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Abstract.   Small angle neutron scattering (SANS) measurements of D2O solutions 
(0⋅1 M) of sodium cholate (NaC) and sodium deoxycholate (NaDC) were carried out 
at T = 298 K. Under compositions very much above the critical micelle concentration 
(CMC), the bile salt micelle size growths were monitored by adopting Hayter–Penfold 
type analysis of the scattering data. NaC and NaDC solutions show presence of 
correlation peaks at Q = 0⋅12 and 0⋅1 Å–1 respectively. Monodisperse ellipsoids of the 
micelles produce best fits. For NaC and NaDC systems, aggregation number (9⋅0, 
16⋅0), fraction of the free counterions per micelle (0⋅79, 0⋅62), semi-minor (8⋅0 Å) and 
semi-major axes (18⋅4, 31⋅7 Å) values for the micelles were deduced. Extent of 
micellar growth was studied using ESR correlation time measurements on a suitable 
probe incorporating NaC and NaDC micelles. The growth parameter (axial ratio) 
values were found to be 2⋅3 and 4⋅0 for NaC and NaDC systems respectively. The 
values agree with those of SANS. 
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study; ESR correlation times. 

1.   Introduction 

The role of bile salts (sodium cholate, NaC; sodium deoxycholate, NaDC) as 
physiological surfactants is based on their micelle-forming properties 1–3. These represent 
the class of potential biosurfactants which play active roles as cholesterol and lipid 
solubilizers, emulsifiers and dispersion agents in cosmetics, medicines and chemicals 4–6. 
Micellar properties of NaC and NaDC at nearly their respective critical micelle 
concentration (CMC) values have been reported in the literature based on different 
experimental techniques 7–10. Also, NaC, NaDC and other bile salts exhibit concentration-
dependent microstructures 11. The vital bioactivities of bile salts are found at 
concentrations very much above CMC and are due to their micellar properties. Near 
CMC values, primary micelles with low aggregation numbers are detected, which at 
higher concentrations produce secondary or rod-like super-grown micelles 12,13. In the 
NaC system, the CMC value for the primary micellization occurs around 0⋅013–0⋅018 M 
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corresponding to the primary aggregates consisting of dimer units. At higher 
concentrations of NaC, around 0⋅05 M, secondary micellization is detected corresponding 
to enlarged dimensions of primary micelles 14,15. Similarly for the NaDC system, around 
0⋅01 M and 0⋅05 M primary and secondary micellizations are detected in presence of pH 
buffers. With further increase in the concentration of bile salts, a third micellization may 
set in, which may be super-grown secondary micelles with extended dimensions in size. 
In all, bile salt aggregation behaviour is strongly concentration-dependent and units of 
dimer are stacked through successive hydrophobic and H-bonds. Based on the 
experimental technique being adopted, accuracy in the detection of various stages of 
stepwise aggregation may be rendered possible. Surface tension studies on bile salt 
system under pH control prove to be of such kind. In such cases, exact estimations of the 
aggregation number, interaction potentials of micelles and the nature of the extended size 
growths in micelles are still ambiguous. Earlier reports on SANS of bile salts consist of 
radii and rod axis lengths, with pH and ionic strength effects 16–19. 

The present work is devoted to adopting small angle neutron scattering (SANS) which 
is a powerful tool to investigate self-association patterns, for the study of secondary 
micelles of NaC and NaDC at 0⋅1 M concentrations in the absence of any additives. 
Scattering patterns are subjected to Hayter–Penfold analysis and using correlation peak 
positions, determination of many physicochemical parameters of the micelles such as the 
equivalent spherical radius [R = (a2b)1/3], semi-minor and semi-major axes (a, b), number 
density of micelles (Nm), surfactant aggregation number (NBS), fraction of the free 
counterions per micelle (αBS), micelle concentration [mic], Debye screening length (κ–1) 
and the mean intermicellar interaction potentials (U(r)/U(T)) from SANS are carried out 
for NaC and NaDC micelles at 298 K. In aqueous systems, the hydrodynamic equivalent 
spherical radii of the ionic secondary micelles vary sensitively with environmental 
conditions like pH, salt, temperature etc., just as they do for primary micelles 20,21. Hence 
evaluation of microstructures of secondary micelles is essential. The evaluation of Rh of 
the bile salt micelles under compositions very much above CMC may be carried out 
using an ESR spin label technique 22. In the present work, an anisotropy sensitive spin 
label such as 3-(2,2′-dimethyl-N-oxyl-oxazolidinyl)-5α-cholestane (CSL) (1 × 10–4 M) 
incorporated NaC and NaDC (0⋅1 M) micelle solutions are subjected to ESR 
measurements 23,24. The analysis of the spectral line shapes and line widths can be 
performed in terms of rotational correlation time (τR), which when applied with Stokes–
Einstein equation, the effective hydrodynamic radius value of the micelle may be 
determined. Also the semi-major and semi-minor axes values of the ellipsoidal micelles 
are computed. ESR and SANS results of the bile salt micelles are compared and 
discussed.  

2.   Experimental 

2.1   Materials 

NaC and NaDC samples from Sigma Chemical Co. (USA) were used as such. Sigma D2O 
was used instead of water. Quantitatively weighed amounts of the bile salts and D2O 
were mixed and sonicated to prepare isotropically homogenous solutions. The spin probe 
CSL was also purchased from Sigma and was used without further purification. ESR 
samples were prepared by dissolving the spin probe in ethanol which was evaporated in a 
sample tube using nitrogen purging during which the bile salt solution was added 
quantitatively under constant stirring and in a sealed condition. 
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2.2   SANS measurements 

SANS measurements were carried out on the spectrometer fitted with a one-dimensional 
position sensitive detector installed at the Dhruva Reactor, Trombay, Bhabha Atomic 
Research Centre, Mumbai. The experimental procedure adopted was according to the 
User’s manual 25. The liquid samples were taken in a quartz cell of path length 1 cm. A 
BeO filtered neutron beam of mean wavelength λ = 5⋅2 Å was used. The wavevector 
transfer Q range accessible from the instrument was 0⋅02 to 0⋅08 Å–1 where Q = 4πsinθ/λ 
and 2θ, the scattered angle. The data were collected for the fast neutron background up to 
Q = 0⋅3 Å–1 and the transmission factor was normalised to the absolute cross-section 
units. Based on the conclusions of Berr 26 the micellar properties in D2O were assumed to 
be unaltered from that of H2O solutions, within the limits of experimental error. 

The measured SANS distribution was analysed using the method of Hayter–Penfold 
for an assembly of monodisperse uniform ellipsoidal micelles. The coherent differential 
cross-section (dΣ/dΩ) can be expressed as27, 

 
dΣ/dΩ = NmVm

2(ρm – ρs)
2[〈F2(Q)〉 + 〈F(Q)〉2{S(Q) – 1}], (1) 

 
where Nm is the number density of the micelles, ρm and ρs are the scattering length 
densities of micelle and solvent, Vm is the micelle volume, F(Q) is the form factor defined 
as (1/Vm)∫exp(iQΣ)dΣ that describes the angular distribution of scattering to the 
morphology of the micelle with respect to Q and Q being 4πsinθ/λ respectively. 

The structure factor S(Q) represents interparticle interferences and has been calculated 
approximating the ellipsoid to an equivalent sphere of radius R = (a2b)1/3, where R is the 
effective radius of the micelle. The concentration of micelles [mic] mol dm–3 is known 
from NBS, Cs and CMC as equal to (Cs-CMC)/NBS. The number density of micelle in 
solution Nm = Nav[mic]/1000 (ml–1). 

2.3   ESR measurements 

In ESR measurements, sample solutions were injected into the capillary tubes incubating 
at 25 ± 0⋅05°C, using a Varian E-112 EPR instrument fitted with temperature controller 
with the usual spectrometer settings such as 100 kHz modulation amplitude, microwave 
power 8 mW, scan range 100 G and scan speed 8 min. 

3.   Results and discussion 

The measured and fitted SANS distribution for NaC and NaDC secondary micelles in 
0⋅1 M solutions are shown in figure 1. Best-fit results are found for monodisperse 
ellipsoidal models of NaC and NaDC micelles. The SANS distributions developed 
correlation peaks around Q = 0⋅12 and 0⋅1 Å–1 for NaC and NaDC micelles. The shifting 
to shorter Q values for constant concentrations of bile salt indicate increasing average 
intermicellar distance (d = 2π/Qmax) with Qmax = Q at peak position, i.e. when secondary 
micelles are formed due to the association of primary micelles, the number density of 
primary micelles tends to decrease. This effect causes an increase in the average 
intermicellar distance. The other micellar parameters obtained from SANS data after 
applying Hayter–Penfold type of analysis for NaC and NaDC are presented in table 1. 
The ellipsoidal micelles of pure NaC and NaDC with semi-minor axes (a = c = 8 Å) and 
semi-major axis (b = 18⋅4 Å and 31⋅7 Å) produce best-fit results and correspond to the 
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Figure 1.   Small angle neutron scattering data of sodium cholate (NaC) and sodium 
deoxycholate (NaDC) secondary micelles in D2O solution at 25°C. 

 
 

Table 1.   Micellar parameters of 0⋅1 M D2O solutions of sodium cholate and sodium 
deoxycholate secondary micelles at 298 K. 

Parameters NaC NaDC 
 
R (Å) 10⋅6 12⋅7 
a = c(Å) 8⋅0 8⋅0 
b(Å) 18⋅4 31⋅7 
NBS 9⋅1 16⋅2 
[mic] × 103 (mol dm–3) 9⋅34 5⋅86 
Nm × 10–18 (dm–3) 5⋅62 3⋅53 
d(Å)  52⋅4 62⋅8 
α  0⋅79 0⋅62 
κ–1 (Å) 4⋅1 3⋅5 
U(r)/U(T) × 10–5 (KBT) units 0⋅0115 0⋅0227 
τB × 109 (s) 3⋅2 5⋅8 
τC × 109 (s) 2⋅45 3⋅3 
τR × 109 (s) 2⋅8 4⋅38 
Rh(Å) 14⋅2 16⋅3 
R*(Å) 15⋅0 17⋅0 

*Value from Ref. [18] for NaDC; from Ref. [36] for NaC 
 

dimensions of secondary micelles. The equivalent spherical radii values seem to be in 
agreement with those in the literature 28. Equation (1) representing Hayter–Penfold best-
fits produces Nm values of strongly interacting micelles in aqueous media. Bile salt 
micelles being anionic with (1 – α) being the fraction of the bound counterions (Na+) per 
micelle, the Debye screening length κ–1 is given as [8πNave

2I/1000ξKBT]1/2 where I is the 
ionic strength = (CMC + αCs)/2 where Cs is the concentration of the bile salt, ξ is the 
dielectric constant of D2O = 78⋅25, KB is the Boltzmann constant and e is the electronic 
charge. The intermicellar interaction potential in terms of the screened coulomb 
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potential of ionic micelles U(r) and the contact potential U(T) is taken as 
U(r)/U(T) = exp[–(r – σ)/κr], where r is the intermicellar distance that is equivalent to d 
since d ä R and σ  = 2R respectively. 

In figure 2, the ESR spectra of the spin probe CSL solubilised NaC and NaDC 
aqueous solutions are given. Since the ESR spectra recorded on blank solutions of bile 
salt did not give any signal and the ESR spectra of the ethanolic solution of the spin 
probe produced τR values very much lower than that of the micellar solutions, the 
observed ESR spectrum (figure 2) distinctly represents the interaction of the spin probe 
with the micelles 29–31. Using (2)–(4), the rotational correlation times τR are calculated and 
listed in table 1. 

 
τR = (τB.τC)1/2, (2) 

 
where τB = C1⋅B and τC = C2⋅C, and 
 

B = – 
2
1 ∆H0{(I0/I1)

1/2 – (I0/I–1)
1/2 }; C1 = 1⋅27 × 10–9, (3) 

C = 
2
1 ∆H0{(I0/I1)

1/2 + (I0/I–1)
1/2 – 2}; C1 = 1⋅19 × 10–9. (4) 

 
For the nitroxide spin probe used here, the principal g factors and hyperfine splitting 
factors are: gxx = 2⋅009; gyy = 2⋅006; gzz = 2⋅002, Axx = Ayy = 6 G; Azz = 32 G. ∆H0 refers to 
the peak-to-peak line width of the centre line; I0, I1 and I–1 are the amplitudes of the low, 
centre and high field lines in the 3-line spectra of the spin probe. The hydrodynamic 
equivalent spherical radii of the micelles are calculated from the τR values using the 
Stokes–Einstein relation for rotational diffusion motion of the micelles, i.e., 
τR = 4πηRh

3/3KBT, where η is the solvent viscosity, T = 298 K and KB = Boltzmann 
constant. 

Regarding the secondary micellization process, bile salts differ from those of classical 
surfactants. This is because bile salt molecules have the hydrophobic surface at the 
convex side (β side) of the steroid nucleus and the hydrophilic surface consisting of 
hydroxyl and carboxylate groups at the concave side (α side) of the steroid nucleus.  
 

 
 

Figure 2.   ESR of 0⋅1 M bile salts solubilised with the spin probe CSL. 
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Figure 3.   Structures of secondary micelles of sodium cholate (NaC) and sodium 
deoxycholate (NaDC). 

 
Interaction among the hydrophobic faces results in micelle formation 32. Secondary 
micelles are developed due to the aggregation of primary micelles favoured by the H-
bonding forces among the hydrophilic faces. During the formation of secondary micelles, 
rod-like micelles constituting discrete regions of both hydrophilic (H-bonding) and 
hydrophobic bonding exist. In figure 3, schematic representation of the super grown NaC 
and NaDC micelles are depicted with different hydrophobic and hydrophilic regions. 
Commonly the free bile acid molecules are about 20–21 Å long, from end to end. The 
steroid nucleus is not flat but circular in cross-section. The width of the steroid nuclei 
between the α and β surfaces is nearly 3⋅5–4 Å units. Using the effective radius (R) 
value, volume per micelle may be determined 33. Knowing volume per bile salt molecule 
in the anhydrous sodium salt condition is 539 Å3 and 526 Å3 respectively for NaC and 
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NaDC molecules, approximate NBS values are deduced 34. Since SANS estimations 
involve only the hard core radii values and not the hydrodynamic ones, the anhydrous 
volumes of bile salt molecules are considered. In doing so, NBS values per super grown 
micelles are nearly 9⋅0 and 16⋅0 for NaC and NaDC systems. This is one reason for the 
higher intensity of the SANS curve for the NaDC than for the NaC micelle systems 
(figure 1). 

Regarding the structural properties of the secondary micelles, microstructures of the 
NaC micelles as depicted in the scheme coincide well with those reported in the 
literature 35. However bile salt secondary micelles consisting of units of tetramers (b in 
scheme) can be built up along the horizontal way (axis a) through H-bondings or along 
the vertical way (axis b) which is mainly favoured by hydrophobic forces. SANS data 
presently predict hydrophobically grown micelles of NaDC rather than the other form 
which is based mainly on the semi-major axis value of the ellipsoid and is nearly twice as 
that of the NaC when the semi-minor axes are the same. This type of the process of 
growth in the micelle is favoured under high concentrations of bile salts while growth is 
favoured mainly by the hydrophilic forces under high ionic strengths of the medium with 
high concentrations of the counterions 36. Counterion condensation favours micellar 
growth. It is observed that α of NaDC is lower than that of NaC. This indicate clearly that 
screening of coulombic potentials between the micelles occurs to a greater extent in 
NaDC than in NaC. Screened coulombic forces favour hydrophobic binding. Hence rod-
like micelles with hydrophilic bonds at the central axis of the rod, seems the best-fit 
picture of the secondary micelle of NaDC. 

Considering R and Rh values from SANS and ESR measurements, Rh values are found 
to be greater. Values of R are deduced from the core radii values. The discrepancy in the 
value is equivalent to the Debye screening length of the ionic micelles. Thus the 
equivalent spherical radius value evaluated from a and b values when corrected with 
hydration layer thickness, gives comparable Rh values, i.e., the hydrodynamic semi-minor 
(ah) and semi-major (bh) radii values of NaC are (a + κ–1) = 12⋅1 Å and (b + κ–1) = 
22⋅5 Å. The hydrodynamic equivalent spherical radius value calculated from ah and bh 
[= (ah

2⋅bh)
1/3] is 14⋅9 Å. Similarly for the NaDC system the hydrodynamic equivalent 

spherical radius value is 16⋅7 Å. 
These values are in agreement with the Rh values obtained from ESR measurements 

(table 1). The intermicellar interaction potential, U(r)/U(T) in terms of KBT units is 
calculated from the SANS data (table 1) and for NaDC micelles, the values are twice as 
much as those for NaC micelles. Comparing reports on the size and shape of bile salt 
micelles grown as single crystals, the views may be extended as below. The hydrophobic 
axis parallel to the hydrophilic central axis, concentric to the hydrophilic central axis of 
the prolate ellipsoids of bile salt micelles (NaDC), helically winds around the central axis 
if further growth along the major axis takes place. If concentration of bile salt is not very 
high, then short prolate micelles as in the present case would exist in solution wherein the 
helical nature of the hydrophobic axis may not be seen. In such a case, the observed data 
agree well with those of the literature 9. 
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