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Abstract Small angle neutron 
scattering has been used to elucidate 
the size and shape of a micelle in the 
sodium di-n-pentyl phosphate (DPP)- 
water system. The results are 
summarized as follows. For the DPP 
micelle, the aggregation number (n) 
depends on the concentration (n = 12, 
at 7.0 wt% and n = 15 at 10.0 wt%). 
The minimum micelle is spherical and 
has an aggregation number n = 7. 
For the DPP-micellar system, i t can 
be assumed that micellar growth and 
variation from the spherical to prolate 
shape occurs with an increase in 
concentration above the CMC. 

Key words Sodium di-n-pentyl- 
phosphate - micelle - SANS 

Introduction 

Much attention has been given to structural studies of 
dialkylphosphates having two long n-alkyl chains in an 
aggregated state [1-11]. Synthesized amphiphiles, such as 
didecyl, didodecyl and dihexadecyl phosphates, have been 
shown to form vesicles and lamellar structures that possess 
physicochemical characteristics similar to those of bio- 
membranes [2, 3]. 

When such an organized structure of surfactant mol- 
ecules is formed in aqueous solution, conformational 
change of a hydrocarbon chain and environmental vari- 
ation of the hydrated polar groups should occur. The 
structural change at the interface may be associated with 
the functional appearance of a biomembrane. However, 
such detailed studies have been very few although they are 
highly desirable. For dialkylphosphate molecules having 
long n-alkylchains, both the solubility and the critical 

micelle concentration (CMC) in aqueous solution are very 
low. These properties prevent making a detailed study of 
any conformational change of surfactant molecules occur- 
ring below and above the CMC. However, for simple 
dialkylphosphate molecules both the solubility and the 
CMC in aqueous solutions are very high. Therefore, 
we may then make a direct investigation of the confor- 
mational change of the surfactant molecules and of the 
structural variation at the micellar interface which are a 
consequence of micellization. 

Conformational studies on dialkylphosphates in the 
aggregated state are important for understanding the ag- 
gregation structure of phospholipid bilayers. Thus far, the 
conformation of simple dialkylphosphate anions in aque- 
ous solution has been mainly investigated by infrared and 
Raman spectroscopic methods [12-14]. Raman studies of 
dibutylphosphate anions [14] have provided direct evid- 
ence that micelle formation of the dialkylphosphate anions 
brings about an increase in population of the all-~rans 
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hydrocarbon. Similar observations have already been re- 
ported for aqueous solutions of simple soap molecules. 
For potassium n-butnanote, n-pentanoate and n-hexa- 
noate in the solid state and in aqueous solution, Raman 
scattering spectra have also been measured, and the con- 
centration dependence of the molecular conformations of 
these molecules has been investigated in detail by the use 
of the accordion vibrations derived from the all-trans hy- 
drocarbon chains [15, 16]. The results have indicated that 
the percentage of the all-trans hydrocarbon chains in- 
creases with an increase in concentration above the CMC. 
Such a conformational change, seen when simple surfac- 
tants undergo micellization, must be closely associated 
with the structure of aggregates. 

In this study, we report the detailed micellar structure 
in the binary di-n-pentyl phosphate-water system deter- 
mined by analysis of small angle neutron scattering 
spectra. In particular, the micellar structure is discussed in 
connection with the molecular conformation of the di-n- 
pentyl phosphate anion. 

Experimental 

Material 

Sodium di-n-pentyl phosphate (DPP) was prepared as 
follows, n-Pentylphosphorodichloridate (n-pentyl-OP(O) 
C12, b.p 75 ~ 77 ~ at 4 mmHg), prepared using phospho- 
ryl chloride and n-pentyl alcohol and vacuum-distilled, 
was converted to di-n-pentylphosphorochloridate ((n- 
pentyl-O)2P(O)C1) [17]. The (n-pentyl-O)zP(O)C1 sample 
was vacuum-distilled several times (b.p. 108 ~ l l 0 ~  at 
4 mmHg) and was treated with benzaldoxim (Furuka 
Chemie AG) by the method of Mukaiyama et al. [18J, to 
yield phosphoric acid di-n-pentyl ester, (n-pentyl- 
O)2P(O)OH. The ester was neutralized with a solution of 
NaOH, and the sodium salt was recrystallized in aqueous 
acetone. The identification of DPP was made by 1H and 
~3CNMR spectral analysis. Since the Na salt was hygro- 
scopic, the Ba salt was used for the elemental analysis. 
Anal. C2oH4~OsP2Ba: Calcd: C, 39.26; H, 7.25. Found: C, 
39.06; H, 7.47. 

Molal volume determinations 

The apparent molal volumes (~app) of a di-n-pentyl phos- 
phate anion were calculated from the densities of the 
sample-H20 solutions. The density of the sample solution 
was measured with a Lipkin-Davison type pycnometer 
calibrated with the known density of water. The temper- 

Table 1 Volumes (V, ~3) and Scattering lengths (~booh, A) 

Species V Sbco h 

C H  3 42.6* -- 0.457 x 10 -4 
CH2 28.2* - 0.083 x 10 -4 
PO~- 50.8 2.845 x 10 .4 
Na + 3.6** 0.363 x 10 .4 
D20 30.2** 1.918 x 10 .4 
HzO 29.9** - 0.165 x 10 .4 

*ref. 19 **ref. 20 

ature of the thermostated-bath system was controlled at 
298.00 _+_ 0.02 K. 

Neutron scattering measurements 

The SANS measurements were carried out using a small 
and medium angle neutron scattering instrument (WINK) 
installed at the pulsed neutron source KENS at the 
National Laboratory for High Energy Physics, Tsukuba, 
Japan. The sample solutions were placed in a quartz cell of 
2 mm path length. The scattering length density (p) of each 
component was calculated using Eq. (1), 

p = Z b J V  (1) 

where bi is the scattering length of atom i and V is the 
molecular volume. The scattering length densities used for 
the SANS data analysis are listed in Table 1. The magni- 
tude of the momentum transfer ((2) is given by Eq. (2), 

e = 7 s , n ( v  (2) 

where 2 is the incident wavelength (1 ,-~ 16 A) and 0 the 
scattering angle. The intensity scattered by neutrons was 
recorded on a position-sensitive 2-D detector. Normaliz- 
ation of the data to an absolute intensity scale was made 
by using the transmission of a 1 mm water sample. Correc- 
tions for the attenuation of the beam due to absorption 
and for multiple scattering were also made [21]. 

Results and discussion 

Partial molar volume of the DPP anion 

The density of the DPP anions against concentration 
(Fig. 1 [A] ) provides two straight lines whose intersection 
gives the same value for the CMC as obtained from 
measurements of the self-diffusion coefficient [22]. From 
these density data, we can calculate the 'partial molar 
volume of the DPP anion in the monomeric and micellar 
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Fig. 1 Concentration dependence of the density (p) (I-A]) and 
~app value ([B]) at 25.00 +_ 0.02 ~ 

states. The apparent molar volume ~b,p v is calculated from 
the density (d) of the solution expressed in g cm-3 using 
Eq. (3), 

~,pp = l I 1 0 0 0  - mM 1000] 
2 ds J (3) 

where m is the molarity, ps the density of the solvent and 
M the molar weight of the solute. The partial molar 
volume (q~) of the solute can be obtained from Eq. (4). 

i ~ a p p  - -  1.868C 1/2 �9 (4) 

In the plots of ~bapp VS. C, as shown in Fig. 1 [B], the 
values are almost constant at concentrations below 

7.4 wt%. However, after a rapid increase at 7.4 wt% they 
increase linearly with an increase in concentration. The 
concentration at 7.4 wt% can be regarded as the CMC. 

This value is larger than those (4.6 ~4.7 wt%) determined 
from plots of lnD vs. 1/C and 31p a vs. 1/C [22]. However, 
since H20  is used as solvent for the density measurements, 
it might be expected that the CMC value should be smaller 
by factor of a 10%, as observed. Above the CMC the 

value is expressed by Eq. (5), 

C M C  C - CMC 
= C ~o ~ C ~a (5) 

where ~a denotes the partial molar volume of the micellar 
DPP anion. 

The ~o and ~a values obtained for the DPP anions are 
204.4 and 220.0 cm 3 mol-1, respectively, and are used for 
the SANS data analysis. 

SANS spectra and micellar structure 

The dependence of neutron scattered intensity on the mag- 
nitude of a scattering vector (O) depends upon both the 
particle structure factor P(Q) and the interparticle struc- 
ture factor S'(Q). S'(Q) is a function of the diameter (~;), 
charge (Z) and number density of a particle and of the 
dielectric constant of the solvent. 

For a monodispersed system of charged hard particles, 
the scattering intensity can be expressed [23] as the prod- 
uct of S'(Q) and P(Q) in the following form, 

dZ(Q) 
d O  - n p  1 0 - 1 6 [ ( p p  - -  p c ) V  c -t- (Ps - -  pp)Vm]2p(Q)S'(Q) (6)  

(C - CMC)NA [cm- 1] (7) 
np = lO00n 

where np denotes the number density of the particles, and 
n the average aggregation number of a micelle, and 

1 

P(Q) = ~]F(Q, #)]2 d# (8) 
0 

F(Q, #) = (3(sin(R1) - Rlcos(R1))'~ 
x R~ // 

(1  - -  x) (3(sin(R2) R2cos(R2))'~ + 
- - ~ 2 5 7  - j  ( 9 )  

(& - p c ) r e  
x = (lo) 

(& - po)v~ + ( a  - &)Vm 

where Vo [~3] and Vm [~3] are the volumes of the micellar 
core and overall micelle, respectively, pp I/k-2], pc [/~-2] 
and Ps [A-2] are the average neutron scattering length 
density of the polar shell, hydrophobic core and solvent, 
respectively. 
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When the micellar shape is prolate, R1, R2 are given by 0.5 

R1 = [a2#2 + b2(1 _ #2)]1/2 (11) 

0.4 R2 = [(a + 02# 2 + (b + t)2(l -- I/2)] 1/2 (12) 

where a[~,] and b = 7.8 [-/~] are diameters of the micellar 
0.3 

axes [24] and a is a function of n, and t l-A] the diameter '~ 
(4.6 [A] ) of the polar head group (PO$). 

The interparticle structure factor S'(Q) can be cal- ~ 0.2 
culated approximately by use of the following equation 

S ' ( Q )  = 1 + f l ( Q , # ) [ S ( Q )  - 1] (13) 

I<F(Q,#)>21 
]~(Q,#)- (IF(Q,#)[2) (14) 

1 
S(Q) = (15) 

1-1 - 24~a(Q)] 

where t/ is the volume fraction of macroion and a(Q) is 
given by Hayter and Penford 1-25, 26]. In this model, the 
micelle is assumed to be a rigid charged sphere of diameter 
o- [27, 283, interacting through a dimensionless screened 
Coulomb potential. The dimensionless screened Coulomb 
potential is calculated by using the inverse screening 
length of the Debye-Hiickel theory, defined by the ionic 
strength I of the solution. 

When the concentration of surfactant is very low and 
the intermicellar interaction is neglected, the intensity 
spectrum is dominated by P(Q), and S(Q) is unity through- 
out the observed Q range. However, when the interaction 
cannot be  neglected as the concentration increases, S(Q) 
deviates from unity and the interaction peak appears in the 
intensity spectrum. 

For  the micellar solution of D P P  in water, the SANS 
experiment has been carried out at 23 _+ 0.1 ~ in the 
concentration range 6.0 ~ 10.0 wt%. It has been assumed 
that a DPP-micelle has a hydrophobic core with a major 
axis a and a minor axis b equal to those of the fully 
extended hydrocarbon chain length and that the polar 
head groups (diameter = t) associated with water molecu- 
les are soaked in bulk water. A structural model of the 
D P P  micelle is inserted in Fig. 2. 

In the present study, both prolate and oblate spheroid 
models for D P P  micelles have been calculated by assum- 
ing mono- and poly-dispersity. We have found t h a t  the 
prolate spheroid model provides consistently better fits to 
the observed SANS data than does the oblate spheroid 
model. The results analyzed on the basis of mono-dispers- 
ity are summarized in Table 2(a). In the SANS analysis, the 
intensity spectrum 9f a D P P  solution measured at concen- 
trations below the CMC was subtracted from the intensity 
spectra of the solutions containing micelles in the Q range 
0.06 ~0.60. The intensity spectra obtained for the D P P  
micellar solutions are shown in Fig. 2. The scattered inten- 

0.1 

0.0 
0.00 0.20 0.40 0.60 O [~ 1] 

Fig. 2 Observed scattering intensity spectra (open circles) for the 
DPP-D20 system at 23~ a 10wt%, b 9 wt%, c 8 wt% and 
d 7 wt%, and fitted scattering intensity profiles (solid lines) in the 
Q range 0.06 ~0.60 [A- 1], assuming that the micelles are monodis- 
persed. The schematic model of the DPP micelle is inserted 

sities (I(Q)) observed in this concentration region are weak, 
because of low molecular weights. However, the experi- 
mental uncertainty of the results is of the order of _+ 2%. 
In the curve of I(Q) against Q obtained in the concentra- 
tion range 7.0 ~ 10.0 wt%, very broad peaks are observed, 
showing that there are interactions between the micelles. 
As the concentration is changed from 7.0wt% to 
10.0 wt%, the interaction peak increases steadily and shifts 
slightly to higher Q values, indicating an enhanced inter- 
particle structure factor with increasing micellar concen- 
tration. The closeness of fit between the observed data 
points and the theoretically calculated results is excellent 
(Fig. 2) and the average percentage deviation per data 
point was _+ 5 % for all spectra. The parameters (n and e) 
of fit are also listed in Table 2(a). 

The aggregation number of a D P P  micelle is shown in 
Fig. 3 as a function of the square root of the monomer 
concentration (molar fraction) attributable to formation of 
micelles. We may assume that the aggregation number (n) 
tends to become small with a decrease in concentration 
(n = 12 at 7.0 wt% and n = 15 at 10.0 wt%)i Moreover, all 
the n values fall on a straight line. Therefore, a ladder 
model of micellar growth can be applied to the micellar 
formation of D P P  anions 1-29]. Furthermore, as can be 
seen in Table 2(a), the shape of a D P P  micelle is prolate 
and the a/b ratio has a tendency to decrease as the concen- 
tration approaches the CMC. Therefore, we may assume 
that the micellar shape changes at concentrations above 
the CMC. The SANS spectra of sample solutions at con- 
centrations near the CMC will be very weak in intensity, 
making it very difficult to obtain the particle structure 
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Table 2 The results of SANS data analysis 

C[wt%] 7.0 8.0 9.0 10.0 

(a) mono-dispersed 
n 12.4 13.1 14.0 14.8 
a/b 1.92 2.03 2.17 2.29 
c~ 0.48 0.46 0.43 0.30 
Nso 21.3 20.9 20.5 20.1 
a[A] 28.7 29.1 29.7 30.1 
rc [A] 6.46 6.33 6.23 6.16 
~/ 0.063 0.089 0.113 0.138 

(b) poly-dispersed 
n.v o 13 14 15 16 
nmi n 6 7 7 8 
nma x 20 21 23 24 
c~ 0.50 0.49 0.45 0.32 

n: The average aggregation number of a micelle 
a/b: Micellar axis ratio b = 7.8 [A] 
cc The degree of ionization of a micelle 
Ns: The number of water molecules associated with a PO 4 group 
~r: The macro-ion diameter 
~c: The inverse screening length of Debye-Hiickel theory 
t/: Volume fraction of macro-ion 
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Fig. 3 A plot  of n as a function of the square root  of m o n o m e r  
concentration-forming-micelles 

factor of the just-born micelle. However, we can assume 
a minimum aggregation number (n = 7) for a micelle at the 
CMC by extrapolation of the linear (X-XcMc) 1/2 VS n plots, 
as shown in Fig. 3. Under these conditions, an a/b ratio of 
1.1 can be calculated, showing that the minimum micelle is 
spherical. Thus, for the micellar system of D P P  anions it 
can be assumed that micellar growth and variation from 
the spherical to the prolate shape occurs with an increase 
in concentration above the CMC. The rationale for prop- 
osing a minimum micelle of aggregation number n = 7 can 
be seen from the following geometrical consideration. 

The hydrocarbon core volume of a D P P  micelle having 
an aggregation number n =  7 is 2173 p~3, since the volume 
of the two n-pentyl chains of a D P P  molecule is 311 ~3. If 
we assume that the shape of a D P P  micelle is spherical and 
that the radius of the micellar core is equal to the length 
(7.8 A) of a pentyl chain taking up the all-trans form, (given 
by Tanford's ecjuation [24]), then the volume of the micelle 
will be 2010 A 3, and we can calculate an aggregation 
number of 6.5, by dividing the volume of 2010 ~3 by the 
volume (311 ~3) of the two pentyl chains. This value is 
almost the same as the minimum aggregation number 
n-=7.  

As has already been demonstrated directly in our pre- 
ceding papers [ 15, 16], for the aqueous solutions of simple 
soap molecules (potassium n-pentanoate and n-hexanoate) 
and barium dibutyl and dipentylphosphate molecules, the 
percentages of rotational isomers containing the gauche- 
forms are relatively high below the CMC, compared with 
that of the all-trans-form. However, micellization brings 
about preferential stabilization of the all-trans hydrocar- 
bons. These experimental results are consistent with a 
micellar model having the extended structure of hydrocar- 
bon chains outlined above. 

Micelles of the double-chain anionic surfactant AOT 
have been studied in aqueous solutions by Sheu et al. [30] 
by using SANS. They assumed that the minimum aggrega- 
tion number at the CMC was 15 _+ 1 and that the micellar 
shape was spherical. Furthermore, it was assumed that the 
AOT micelles grew as the concentration increased and 
were transformed from a spherical to an oblate spherical 
shape. For  the micellar solutions of ammonium octanoate 
in aqueous solution [31], it has already been found from 
SANS that the aggregation number depends upon the 
concentration: n = 7  at 0.36moll  - t  and n = 1 2  at 
0.48 mol 1-1. 

We have analyzed the scattering intensity curves taken 
from sample solutions of different H 2 0 - D 2 0  mixtures. 
The contrast variation method at finite Q used in the 
present study is based on a Q-dependent quantity A(Q) 
given by Sheu et al. [28]. 

A(Q) = [(dS(Q)/dY2)/P(Q)/S'(Q)] 1/2 (16) 

A(Q) can be calculated from the observed SANS spectra 
combined with the model calculations of P(Q) and S'(Q). 
(A(Q)) is linearly proportional to the scattering length 
density of the [ D 2 0 ] / [ H 2 0 ]  mixed solvent. Therefore, the 
contrast matching point, where the scattering intensity 
vanishes, can be determined by extrapolating the (A(Q)) 
vs. ps curve to zero. 

Figure 4 shows the experimental and fitted curves of 
the scattering intensity vs Q plots for the D P P  solution 
(10.0 wt%) at various [ D 2 0 ] : [ H 2 0 ]  ratios. The agree- 
ment is excellent across the whole range of samples. The 
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Fig. 4 Observed scattering intensity spectra (open circles) for the 
10 wt% DPP solution at various D20% in the solvent: a 100% 
D20, b 80% D20, c 60% D20 and d 40% DzO, and fitted scattering 
intensity profiles (solid lines) in the Q range 0.06~0.60[A-~], 
assuming that the micelles are mono-dispersed 
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Fig.5 External contrast variation plots for the 10wt% DPP 
solution 

used parameters (n and ~) of fit and the extracted para- 
meters are also listed in Table 2(a). Figure 5 shows the 
contrast variation ( A ( Q )  vs. ps) plots. It is found by extra- 
polation that the contrast matching point occurs at a ratio 
of [D20] : [H20]  = 0.142:0.858. The mean aggregation 
number (n) and volume value (Vmox) of a DPP molecule 
obtained from the slope and matching point are 14 and 
348 ~3, respectively. 

In the micellar structure, which has a hydrophilic re- 
gion containing the polar head group, counter ions and the 
water molecules of hydration,'in addition to a hydropho- 

bic region, Eq. (16) can be applied at the contrast matching 
point, 

(po - p , ) v o  + ( p ,  - p~)Ym = 0 (17) 

Vo and Vm denote the volume of the hydrophobic core and 
that of the whole micelle containing the polar layer, re- 
spectively, and po, pp and Ps are the scattering length 
densities of the hydrophobic region, polar layer and sol- 
vent, respectively. 

The contrast matching point has been calculated, tak- 
ing into account the mean value (~ = 0.30) for the degree of 
ionization, and has been found to occur at a ratio of 
[D20] : [H20]  =0.139:0.861. The calculated and ob- 
served matching point values are almost identical. 

The SANS analysis provides the degree (a) of ioniz- 
ation of a micelle (Table 2(a)), associated with the electric- 
double layer at the interface. As the concentration in- 
creases, the a value tends to decrease. It should be noted 
that the c~ value becomes very small (0.3) at a concentration 
of 10wt%, which is very close to the second CMC 
(10.7 wt%) determined by the concentration dependence 
of the self-diffusion coefficient [22]. Accordingly, in the 
concentration region above the second CMC (17 wt%), 
determined by the 31p NMR chemical shift [18], we may 
expect that the degree of ionization for the aggregate 
system will become extremely small compared with that at 
10 wt%. For the DPP-water solution, it may be assumed 
from the results of the 3 tPNMR and x-ray low angle 
diffraction patterns [22] that a highly-organized structure, 
similar to a lamellar structure, is formed at high concentra- 
tions. It is very difficult to estimate the degree of ionization 
at the lamellar interface by SANS analysis. However, we 
may speculate that most of the counter ions are condensed 
at the interface of a lamellar structure. 

Usually, we may assume that micelles in equilibrium 
with each other in solution have a finite distribution of 
sizes about some mean value. In the present study, the 
scattering intensity (d,Y,(Q)/dQ) was also calculated by con- 
sidering the polydispersity and use was also made of the 
interparticle structure factor S ' (Q) ,  (Eq. (13)). 

For the size-dispersed system of charge~t hard particles, 
the scattering intensity can be expressed ifi the following 
form, 

- -  - -  po(i))Vc(i)  -t- (ps(i) 
dO 

- -  p p ( i ) ) V m ( i ) ] 2 p ( i ,  Q))S'(Q) (18) 

( C  - -  C M C ) d ( i ) N A  Ecm - 33 (19) 
nv = 1000i 
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where (i) denotes the particles having aggregation number 
i, and d(i) is the concentration distribution function of the 
monomer. It is assumed that d(i) is a Gausian function 
with standard deviation (square root of mean average 
aggregation number) [32]. 

The calculated dE(Q)/df2 profiles are not shown here. 
The average aggregation number (n,v~), and the minimum 
and maximum values of the aggregation number are listed 
in Table 2(b). It can be seen that the nave values are very 
similar to the aggregation number calculated by assuming 
monodispersity. 

Molecular Conformations in the D P P  Micelle 

For  di-n-butyl or di-n-pentyl phosphate anions in water, 
we have already demonstrated that the all-trans form of 
the alkyl group is preferentially stabilized upon mice!liz- 
ation 1-13, 14]. Therefore, in the SANS spectral analysis, 
the assumption that the radius of the micellar core is equal 
to the length of an extended pentyl chain is well supported 
by these experimental results. 

Furthermore, for the conformations about the two 
P O - C C  single bonds, it has been found that micellization 
brings about preferential stabilization of the trans form 
1-33]. Accordingly, in the D P P  micelle, we may assume 
that the pentyloxy segments are in an extremely restricted 
state. 

However, in the DPP-micellar system, conformations 
about the two phosphodiester P - O  bonds seem to play an 
important role. As shown in Fig. 6, for the D P P  molecule 
only three molecular forms (GG, GT  and TT) about the 
P - O  bonds can be considered: four mirror images (G'G', 
G'T, TG and TG') can be omitted and the GG'  and G 'G 
forms are also omitted because of their instability due to 

Fig. 6 Schematic 
representation of three 
rotational isomers (GG, GT 
and TT) about the P-O bonds. 
The conformations about every G G 
CH2-CH z bond and two 
CH2-O bonds were assumed to 
be in the trans conformation 

-O 

steric hindrance. In our previous paper 1,14], for Raman 
spectra of D P P  the accordion vibrational mode has pro- 
vided evidence that preferential stabilization of a specific 
molecular form about the P - O  bonds occurs even in the 
solid state, depending upon the content of hydrated water 
molecules about the P O 2  group. 

In the present study, the accordion vibrational modes, 
which reflect directly the conformation about the P - O  
bonds, has been measured for the micellar solution of the 
DPP-water  system. The very broad Raman band at 
270 cm-  1, which derives from the GT form 1-14], has been 
found (spectra not shown), indicating that the GT form 
about the P - O  bonds is stabilized in the micellar state. 
However, the broadness of the 270 cm - 1 band may indi- 
cate that other two molecular forms (GG and TT) also 
coexist in addition to the G T  form, although their popula- 
tions are low. 

Conclusion 

For  the D P P - D 2 0  solution, SANS spectra have been 
measured at various concentrations. In the SANS intensity 
spectra, very broad peaks were observed, indicating the 
presence of interactions between micelles. It has also been 
found that an interpartMe structure factor is enhanced 
with an increase in micellar concentration. 

The SANS intensity spectra have been analyzed, 
assuming mono- and poly-dispersity. The results analyzed 
on the basis of mono-dispersity are summarized as follows. 

The aggregation number (n) for the D P P  micelle 
depends on the concentration. All  the n values fall on 
a straight line in the plot of (X-XcMc) t/2 vs. n, showing that 
a ladder model of micellar growth can be applied to the 
micellar formation. 

A minimum aggregation number (n = 7) for a micelle 
at the CMC was assumed by extrapolation of the 
(X-XcMc) 1/2 vs. n plot. In the concentration range 7.0 
l i f0 wt%, the micellar shape is prolate and the a/b ratio 
depends on the concentration (a/b = 1.9 for 7.0 wt%, and 
a/b = 2.3 for 10.0 wt%). Furthermore, for the minimum 
micelle, an a/b ratio of 1.1 can be calculated, indicating 
that the minimum micelle may be spherical. For  the D P P  
micellar system, we can assume that micellar growth and 
variation from the spherical to the prolate shape occur 
with an increase in concentration above the CMC. 
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