=3 and cylindrical form=4 [19,24]. ‘ Q (1/4) ’ ’

The data have been fitted assumB(@)=1. In the case of

C=10 mM for m=4 system, which shows a peak in the  F|G. 2. A log-log plot of SANS distributions for 16-4-16 micel-
SANS distribution aQ,, ~ 0.013 A~1, data have been ana- |ar systems at concentrations 6f=2.5 and 10 mM. The cross
lyzed by the same method, i.&(Q) =1, but fitting the data sectiond/dQ varies as 19 for 0.009< Q< 0.04 A1,

Cross section
(@]
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TABLE |. Micellar structures of short spacer 16-16 dimeric 2.0 | |
surfactants.(a) 16-m-16 (m=3,4) micellar systems foC=2.5 r 2.5 mM 18-m-16 Micellar Systems
mM. The parameters have been obtained assurg{i@)=1. (b) | oo

16-m-16 (m=3,4) micellar systems fo€=10 mM. The param-
eters have been obtained assumB(@)=1. For m=4, which

shows a correlation peak §=0.013 A™1, data have been fitted %
for Q>0.025 A2, ~
Radius Length g
System Structure R (A) L (R) 2
o
@ i
16-3-16 disk 200.0 27.0 %
16-4-16 cylinder 25.0 500.0 5
(b)
16-3-16 disk 200.0 27.0
16-4-16 cylinder 25.0 550.0

spacer is short, the two tails of the surfactant molecule come
very close to each other. It seems, in that case, that by bal- o )
ancing the intramolecular hydrophobic interaction against FIG- 4. SANS distributions from 2.5-mM 16-16 (m=5) mi-
the intermolecular hydrophobic interaction, the micellescellar §ystems. Sol!d lines are theoretical fits wnhoyt invoking in-
formed are compact such that head groups alternately pack [fParticle corelations. ‘The data have been fitted assuming
. . . Q)=1 forQ>0.04 A~*. The solid lines in the low® region are
up and down directions. That is, the head group of one sur- ) I
. . . . extrapolated from the fits. The distributions for=5, 6, 8, and 10
factant molecule faces the tail end of its neighbaring mol- re shifted vertically by 1.0, 0.75, 0.50, and 0.25 units, respectively
ecule. Thus the thickness of the disk is equal to the length of o ' ’ '
the molecule. For 16-4-16 &=2.5 mM, micelles are cy-
lindrical with lengthL~500 A and radiusR=25 A. The showed that the micelles are threadlike for=4 and
value of micellar length foE =10 mM data was obtained by vesicles or membranes fan=3 [9]. This is consistent with
assuming that the length is greater than 500 A and the fittethe fact that on the length scale that the SANS technique can
value came to be 550 A. It is clear that this number has #robe, the above structures will appear as cylindrical and
large error. It may be mentioned that because of the finitglisks, respectively25].
interparticle interaction and limite@- range, it is not pos- The SANS distributions fom=5 at the concentration
sible to obtain the effect of concentration on the micellarC=2.5 mM are shown in Fig. 4. The shapes of all distribu-
length from the present data. The structural information obtions are similar and there is a correlation peak at akyt
tained is similar to the Cryo-TEM measurements, which~ 0.025 A~1. The intensity @=/d(2) of the distributions at
the peak position is less than 0.75 ¢ The slow decrease
100 g T in intensity withQ suggests that micellar dimensions in these
F 10 mM 16-m—16 Micellar Systems systems are much smaller than thoserfor 3 and 4. It was
seen that a Hayter-Penfold—type analysis does not fit the
SANS distributions and no meaningful parameters can be
extracted. This may be related to the fact that the intensity is
very low and there are not enough data points below the peak
positions in these distributions. Thus we fitted the distribu-
tion for Q=2Q,,, only, assuming(Q) = 1. This showed that
micelles are prolate ellipsoidal in these systems. Various pa-
rameters obtained from the analysis are given in Tal§. Il
The aggregation number and the minor axis of the micelle
decrease as the length of the spacer increases. The major axis
decreases and there is a reverse trendrforl0. The effec-
tive head group area of surfactant molecules in the micelles
has also been determined. It is seen that the effective head
group area increases with the length of the spacer and tends
to saturate for long spacersnf>8). A similar variation of
surface area per surfactant at the air-solution interface has
also been reported by the surface tension studies an-12-
surfactantg 26].

FIG. 3. SANS distributions from 10-mM 16+16 (m=3,4) The SANS distributions aC=10 mM for m=5 are
micellar systems. Solid lines are theoretical fits, where interparticlshown in Fig. 5. These distributions show a well-defined
interference effects have been neglected.rfier4, data have been peak at abouQ,,~0.035 A~L. This is because, as the sur-
fitted for Q>0.025 A™* . factant concentration increases, the distance between the mi-

Cross section (1/cm)
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TABLE Il. Micellar structures of 16m-16 (m=5) dimeric surfactants(a) 16-m-16 (m=5) micellar
systems folC=2.5 mM. SANS distributions show a correlation peak at al@ut0.025 A~1. The param-
eters have been obtained assuni@)=1 for Q>>0.04 A~1. Micelles are assumed to be prolate ellipsoidal
(b=c#a). (b) 16-m-16 (m=5) micellar systems fo€ =10 mM. Unlike(a), whereS(Q) was neglected, the
present parameters have been obtained by a Hayter-Penfold—type analysis, which assumes screened Coulomb
potential between the micelles. Micelles are assumed to be prolate ellipsbidal#a). 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 b=c (A) a(h) alb A A2
@
16-5-16 74 24.2 35.6 1.47 128.5
16-6-16 61 234 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 b=c () a(h) alb A A?
(b)
16-5-16 79 0.23 24.2 38.0 1.57 124.5
16-6-16 67 0.25 234 354 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

celles decreases and the peak position in the SANS distribdrable 1l(b). The trends for aggregation number, effective
tion shifts to a higheQ value in comparison to that for the head group area, and minor and major axes are similar as
C=2.5 mM system. The data have been fitted by the Hayterthose found forC=2.5 mM solutions[Table 1l(&@]. The
Penfold—type analysis. The micellar parameters obtained bymall changes in parameters are connected with the effect of
this analysis are given in Table(ll). The fractional charge concentration. The fractional charge on the micelle increases
on the micelle as obtained from this analySiS is also given |ras the |ength of the spacer increases. It is also seen that
effective micellar chargez=Na) is nearly proportional to

the equivalent sphere radifiR®=(a%b)*?], consistent with

the predictions of the charge renormalization models for
globular micelled27].

8

T T T
10 mM 16—-m—16 Micellar Systems

B. Effect of concentration

The results of SANS measurements for=2.5 and 10
mM have been discussed above. Measurements were made
on additional concentrations €= 30 and 50 mM fom=5.
The SANS distributions are shown in Figs. 6 and 7. SANS
patterns forC=50 mM are in good agreement with those
reported earlief11]. Measurements could not be made for
high concentrations ah=3 and 4, as they show viscoelastic
behavior[28], and the dimensions of micelles in these solu-
tions are expected to be much larger than those that can be
measured by SANS.
C L Tt ‘ The peak in the SANS distributions f@€=30 and 50
0.00 0.05 0.10 0.15 0.20 mM is due to the strong electrostatic repulsion between the
Q (1/4) micelles. Figures 5 and 6 show that for both concentrations
the peak intensity and the peak position of the distributions
FIG. 5. SANS distributions from 10-mM 1616 (m=5) mi-  change when the spacer changes. The intensity drops and the
cellar systems. Solid lines are theoretical fits, where interparticld?€ak shifts to highe® with an increase in the spacer length
correlations are accounted for using a Hayter-Penfold—type analyand the trend changes far=12.
sis. The distributions fom=5, 6, 8, and 10 are shifted vertically by ~ The above data were analyzed using the method of Hayter
4, 3, 2, and 1 units, respectively. and Penfold. Results are given in Table Ill. It is seen that the

Cross section (1/cm)
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10 T T T 25 T T T
| 30 mM 16-m-16 Micellar Systems | 50 mM 16-m—16 Micellar systems
8 | . 20 F -
£ E
{ { i m=5
S— 6 [ - : 15 [ m:6 -
o g i m=8
O o]
S = m=12
9} 9]
[0} ]
w4 - E w 10 -
n ]
n n
o o]
~ ~
O o
2+ . 5 F -
O B h . . . . . . . b H e O i N N N N N . | N A T Tee
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Q (1/4) Q (1/4)
FIG. 6. SANS distributions from 30-mM 16+16 (m=5) mi- FIG. 7. SANS distributions from 50-mM 16+16 (m=5) mi-
cellar systems. Solid lines are theoretical fits of a Hayter-Penfold-eellar systems. Solid lines are theoretical fits of a Hayter-Penfold—
type analysis. type analysis.

. L tem behaves like a short spacer system is connected to the
micellar structure chapges as the concentration |ncrease(§nange of conformation of the spacer.
The effect is different in the different ranges of the concen-
tration. For example, micellar parameters do not change
much as the concentration changes four times from 2.5 to 10
mM (Table Il). However, micellar parameters change signifi-
cantly when the concentration increases from 10 to 50 mM The packing parametgris a useful quantity to determine
(Table Ill). The minor axis of the micelle does not changethe micellar structure of surfactant molecules. The parameter
much with the surfactant concentration. It has thus been keps defined in terms of three quantitie§) volume v, (ii)

fixed at an average of the values as obtained from the data affective head group are® and(iii ) effective chain length

the different concentrations. The aggregation number andf the surfactant molecule. It is given ps=v/Al. Israelach-
micellar size increase as the concentration increases. Thédli et al. have shown that the surfactant molecules with
fractional charge and the effective head group area decreage<0.33 tend to form spherical micellar structures. Micelles
with the increase in the concentration. These changes awre ellipsoidal or cylindrical for 0.33< p< 0.5. For the
more pronounced fom=5 and 12 as compared to those for higher values of packing parameter-0.5, surfactant mol-

the intermediate spacer lengths. The fact thaintisel2 sys-  ecules aggregate to form disks, membranes, vesicles, etc. In

C. Conformation of spacer and hydrophobic chains
in the micelle

TABLE lIl. Micellar structures of 16m-16 (m=5) dimeric surfactants at higher concentratiof@.16-
m-16 (m=5) micellar systems fo€=30 mM. The parameters have been obtained by a Hayter-Penfold—
type analysis. Micelles are assumed to be prolate ellipsoialcta). (b) 16-m-16 (m=5) micellar
systems folC=50 mM. The parameters have been obtained by a Hayter-Penfold—type analysis. Micelles are
assumed to be prolate ellipsoiddc+a).

Aggregation Fractional Effective head
number charge Minor axis Major axis group area
System N a b=c (A) aA) alb A A2
@
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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TABLE V. Packing parameter for surfactant molecules in spacer is no longer extended and starts looping inside the
10-mM 16m-16 micellar systems: has been calculated from Tan- micelle. These results suggest that conformation of the
ford’s formula andA andl are obtained from the analysis. spacer and the hydrophobic chains in the micelle changes as
the length of the spacer increases. It is of interest to carry out

Effective head Effective chain  Packing contrast variation experiments with deuterated spacers to ex-
Volume  group area length parameter plore the conformational changes in the micelle.
System v (A%) A (A2 I (A) p The values of packing parameter for=3, 4, 5, 6, 8, 10,
and 12 are 0.5, 0.486, 0.394, 0.384, 0.378, 0.368, and 0.39,

16-3-16 1133 84.0 27.0 0.500 respectively. They form disk micelles fon=3, cylindrical
16-4-16 1160 95.5 25.0 0.486  for m=4, and prolate ellipsoidal fom=5. That is, we find
16-5-16 1187 124.5 24.2 0.394  that there is a good correspondence between the packing pa-
16-6-16 1213 135.0 23.4 0.384  rameter and the experimental structures, in agreement with
16-8-16 1267 147.0 22.8 0.378  the theoretical predictions of Israelachli al.

16-10-16 1321 161.0 22.3 0.368

16-12-16 1375 162.0 21.8 0.390 V. SUMMARY

Micellar structures of bis-cationic 1816 dimeric sur-
dimeric surfactants, the micellar structure can be easily confactants have been studied using SANS. Measurements were
trolled by changing the spacer length. The change in thenade for different length of hydrocarbon spacers; 3-6,
spacer length changes the packing parameter and hence #ge10, and 12, at various concentrations. It is found that the
structure. micellar structure depends on the length of the spacer. Mi-

The values ob, A, I, andp for surfactant molecules in celles are disks fom=3, cylindrical form=4, and prolate
10-mM 16im-16 micellar solutions are given in Table IV. ellipsoidals for other values ah. The fractional charge on
The volume of surfactant moleculeis obtained using Tan- the micelle increases with an increase in the spacer length.
ford’s formula. The volume of molecule increases by 26.9The variation in the length and effective head group area of
A3 when one(CH,) unit is added to the spacer. The effec- the surfactant molecules in the micelles shows that the con-
tive lengthl of the molecule is obtained from the data andformation of hydrophobic chains and the spacer change
has been assumed to be the minor axis of the micelle. Thehen the length of the spacer increases. The length of the
effective head group are@ is also obtained from the data surfactant molecule decreases monotonically with an in-
and is simply the total surface area of the micelle divided bycrease in the length of the spacer. The effective head group
the aggregation number. area increases as the length of the spacer is increased and

It is seen that the effective length of surfactant moleculdbecomes constant for long spacers. The concentration depen-
decreases as the length of the spacer increases. This is calence form=5 shows that the micellar size increases and
nected to the fact that an increase in spacer length results the fractional charge decreases when the surfactant concen-
a gap between the hydrophobic chains, and to fill this gaptration increases. It is seen that the effect of concentration is
the hydrophobic chains fold up in the interior of the micelle. more pronounced fan=5 and 12. The packing parameter is
It has also been seen that the effective head group area ihigher form=5 and 12 than for the intermediate spacers.
creases with an increase in the spacer length and becom&hke long spacer surfactant system behaves like that of a short
constant for long spacers. The effective head group area bspacer as there is a tendency of the spacer to loop inside the
coming constant for large spacer length means that thmicelle.
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