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The micellar weights of dihexanoyt- and diheptanoyllecithin in aqueous solutions ale calculated from Ii&t scatter- 
ing and ultncentrifugztion data. A monomer-micelle assocation model is used and corrections for the thermodynamic 
nonideality, on the basis of rigid noninteracting particles, are appkd. A few experiments on the influence of high 
NaCI concentrations (up to 3 M) are described. Dihexanoyllecithin forms micelles with micelIar weight of 15 000 to 
20 000 and with rather narrow weight distributions. Diheptanoyllecithin micclles however, have broad size distribu- 
tions with micellar weights of 20 000 up to about 100 000 in the concentration range studied. Micelles are assumed to 
be spherical or to have sphere-cylindrical shapes depending on the molecular weights. Two models are used: (I) a 
compact structure. where no attention is paid to the hydrocarbon-water contact (2) micelles with as little hydra 
carbon-water contact as possible. 

t. LntroBuction 

In the first paper of this series [l] we outlined the 
importance of the knowledge of the aggregation pro- 

perties of short-chain lecithins for the understanding 
of certain biochemical processes. In one of these pro- 
cesses, the enzymatic hydrolysis of lecithins by phos- 
pholipase A [2], it appeared that the kinetics are pro- 
foundly influenced by the micellar structure. 

In this pap& we describe micellar weight determi- 
nations of dihexanoyl- and diheptanoyllecithin, per- 
formed by light scattering and analytical ultracentri- 
fugation. In order to estimate the micellar weight dis- 
tribution the thermodynamic nonideality of the solu- 
tions has to be taken into account. The second virial 
coefficients will be discussed in some detail on the 
basis of the excluded volume of rigid noninteracting 
molecules_ 

2. Methods and materials 

The preparation and purification oi dihexanoyl- and 
diheptanoyllecithin as well as the preparation of the 

aqueous solutions, containing lW2M phosphate buffer 

(pH = 6.9 + 0.1) and variable concentrations of NaCl 
have been described in part I of this series [ I] _ In ah 
mass per unit volume concentrations we assume the 
lecithin to be present as monohydrate. 

2. I. Uitracentrifugatiotl 

tow speed sedimentation-diffusion equilibrium ex- 
periments [3] were performed with Beckman Spinco 
E analytical ultracentrifuges, equipped with Rayleigh- 
and Schlieren optics and RTIC units. The optical parts 
were aligned according to the procedure of Brinkhuis 

et al. [4]. The photographs of the Rayleigh interference 
pattern were read on a comparator (Aus Jena). The 
photographs of the Schlieren pattern were enlarged 
photographically and redrawn. The resulting curves 
were graphically smoothed. The aluminum, Kel F or 
Al-filled epon cells contained an oil layer (FC-43), which 
we added after it was shown that this oil did not dis- 
turb the micellar equilibrium. Experiments were per- 
formed at 24 f 1°C. The individual runs for diC,- and 
diC$ecithin took about 20 hours and 40 hours respec- 
tively _ 
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2.1 Light scatterkg 

Two light scattering instruments, manufactured by 
the SocZtC Franpise d’lnstruments de ContrBle et 
d’Anaiyses, were used. The measurements on dice- 
lecithin were performed with the So&a Photo-Gonio- 
Diffusomatre model 40 000 B, which had been modi- 
fied by Huisman ES]. Experiments on di+lecithin 
were done with the Fica 50. 

The solutions were filtered. mostly under pressure, 
through miiiipore fdters (50 nm or 20 nm) directly 
into measuring cells [S] _ The cells were then centri- 
fuged in a Beckman preparative centrifuge (Model Spinco 

L) at 20 000 rpm, while floating in a mixture of csrbon- 
tetrachloride and petroleum ether or in nearly saturated 
aqueous solutions of sodium nitrate. This Iast solution 

is preferable since organic vapors are easily solubiiized 
in the micelles. 

2.3. Refractive irtdex increments 

The refractive index increments were measured with 
a Rayleigh interferometer (Aus Jena) at h = 546 nm 
and at room temperature (22 f i°C). When experiments 

were performed in aqueous solutions containing high 
concentrations of NaCI, the cell wails were first treated 
with dichioro-dimethylsilane to render the glass hydro- 
phobic and prevent creeping of the salt. 

2.4. Density measuremem 

The densities of the aqueous lecithin solutions were 
measured with the digital density measuring device 
DMA-02/C from Anton Paar (Graz) [6] _ The system 
was checked with KC1 solutions [7] and the experi- 
ments were performed at 25”. During every dilution 
series temperature stability was about f 0.003°C. Re- 
producibility was within f 3 x i+ g ml-t. 

2.5. Vapor pressure ostnometty 

A few molecular weight measurements by vapor 
pressure osmometry were performed on diC,-lecithin 
using the Hitachi Perkin Elmer Molecular Weight Ap- 

paratus Model 115 at 4SS”C and 60°C. The lecithin 
was dissolved in pure water or in l@M phosphate 
buffer_ The osmometer was calibrated with mannitol 
and sucrose. In the concentration range of 5 x IO-S- 

1.5 x 10-t hl sugar reproducibilities of 0.2-0.5% were 
achieved_ 

3_ Light scattering and ultncentrifugation equations 

in order to interpret the measurements in terms of 
an association process we assume the lecithin to be 
composed of several species: monomers and several 
types of miceiies with different micellar agregation 
numbers. We start from multicomponent light scatter- 
ing or uitracentrifugation equations and relate the con- 
centrations of the different lecithin components (spe- 

cies) to each other by association constants afterwards. 
Thermodynamically lecithin is of course only one com- 
ponent. 

One of the equations used [S-l?,) for the light 
scattered by a solution in excess over the solvent scatter- 
ing for ;1 multicomponent system composed of isotropic 
particles with dimensions and interaction distances 
small compared to the wavelength is 

where K’ stands for the constant 3r7n$~A$.jL , no is 
the refractive index of the solvent. Xv is the wavelength 
in vacuum and No is Avogadro’s constant. RgO stands 
for the excess Rayieigh ratio at an angle perpendicular 
to the incident beam (RgO = (3/ 16n) x turbidity) and c 
is the total concentration in mass per unit volume (c = 
Xicj)_ fi equals the weight fraction (= CJC) of a solute 
component i, with molecular weight &fi and refractive 
index increment “i 

“i = (att/aci), T =. _ 

. , 

(2) 

This differentiation is performed at constant pressure, 
temperature and concentrations of all solute compo- 
nents except i. The summations in eq. (1) are performed 
over ail solute components i andj. For an incompressible 
solution the interaction parameterAg is found from the 
change of the activity coefficient rj of component i 

with the concentration of component j. 

(3) 
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The differentiation to concentration Ci (in amount per 
unit volume) is performed at constant temperature, 
concentrations of solute components (except 1) and 
chemical potential of the solvent (,!I,,). The activity 
coefficient,ri stems from the chemical potential of 
solute component i according to 

&. = $(+ z-,C) f RTIn cj7i_ (4) 

The ultracentrifugation equilibrium equation reads 

112,131 

(5) 

R and Tare the gas constant and the absolute tempera- 
ture respectively, w is the angular velocity and pi equals 
the density increment 

Pi = taPlac,), Tc’ - . . (6) 

All other symbols in eq. (5) have the same meaning as 

in eq. (1). The,measured quantities R&K’c and 
(RT/G_&) (dc/dr) will be calIed the reduced toralap- 
parent weight average molecular rverghts: 
thf(af2/a&_,_ or ~~f@piacpw,pp_. 

It is impossible to distinguish between association 
and thermodynamic nonideality from thermodynamic 
data alone. This means that one can only get detaiIed 
information about the association phenomenon after 
accepting a model for the nonideality. In order to cal- 
culate the real weight average molecular weight 

WKid. = Eif;:fifi from measured quantities we will have 
to estimate: 

(1) The second terms on the right hand side of eqs. 
(1) and (5). To obtain these virial terms we need esti- 
mates of(i) thi: interaction parameterA#, and (ii) the 
weight fractionsf;: of the different lecithin species. Both 
subjects will be discussed in section 6_ 

(2) The mean density increment or the refractive 
index increment squared. These are a kind of Z-averages 
as can be seen from the following relation 

3 further interpretation of these increments is given in 
the next section. 

From the total average moiecular weight and the 
monomer concentration the micellar weight can be 

obtained_ Relations for estimating the monomer con- 
centration are also given in the next section. 

4. Association equilibrium 

In this section we assu ;le all lecithin species to be 
in equilibrium with one another. This implies that re- 

lations between the concentrations (or activities) of 
the various species exist. 

An impression of the micellar weight distribution 

can be obtained if the weight and number average mi- 

cellar weights [(M>,.,,k_ = (Ei=>fi/Mi)-’ ] are known. 
The lecithin species are denoted with a subscript i, 
whose value equals the association number. 

If the chemical potentiat of a species is given by the 
relation 

in which ai is the activity of a solute species i, and B,, 
f3,, etc., are independent of i, one can easily prove that 
the following relation between the concentration of 
that species and the total concentration holds 

(9) 

Using this equation one readily obtains the well known 

[14-181 relations for calculating the monomer weight 
fraction,fi , and the number average mokcular weight 
from the dependence of the weight average molecular 

weight on the total concentration 

hlfi =j(Mt,WW.ia_ - L)c-’ dc, (10) 
0 

and 

These equations 2pply irrespective of the relations be- 
tween the different association constants between the 
various associating species. 

Other types of averages can also be calculated. The 
Z-average molecular weight is obtained from 
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The Z-average density increment likewise follows from 

(13) 

It can thus be seen that this mean increment, at con- 
centration c. that has to be inserted into eq. (5) equals 
the measured density increment. The mean refractive 
index increment squared should be calculated from 

the definition 

qatl/ac)*,, = xjpfi t~,“j~jyf~. (14) 
i i 

Due to the high association numbers in micellar systems 
the transition at the CMC is rather sharp. At concentra- 
tions outside the small transition region the Z-average 
increments become indistinguishable from the limiting 
values for monomers and micelles. 

The equations given above apply only for systems 

at constant pressure_ In ultracentrifugation, however, 
pressure is not constant in the cell and varies from one 

experiment to the other. For each separate experiment 

eqs. (9-12) do hold for systems in which the partial 
specific volume of each species is concentration inde- 
pendent, if the reduced molecular weigh& (thus in- 
cluding the factor &#c) are substituted. 

If apparent weight average molecular weights are 
used eq. (11) yields the apparent number average mo- 
lecular weight and eqs. (10) and (9) provide us with the 
first estimates of the true activities cl, or ai (defined 
with the help of eq. (8). 

In general relation (S), however, does not apply [8, 
IO] _ Using classic thermodynamics one can derive for 
an incompressible system the relation (15) between 

the chemical potentials and the coefficients A,- intro- 
duced in eq. (3). 

pj = &P, T, c’) f RT In c. I 

+ RT &Q’(A, - ri)ci + _._._ 
i 

(15) 

Vi equals the partial molal volume of species i In sec- 
tion 6 r!ealing with the second virial coefficieer a simple 
model for calculatingA# will be described. The model 
is based on rigid non-interacting solute molecuIes_ It 
has often been realized 119-221, that eq. (15) (neglect- 
ing vj) reduces to eq. (8) for rigid long cylinders with 
equal radii. In the case of spherical solute molecules 
Bt in eq. (23) is inversely proportional to the molecular 

weight. It can however be shown that the errors involved 
in using eq. (9) through (13) are often small, especially 
in micellar systems. 

5_ Micellar weight distribution 

In the preceding section an equation (11) has been 
given to obtain the number average from the weight 
average molecular weight. This equation holds for the 

total molecular weighht and for the miceliar weight. The 
ratio Q = Oli)Wjdmic./Uf)ntiidmic. for the real (often 
called ideal) micellar weights is a measure of the width 
of the distribution_ The standard deviation u, around 
the number average molecular weight for an arbitrary 
distribution is given by [23] 

on/OWn = (Q - I)“*. (16) 

The actual weight distribution depends on all associa- 

tion constants, but these are generally unknown unless 

experiments of extremely high accuracy and a very 
detailed model of the association behaviour are avail- 
able_ 

Wide molecular weight distributions are expected 
if the association constant K for different micelles are 

about equal 

K=C,,,IC,C,- (17) 

C,, stands for the mokr concentration of a micelle con- 
taining II monomers. Equal values of K are likely to ap- 
pear, if the micellar structure strongly departs from the 
spherical shape and lead to Q values of 2, as has been 
shown in several papers [ 18,2 1,24,25] _ This model 
also leads to a linear increase of the micellar weight 
with the square root of the micellar concentration. 

In the calculations of the second virial coefficients 
we would like to use actual values for the concentra- 
tions of the various micelles. Instead of making as- 
sumptions about the various association constants we 
assume that the Schulz distribution function f13,26] 
applies. This is a two parameter function which is easy 
to integrate_ One of the variables can be expressed as 

cni>,l~fi, 

(18) 
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where fQV) stands for the weight fraction of the mole- 

cules with a molecular weight M, 

6. Second virial coefficient 

Details of the micellisadon phenomenon can only 
be obtained after estimation of the coefficients of the 
second terms on the right hand side of eqs. (1) and (5). 
These terms conrain next to the weight fractions the 
interaction parameters AJ_ Evaluation of this last 

quantity is actually the basic problem. 

6.1. Imeractiort parameter Aii 6.2. IVeigIrt fractions of the uarious species 

As the electrostatic dipole intermicellar interactions 
are probably quite small one may visuatize the micelles 

as rigid noninteracting particles. Aii is related to the 

pair correlation function [8, IO] and can in this sim- 

plified case be calculated from the mutual pair excluded 

volume. Isihara solved this problem for molecules of 
arbitrary size and shape. The relation for A6 (defined 
in our concentration units) reads 

The monomer concentrations and the total micellar 

concentrations can be evaluated with the help of eq. (IO). 

The weight fractions of the different types of micelles 

can be estimated from an assigned distribution func- 
tion_ We have assumed the Schulz distribution (eq. (I 8)) 

to apply. The two independent parameters in that rela- 
tion can be obtained from the weight and the number 
average micellar weight. 

A@. = No [Ui + ui + (ll47r)(X& + I#]. (1% 

where Ui stands for the volume of a molecule i with sur- 
face si, and Xi equals the integral over all orientations 

w ofHi, called the supporting function_ 

xi= Hjdw. 
J (20) 

For simplicity’s sake we will assume the lecithin mono- 

mers to be spheres and the micelles to be spheres or 
spherocylinders. The geometry of these molecules is 
given in fig. I and the definition of Hi and the relations 
needed to cakulate A@ are given in table 1. lf there is 
a distribution in micellar weights we assume the spherc- 

cylinders to have equal radii and different lengths and 
the spheres to have different radii. These models will 
be discussed in more detail in section 9. 

Fig. 1. Geometry of a spherocylinder. 

it will be important that the value of the second 
virial coefficient is not too sensitive to the actual ap- 

plied distribution function_ The influence of the width 
of the distribution can readily be found by solving the 

second terms of eqs. (1) and (5) for different geometric 
models (different relations for Ag in eq. (19)) and poly- 
dispeaities. The virial coefficient for mixtures of sphero- 
cylinders with equal radii and weight average molecular 
weights is independent of the width of the distribution. 

Table 1 

Size and shape parameters for the calculation of the interaction 
parameter Ai 

Sphere Spherocylinder 

u 
4 3m3 

4 gzu3 f zra’f 

s 4za2 4nn2 f ZnnI 
H a a + ~Icose 

Y 4rs Amz -cd 
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For mixtures of spheres with equal partial specific vol- 
umes iT the nonideality coefficient decreases with in- 
creasing width. Assigning a vaIue of 8 ic’, E to the total 
excluded volume of a monodisperse system we find at 
bf,#f,=2 a volume of 739 Mwij and at &,/.lcr, = CQ 
a value of 6.84 &fWU_ 

7. Procedure for calculatirkg micelIar weights 

We will now discuss the actual procedure for calcu- 
lating the miceilar weights from light scattering data- 

We start from the plot of the reduced total apparent 
weight average molecular weight (Rgo/K’c s 

~f(~~Z/~C)~}~~~~*) versus the tot& concentration and 
divide these “molecular weights” by the average re- 
fractive index increment squared and obtain the values 

for C%&.~Pp__ The values for ((aa/ac}*>, near the CMC 
are calculated using eq. (14) from estimates of the 
monomer concentration (eq. (1 Cl)), micellar concentra- 
tions, association numbers and the refractive index in- 
crements measured at concentrations well outside the 
CMC region. 

The values from the resulting curve of <M>Y2Pp_ 
versus c are now used in eqs. (10) and (1 l), smce these 
equations can also be used when substituting apparent 
values, as stated there. We now arrive at the monomer 
activityft,, the apparent weight average micellar weight 

~f}~=~~.~~. and the apparent number average miceliar 
weight Gf>napp~k._ The following approximation was 
used: 

The values of Gf jwXPPntk_ should provide us with the 
information necessary to estimate the shapes and sizes 
of the micelles, while the values for (lM),.,lppsnk_/ 

~i}~=~~.~~. give us an estimate of the polydispersity 
of the micetIes. Using the Schulz distribution (eq. ( f 8)). 
the monomer concentration and the values for Al from 
geometric mcldeis <eq_ (19)), the summations in the sec- 
ond virial coefficient of eq. (1) can be carried out. In 
most cases the summations can be replaced by integrals. 

After the reduced total ideal weight average moiectr- 
Iar weights are calculated we start micellar weight esti- 
mations by again using eqs. (7), ( IO) and ( 11). The re- 

Firs. 2. Procedure for calculatin!: the ideal micellar weights from 
reduced apparent total weight avenge molecular weights. 

Cycle 1. The apparent weight and number avenge micetfar 
weights arc obtained from the totat apparent molecular weights 
with the help of eqs. (101 and (1 I). At concentrations near the 
C;\IC an iteration procedure is used to calculate (~~r/ac} from eq. 
(14). From the weight average miccltar weights the micellar 
shape and size is estimated. This leads to the first approxima- 
tion of the interaction parameter “ii (eq. 1.19)). The parameters 
of the distribution function~(~~~} (eq. (18)) ore obtairted from 
3 compariso:! of the number and weight ttvcrage micellar weights. 

Cycle 2. Introduction of the weight fractions. the values of 
Aii and (iJr&c) in eq. f l 1 leads to estimates of th’c idea1 total 
molecular weights from which the micethr weights are obtained. 
An iteration procedure provides us with better estimates of Ali. 

stdting micellar weights provide us with a better estimate 
of the second virial coefficienr and weight average mi- 
cellar weights are obtained usi!=: .. sr:fficient number of 
iterations. This whole procedure is schematically given 
in fig. 2. 

. - 

Evaluation with the help of eq. (IO) of the micellar 
weight at a certain concentration above the CMC re- 
quires the knowledge of the total average molecular 
weight at all lower concentrations. 

If we want to keep the time to reach equilibrium 
within reasonable limits we have t:, use small solution 
coh~mns (around 3 mm), urhich allow only a modest 
concentration range in one experiment. Experiments 
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with various starting concentrations but with overlap- 
ping equilibrium concentration ranges are performed. 
At the lowest concentrations tie highest speeds are re- 

quired in order to get an optimal resolution. 
The hydrostatic pressure in the solution columns 

therefore varies from one experiment to the other. 

Since the partial specific volume of monomers and mi- 
celles differ the association equilibrium is pressure de- 

pendent. This leads to ti nonsuperposition of the plots 
of (~tf apjac)w,pp_ against c from different experiments 

{32] _ In this case the miceilar weights should be cal- 
culated for every experiment separately, but this de- 
mands an extremely high accuracy. Moreover, the theo- 
r*tical pressure effects in our case result in a nonsuper- 
position of a few percent at most, as follows from some 
estimated numerical data for diC6- under our experi- 
mental conditions. At the lowest concentration and at 
the bottom positions in the cells a maximal pressure of 

17 atm prevailed. The measured total average molecular 
weights are smaller than the molecular weights if ob- 
tained at 1 atm pressure [32]. At total concentrations 
of 8 mg ml-l, 11 mg ml-* and 20 mg ml-’ the decrease 
of the molecular weight due to the pressure is only 4%, 

2% and 0.5% respectively. The calculated effects for 
diC,- are even much smaller. We therefore negect the 
pressure effects and plot (M W~C~,,~~_ vaIues versus 
c from different experiments on one curve and analyse 
this curve in a manner completely analogous to the 

method used in interpreting the light scattering data. 

8. Results 

8.1. Refcactive index increment 

The change in the refractive index of the solution 

with iucreasing lecithin concentration can be described 
by two straight lines, intersecting near the CMC. The 
curvature near the CMC extended only over a very small 
concentration range. The expression for the refractive 
index change above the CMC is given by 

&I = (af2/acjp TV t II, (22) 

and we may identify this increment with the micellar 
refractive index increment (&r/&z),. The increment 
for monomers will be abbreviated with (an/&), _ In 
table 2 the values of the increments and of the constant 

a are given for diC6-lecithin in aqueous solutions con- 
taining various NaCl concentrations and for diC,- 
lecithin. The value for diCg-lecithin is also included for 
comparison_ In this special case it is not pcssible to 
measure the increment at room temperature in electro- 
lyte free (or dilute buffer) solutions, due to the ap- 

pearance of a phase separation (to be published). 
The decrease of the refractive index increment 

(an/at), - (alz/ac), of the lecithin with increasing salt 
concentrations can be explained by taking the increase 
of the refractive index of the medium tt, - tzo into ac- 
count_ Assuming the refractive index of a solution to 
be a linear function of the volume composition of the 

various components the foIlowing relation holds [ 12, 

331 

(afz/acjs - (alz/ac), = -tfLS - lzo)~. (23) 

iJ equals the partial specific volume of the lecithin_ In 
table 2 we also give the values for the refractive index 

increments caiculated from this equation, using the 
partial specific volumes and the refractive index incre- 
men ts both measured in 1 O-2M phosphate buffer_ 

8.2. Density measurements 

S In plotting density values p versus lecithin concen- 
trations straight lines intersecting near the CMC were 
obtained_ As in refractive index measurements only a 
slight curvature near the CMC was found. From the 
slopes of the Iines the partial specific volumes 5 and the 

partial molal volumes 7 were calculated [ 12]_ The data 
for diC,- and di+lecithin are given in table 3_ 

By subtraction of appropriate values from each other 
the volume of a mole CH, and the volume change during 
micellisation are found. These values compare favorably 

with data for other soaps studied by Corkill [34]. 
In the last column of table 3 we added for comparison 

the molar volumes calculated from data of longer chain 
lecithin homologues in the L-cu liquid crystalline phase 
(3%-371. 

8.3. Vapor pressure osmometry 

We only succeeded in measurements of molecular 
weights by vapor pressure osmometry at concentrations 
below the CMC for di&-lecithin. Up to a concentration 
of about 6 mg ml-t a molecular weight of 471 i- 2 was 
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Refractive index increments for three lecithin homologues 

tccithin M NaCl 

observed an/at (ml g’ ) 

c < CMC c > CMC 

aX IO6 

c > CMC 

anlac [es_ (2311 

c > cxtc c > CMC 

diC6- 0 0.132(0.001) =) 0.126(0.001) 37 

1 0.I2~(0.001) 0_113(0_00L) 31 0.124 O.lIBd) 
2 0.117(0.002) 0.1073(0.001) 19 0.116 0.110 d) 

3 0.111~0.002) 0.0997(0.00 1) 12 0.109 0.102 d, 

diC7- 0 0.136(0.002) 0.125(0.001) 11 

diCa- Ob) 0.125(0.002) 

0=) 0.118(0.001) 0.119 e’ 

a) 

b) 
The numbers between brackets are the standard deviations from least square straight lines. 

c, This value W&IS obtained by extrapolating measurements from hi& temperxtures (SO-90%). 

d) 
Measured in solutions containing 0.2 M Lit. 

CaIcuiated on the basis of measured values in salt free solutions. 
e, Corrected for the LiI effect from extrapolated measurements at hi& temperatures (to be published, see also ref. [ I]). 

obtained, which is in perfect agreement with the mono- 
hydrate monomer molecular weight (47 1.5). This means 
that there is no substantial pteassociation. At higher 
concentrations measurements were progressively less 
reliable, probably due to decomposition of the lecithin 
and the formation of the more volatile caproic acid at 
the high temperatures: 48S”C and 60°C. The osmo- 
meter signals became unstable and the calibration con- 
stant showed sudden jumps, leading to too small appar- 
ent molecular weights. 

8.4. Calibratiotl of the light scatterirlg itmrtmefw 

The following systems were used in the calibration. 

(a) Lysozyme (Boehringer & Soehne, for analytical 
purposes)_ The protein was dissolved in a Na2HPOa 
(0.056 M) - citric acid (0.07 1 M) buffer (pH = 3.7) to 
suppress dimerisation [38] _ The molecular weight was 
found from ultracentrifugation equilibrium experiments 
and was in agreement with other physical analyses [39) 
and with the chemical analysis [40] _ 

Table 3 

Density increments and modal volumes of dihexanoyl- and dihepfanoyllecithin 

a&c 

Lecithin c < ChfC c > CMC 

F2 (ml mole-’ ) 

c < CMC c > CMC 

TCH~ (ml mole’ ) AT* . v, 

c < ChfC c > CMC micellisation L-a 

dicfj- 

dic7- 

0.1513(0.0007) 0.1324(o.a007) 401.3(0.4) 4 10.3(0_4) 9.OtO.6) 411.3 

0.139 (o.ao3) o.ii03(0.0005) 431.4(M) 445.8(1).3) lS(1.6) 17.7(0.5) 14.4( 1.6) 443.8 
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(b) PLxtoglobulin*. Crystalline bovine lactoglobulin 
was dissolved in I o-3 M EDTA (pPH = 6.0), 0.2 M NaCl 

The results for diC6- and diCii-lecithin are plotted 
in figs. 3 and 4. The experiments on diC,- were very 

and dialyzed for 24 hours. The concentrations were poorely reproducible. This large nonsuperposition of 
determined by absorption measurements (E.$T. = 9.1) the curves cannot be explained on the basis of the pres- 
[4 l] _ The refractive index increment was taken [41,42] sure influence on the association equilibrium and is 
to be 0.182 ml g-t . The dimer molecular weight [41] probably due to traces of impurities or to decomposi- 
was found by ultracentrifugation (36700). tion of the lecithin during the 40 hours centrifugation. 

(c) 12-Tungstosilicic acid (Merck, pa.). The calibra- When analysing average molecular weights of diC,- at 
tion constant from TSA in aqueous solutions contain- the meniscus and the bottom of the cell at shorter time 
ing 0.3 M or 1M N&l was obtained by extrapolation intervals (Archibald method) this “decomposition ef- 
to infinite dilution. The refractive index increments fect” has in fact a few times been observed_ The direc- 
from literature were used 1431 (0.100 ml g-1 and tion of the change of the molecular weights was. how- 
0.0972 ml g-l respectively in 0.3 M and 1 M N&l)_ The ever, not always the same. In two experiments a slight 
water content was determined with the heIp of Karl increase, while in one other a larger decrease was found. 
Fischer titrations_ Seven experiments, indicated with dots in fig. 4, show 

(d) Sucrose (BDH aristar). The measurements on a molecular weight-concentration dependence basically 
sucrose were also extrapolated to infinite dilution, using different from the results of the other nine experiments. 
the same dependence of K’ (eq. ( 1)) on the refractive These deviating lines are curved upwards or have a very 
index of the solution as Maron and Lou [44] did. Con- pronounced S-shape. Such plots are often obtained in 
trary to Maron and Lou and Mijnlieff 1451 we found experiments where the sedimentation equilibrium is not 
no substantial depolarisation (pu Q 0.01). reached or in cases where the micellat equilibria are 

All calibration constants agreed within 1.5%. Compa- disturbed by impurities. 
rison of the calibration constants obtained from the 
aqueous solutions and from benzene leads to the con- 

The measured values of Uf 8p/ac1,,Pp_ from all ex- 
periments were averaged and a smooth curve was drawn. 

clusion that the influence of the refractive index of the The standard deviation of the experimental points around 
solution on the calibration constant is much less than 
the theoretically expected [46-48) ,r’ (actually we 

this mean curve is 5 to 7%. An other average curve was 
obtained by excluding the seven experiments marked 

obtained a value quite close to II). This might partially with dots. The standard deviation now is around 3%_ 
be caused by the fact that the photomultiplier does see The resulting mean curves of diC,- and diC,- were 
past the incident beam [49] _ graphically extrapolated into the CMC region,As a 

guide in this extrapolation CMC values from surface 
8.X Alicellar weigfzr derennimrions tension measurements [ 11 were used_ThesevaIues are 

indicated by arrows in figs. 3 and 4. After analysis of 
8.5. I. Ultracerttrifugatiorr equilibrium the entire curves with the help of eqs. (10) (modified 

in analysing the data from equilibrium experiments so as to contain apparent quantities), (13) and (21) the 
use is made of the interference and the Schlieren pattern. apparent micellar weight-concentration dependence 
The fringes and the refractive index gradients were con- is obtained. The results are plotted in figs. 5 and 6. The 
verted to concentrations or concentration gradients broken lines in fig. 6 from uitracentrifugation were ob- 
respectively with the help of eq. (22). We thus ignore tained by taking all results from fig. 4 into account. If 
the influence of the pressure on the refractive indices only the nine more well behaved experiments are used 
and index increments_ The reduced total’apparent weight the micellar weights equal the data from light scattering. 
average molecular weights at concentrations above the At micellar concentrations below 4 mg ml-1 the micellar 
CMC and at different positions in the cell were calcu- weights are dramatically influenced by slight changes 
lated with tie help of a computer program of KetelIapper in the extrapolation of the total average molecular weight 

1501’ to the monomeric region. By trial and error extrapola- 

* The c-lsctoglobulin teas a generous gift of Dr. T-A-J. Payens tions were found that yield acceptable miceBar weight 

of the Netherlands institute of Dairy Research, Ede. The against concentration plots. The sudden increase in 
Netherlands. micellar weight going to very low micelle concentrations 
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Fig. 3. Results from five ultracentrifugation experiments on diC,-lecithin in aqueous solutions containins 16’51 phosphate buffer 
(pH = 6.9 f 0.1). In this figure and in figs. 4 and 7-10 the arrows iidicate the CMC obtained by surface tension measurements [ I]. 
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Fig_ 4. Results from sixteen ultracentrifugation experiments on diC+citbin in aqueous solutions containing lo-* hf phosphate 

buffer (pH = 6.9 + 0.1). 
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163X<M>w app. micelle 

I 
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0 

I I I 1 I I I 
0 2 4 6 8 10 ‘12 

diCG- lecithin micelieconc.(mg /ml) 

Fig. 5. Apparent weight average miccl!ar weights as a function 
of the diCh-micellar lecithin concentration. The broken line is 
derived from ultracentrifugation experiments (dilute buffer so- 
lutions). The fully drawn Iines are obtaini-d from light scatter- 
ing, the solutions contained various NKCI concentrations next 
fo the phosphate buffer. 

is caused by mathematical difficulties in the numerical 

integration in eq. ( 10) and has no physical significance. 

In fig. 7 the R,, values for diC6-lecithin in 0. 1.2 
and 3 M NaC! are shown and in fig. 8 R,, for diC,- in 

0 and 3 M NaCl is plotted. Owing to the limited quantity 
of diC7-lecithin, we calculated the value for the refrac- 

tive index increments in 3 M NaCI, with the help of eq. 
(23): (&z/ac), = 0.112 and (&r/ac), = 0.10 1 _ This may 
have introduced systematic errors of a few percent. 

The plots of R&K’c for concentrations above the 
CMC are shown in figs. 9 and 10. The values for concen- 
trations below the CMC are consistentfy too high, prob- 
abIy due to some dust. Owing to the limited quantities 
of the lecithins we used as little material as possible and 
prepared stock solutions in the light scattering cuvettes. 
DiIutions were carried out in the cells and by the time 
the CMC was reached, after three to five dilutions, the 
dust level was mostly too high (dissymmetry z = 1.03 
to 1 _CM)_ The curves were extrapolated to the CMC in 
a manner completely analogous to the procedure used 
in analysing the ultracentrifugation data. The apparent 
micellar weights were obtained with the help of eqs. 

I I 1 I I I I I I I * 

4 8 12 16 20 
diC,-iecithin micelle cone (mg /ml, 

Fig. 6. Apparent weight and number average micellar weights of diC-&cithin as derived from light scattering tl.r -) and ultra- 

centrifugation (u.c. - ---)_ The arrows (:) indicate the standard deviation of the ultracentifugation data around the mf%n valuzs. 



195 

I I I t I I 1 I I I 1 
0 8 10 12 14 16 18 20 

dice-Lecithin cent. (mg/ml) 

Fig. 7. It(3yteigh ratio (Rpo) as a function the diCs-lecithin concentration in aqueous solutions containing in addition to the phos- 
@ate buffer (lo-* hi, pH = 6.9 2 0.1) various concentrations of NaCl. (&,I: 0 M, (*I: 1 bf, (0): %f, Coj: 3M NaCl. 

F&- 8. RaYleish ratio &a) a~ a function of the diC7-lecithin concentration in aqueous buffer solutions containing o hf (a) and 
3M NaCl (A). 
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M 

NaCl 

I. I.. I. * * * I r 1. I I m - * * I 
0 5 10 15 20 

1.1 3.75 69 diC 6-Lecithin CCXK (mg /ml) 

Fig. 9. Reduced apparent total weight average molecular weight of dice-lecithin as a function of the lecithin concentration in buffer 
solutions containing various Nail concentrations. (0): 0 hf. (A): 1 hf. (0): 2 M, (0): 3 hf Nail. 

(lo), (13) and (21) and are also plotted in figs. 5 and 
6. 

9. MicelIar models 

9.1. ciiC,+ecithin 

The apparent micellar weight of diC,- (fig. 5) shows 
a slight decrease with increasing concentrations, due to 
nonideabty. Applying eq. (I I) to these apparent mi- 
cellar waights then leads immediately to (iCi)w,ppmk_/ 

Wxqp.mic. < l_ A further analysis is only possible after 
correction for nonideaiity. As a first approximation we 
assume the micelies to be monodisperse. For the shape 
of the miceiies we use two simple and rather extreme 
medeis: (I) a compact sphere, in which the whole ie- 
cithin molecules are accomodated, (II) a spherocylinder 
wi$h a pure hydrocarbon center [5 1 I _ The length of the 

molecule depends to a great extent on the unknown 
orientation of the polar group (see, e.g., Cadenhead 
et al. [521 and their references). We will use a length, 
in the radial direction, of the polar part of 8 to 11 &. 
This polar part includes the carboxylic groups and the 
gfycerylphosphoryicholine and has a maximal extended 
iength of about 14 A, as determined from molecular 
models. 

9.1.1. Afodel I: Compact sphere 
From the measured partial specific volume of the 

lecithin miceiles and the micellar weight (z 15 000) a 

radius of 18 A is found. This value is quite reasonabIe 
in view of the length of the monomer. To calculate the 
excluded volume of the lecithin species we also have to 
take the hydratation of the polar groups into account 
[53], with the heIp of 
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ot t 2 4 6 6 10 12 14 16 18 . I 

diC7- lecithin cont. (mg / ml 1 

Fig. 10. Reduced apparent total weight avenge molecular weight of diC,-lecithin 3s a function of the lecithin concentration in 
aqkx~s buffer so&ions containing 0 $1 (a) and 3 M (A) N&I. 

where El3 is the volume per gram hydrated lecithin. hi 

is the partial specific volume and 6 is the hydration in 
gram water of density 1 per gram lecithin. The literature 
values of the hydration vary from 7 to 20 water mole- 
cules per lecithin molecule, depending on the method 
used (see, e.g., refs. [N-57] and references quoted 
therein). A value of IO water moIecules per molecule 
lecithin seems quite reasonable_ The influence of the 
hydration layer on the calculated values for the ideal 
micellar weights is small (a few percent at the highest 
lecithin concentration). Using this model of hydrated 
spherical monomers and monodisperse micelles the real 
weight average micellar weights were calculated and 
plotted in fig. 11. 

9.1.2. Model II: Spherocylinders 
One can visualise the micelles in an alternative model, 

where the contact between the hydrocarbon part of the 
molecules and water and the polar parts is avoided [S 11 _ 

Using the equations [S I] for the hydrocarbon volume 
d (eq. (25)) and the maximal radius r of the hydrocarbon 

1lP x<M> w id. micelle 

3M 

14- 

I I I I I I 
0 2 4 6 a 10 12 

di C6-lecithin micek cont. (mg /ml) 

Fig. I1 _ diCs-Lecithin ideal miceilar weights as J function of 
the micellar concentrations. The apparent miceI[ar weights are 
idealised using the compact sphere model (see section 9). The 
broken line represents ultracentrifugation data. the full lines 
stem from light scattering. 
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42 A 

Fig. 12. St&on through the diCg-lecithin micelle model. Circle 1 represents the contour of the compact sphere (radius = 18 A). 
Circle 2 is the contour of the hydrocarbon core with radius 7.8 A and a volume large enough to contain 6.8 monomers. Within the 
volume surrounded by 3 the hydrocarbon parts of 34 monomers (micellsr weights 16 000) can be situated. The volume within 4 
is the minimum to contain 34 hydrated lecithin molecules. 

core (eq. (26)) one fTnds that a spherical micetle of diC, 
can accomodate only 6 to 7 monomers. 

v=27.4+26.9x2xnA3, (25) 

r= l.S+ 1_265xni%, (26) 

n is the number of carbon atoms per chain participating 

Id3 x <kg, id. micelle R=l5A 

20 c 3M 

in the hydrocarbon core ( for diCs : II = 5, v = 296.4 A3, 
r= 7.8 I%). As the micelles howexr contain about 35 
monomers the geometry has to depart from the spherical. 
For simplicity’s sake we introduce the STherocylindrical 
model. We now have to choose the outer radius R of 
the spherocylinder. We use two values R = 15 A and 

R = 18 A. From the molal volume a value for a of 11.2 
18 would suffice, but this seems impossible without a 
great strain on the chemical bonds in the lecithin mole- 
cule. The spherocylindrical model is shown in fig. 12 
and the calculated ideal miceliar weights are shown in 
figs. 13 and 14. 

16; x <M>w id. micelle R.18 a 
3rd 

I I I I 8 8 0 2 4 6 6 10 12 

diC d-lecithin micelk cont. (mg /ml) 

Fig. 13. Weight average micellar weights. From light scattering. 
as a function of the diC&ecithin micellar concentration. in 
aqueous so1utior.s containing various NaCl concentrations. The 
micellar weights are corrected for non-ideality using the sphere 
cylinder mode1 (see section 9.1.2) with a radius of 15 A. 

I I ‘ I I I I 

0 2 4 6 8 10 12 
dicgkcithh micelle conc. <mg/ml) 

Fig. 14. Same as ‘Fit. 13. now for R = 18 A_ 
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9.2. &CT-Lecithin 

The apparent micellar weight increases with concen- 
tration (fig 6). This system is ciearly polydisperser 
Gfi wappmi&%appmic. 2: 1.5, as calculated with eq. 
(11). The ratio for the ideat average molecular weights 
will be higher and we use as a first approximation 

G%f )**J/ot} rudmic_ = 2. This simptifies the SchuIz . 
distribution function eq. (18). Again we use two models 
for estimating the interaction parameter A+ 

9.2.1. Model I 
In analogy to the compact sphere of diC,-lecithin 

we assume the maximal compact sphere of diC+ecithin 
micelles to have a radius of 19 A. These micelles can ac- 
commodate about 40 monomers (G%Z1wmk_ = 20 000). 
As the micelles grow far beyond this vaiue, we assume 
the larget micelles to be spherocylinders with radii of 
19 R and different lengths. Again a hydration of 10 
water molecules per lecithin molecule is added. We also 
assume spherical micelles with association numbers 
between 2 and 40 to be present. This last assumption 
has a very minor effect on the second virial coefficients. 
The calculated ideal weight average miceUar weights are 
shown in fig. 1s. 

140 

0 

z 120 

- F 
v 
E 

3M.NaCl 

m 19 A 

lO-‘X <M)w id. micelIe 
140 

r 

Fig. 16. Ideal we&M average micellar weiats of diC&cithin 
as a function of the root of the ratio of micelIar and monomer 
concentration. The molecular weights are idealised using the 
compact micelle model (see section 92.1). The dotted line 
(-*--I is derived from ultracentrifuption (only buffer present). 
The full line (- 1 and the broken line (----) were ob- 
tained from light scattering in 0 M and 3 hl NaQ respectively. 

/IL R=19 %. 

1 I I I I I I I I 
0 2 4 6 8 10 12 14 

I 
16 1s 

diC ,- lecithin micelle cant. (mg /ml) 

Fig_ LS. Weight average micellar weights of diC+zcithin as a function of the miceliar concentration. In 0 hI and 3 M N&S (upper 
set of curves). The dotted lines represent the apparent weights. The broken lines I are obtained from the compact micelle model 
(type I) and the full drawn lines If and Ii1 are derived from the spherocylinder model <type 11) with radii of 16 X and 19 A respec- 
tively and with as little hydruc&on-water contact as possible. 
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9.2.2. Model II 

Avoiding the hydrocarbon-water contact in sphero- 
cylinders with hydrocarbon core radii of 9. I A leads to 
much longer micelles and greater second virial caeffi- 
cients. In analogy to the diCg-micelle we assume an 
outer radius of 16 !i and 19 A. Results for the ideal 
molecular weights are shown in fig. 16. 

10. Discussion 

IO. 1. Rlicellar weights 

In analysing micellar weights the association model 
is seldom used, partly due to the complication of the 
slight increase of the monomer concentration at total 
concentrations above the CMC. Usually miceliar weights 
are evaluated with the assumption of a constant mono- 

mer concentration, for example in the so czlIed Debye- 

The results of diC6-lecithin, where the CMC is rela- 
tively high, are, however, significantly different when 
calculated by both methods, as can be seen from table 

plot [58 1 in light scattering H(c -CMC)/(r - rr-cwc) 

4. The second vitial coefficients given there are calcu- 

versus c - CMC. This last method does give accurate re- 

lated from the apparent micellar weights (Eg_ 5) with 
the help of the relation 

sults at high micellar concentrations in respect to the 
CMC. 

07) 

Tab Ie 4 

Micellar weights of dihexanoyilecithin in aqueous solutions con- 
taining various NaCl concentrations 

NaCl cont. Debye-plot Association model 
(Ml 

0 13200 15400 
1 14100 16200 
2 14700 16350 
3 15500 16300 

Viriai coeff. 
2Bx 104 
(mole ml g2) 
Association 
model 

_ 

5.7 * 0.1 
5.0 f 0.2 
4.7 i 0.3 
1.6 f 0.1 

In this equation (M),,,, equals the micellar weight, 
linearly extrapolated to micellar concentration zero. 
In this case the weight average loses its significance, 
since calculating the virial coefficient in this manner 
implies a monodisperse system. Analysis from the Debye- 
plots reveals no significant virial coefficient (2B < 1W5 
mole ml g2), because the plots of the turbidities versus 
the total concentrations are straight lines (fig. 7). This 
situation is also found in other micellar systems, es- 
pecially with nonionic or zwitter-ionic surfactants 

[59-611. 
DiC7-lecithin gives Debye-plots with a negative virial 

term, which implies a polydisperse system. 
It is essential to have a model for calculating the 

second virial coefficients. In this article we have used 
the simplest possible model: an excluded volume based 
on rigid noninteracting particles. The geometric models 
for the micelles have been discussed in detail in section 9. 

Our simpIified approach does seem to give answers in 
the right order of magnitude as can be seen from the 
diC6-lecithin results (figs. 5, 11, 13, 14) where the de- 
crease in the apparent molecular weight completely 
disappears upon idealising the molecular weights_ 

From the graphs we may conc1ude that the diC6- 
Iecithitz micelles have rather narrow weight distributions, 
at least compared to the diC7-micelles (to be discussed 
below). An impression of the width of the distribution 
can also be obtained from the ratio Q = GWwiamk/ 

~kdlnic.~ as has been discussed in section 5. The lowest 
significant value for Q that can be obtained with our 
experimental methods is around 1.04. The highest values 
for Q are obtained for the spherocylinder (model II) 
with a radius of 18 k at a total concentration of 19 
mg ml-1 (micellar concentration = 12 mg ml-l) we ob- 
tain Q = 1.06 for the NaCl free solutions and Q = I. 1 
in the presence of 3 M N&l. 

diCTlecithin micelles are clearly very polydisperse 

with Q values around 2 (see figs. 6, 15). Using the sphero- 
cylinder (model Ii) with little hydrocarbon-water con- 
tact and radii of 16 A and 19 A we find at a total con- 
ten tration of 16 mg ml-1 (micellar concentration = 
15.2 mg ml-‘) Q = 2.1 and Q = 2.0 respectively_ For the 
more compact and shorter micelles (model I) we fmd 
Q = 1.7. As pointed out previous1y (section 5) these wide 
distributions are obtained if all association constants 
leading to different types of micelles are about equal. 
The micellat weight is then proportional to the square 
root of the micelIar concentration_ In figs. 16 and 17 
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Fig. 17. ldealised weight average mice&r weight of di~7-lccirhin 
from ii&t scattering. The full lines are derived from NaCt free 
and the broken lines from aqueous sotutions containing 3 Xf 
NaCL Two different radii of the spherocylinders (R f 16 X and 
R = 19 A) with as littIe hydtocarban-water contact as possible 
are used (see section 9.2.2). 

we have plotted the ideal micellar weights calculated 
from our different models against (C,k.C,0,,_)*~2_ 

The results of the experiments performed in 3 M 
NaCI, where mice&c weights increase much more 
steeply with the micellar concentration than in 0 M 
Nat.21 (figs. 13 and 14) are now very close to the data 
obtained in NaCI free solutions. This could mean that 
ail association constants increase in the same way with 
increasing salt concentrations, by a kind of salting-out 
mechanism [I, 621. 

IO.2 Momtner cmcemrut~on of diC&lecithi,r 

Althmgh the miceiiar weigftts obtained from light 
scattering and u~trace~t~fugation agree wry wetI with 
each other the monomer concentrations differ signi% 
cantly. The calculated results are shown in fig. 18. The 

CMC obtained from ultracentrifugation is 7.0 mg ml-f 

and is in fair agreement with the CMC as obtained from 
surface tension measurements [ 11 (6.9 mg ml-l )_ Light 

scattering gives a CMC of 6.2 mg mF. The three points 
in fig_ I8 have been cakuIated from surface tension 
measurements I11 by ~~t~~olation of the linear part of 
the 7 versus Iogc curve below the CMC. To explain the 
differences between these data several hypotheses can 

Fiz:. 18. The monomer concentration of dice-lecithin as ZI 
function of the totat lecithin concentration. The full tine is 

cafcufated from Ii&t scarrering, the broken line from uftracen- 
trifugation. The three dots were obtained from surt%ce tension 
measurements f I 1. 

be proposed in connection with the presence of dust 
in light scattering or decomposition of the lecithin in 
centrifugation experiments. but no definite opinion can 

yet be given. 
If the monomer conc~l~tratio~ as 3 function of the 

total concentration is accurately known miceitar weights 
can be estimated. We made some calculations for diCg;- 
lecithin in 3 M N&l using the surface tension data [ l] 
and the monodispers micellar model with no thermo- 
dynamic nonideality. After curve fitting a micellar 
weight of 17 000 + 1 000 was obtained, which is in re- 
markable agreement with the light scattering data. 

Il. Conclusion 

The association of diiexanoyllecithin leads to the 
formation of mice&s with an apparent measured mi- 
cellar weight of about 15 000 to I4 000 in solutions 
of low electrolyte content (fig. 5). The slight decrease 
of these values with increasing lipid concentration com- 
pletely disappears after introduction of a thermodynamic 
nonideality correction based on the excluded volume 
of tile lecithin. ‘I’he micelfar weights corrected for this 
effect range from 16 000 to 17 500 (figs. 11, 13 and 
14). A rather narrow size distribution is observed. The 
results are rather insensitive to the details in the nume- 
rical assumptions involved in the analysis. Roholt and 
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Schlamowits 163) obtained a somewhat larger micellar 
weight. 

Diheptanoyllecithin, however, associates into much 
larger aggregates with wide weight distributions. The ap- 
parent micelIar weights range from 20 000 to 80 000 
(fig. 6). The influences of the assumptions, concerning 
the geometric model of the micetIes, on the nonideality 
correction are much greater than in the case of the 
shorter homologue (figs. 15, 17). Smink [61] reported 
a micellar weighht of 30 000. He, however, gives no fur- 
ther details and we presume that he calculated this 

molecular weight after extrapolation to infiiite dilution. 
Addition of NaCl to the dihexanoyl compound has 

only a very Iimited effect on the micellar weight (fig. 5). 
It therefore seems fair to conclude that the electrostat- 
ic zwitterionic dipole interactions are of minor impor- 
tance to the lecithin miceliar size in a monodisperse sys- 
tern. The large increase in the association number of the 

higher homologue on addition of NaCl (fig. 15) is ex- 
pected if all association constants from this multiple 
equiiib.ium system are increased, for instance by a salt- 
ing out mechanism, which also explains the strong de- 
crease of the CMC. 
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