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ABSTRACT 

Apparent and partial molar volumes of aggregated sodium ociyl.decyl .dodecyl and tetradecyl 
sulphate molecules have rigorously been determined in terms of the pseudo phase separation model. 
Mass density inside the micellar core a basic thermodynamic parameter in the research of micelles 
by nuclear techniques - has been derived from the partial molar volume. 

Micellar aggregation numbers of the same surfactants, obtained from small angle neutron 
scattering (SANS) by systematically varying the surfactant concentration and solution temperature 
are published. A survey is given of the physical models and evaluation algorithms applied In SANS, 
together with a critical comparison of available experimental data published by various research 
teams. 

By utilizing a new least squares fitting algorithm based on a microscopic diffusion model, the 
formation and annihilation parameters of orthoposiironium (o Ps) in the micellar pseudophase and 
in the aqueous solvent, as well as the о Ps diffusion coefficient in the solvent are deduced by 
evaluating conventionally measured positron lifetime spectra. From the pick off annihilation rale of 
о Ps In micelles the surface tension and the water content of the micellar core around the solubilization 
site of о Ps are calculated. SANS result are utilized to determine the diffusion coefficient of о Ps in 
normal and in 99.85% heavy water as a function of temperature A definite isotopic effect in the 
two solvents can be seen from the results obtained for the diffusion coefficient and for its activation 
energy. The Arrhenius plot of о Ps diffusion coefficients indicates that о Ps diffuses in both media 
without tunnelling. 
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С. Ванин: Структура мицелл ллкилсульфата натрия. Результаты измерений плотноеш. 
нейтронного рассеяния и позитронной аннигиляции. KFK1-1990-I9/.I 

АННОТАЦИЯ 

В рамках, заданных моделью разделения псевдефаз, определены кажущийся и пар
циальный молярный объемы агрегированных молекул октил-, децил-, додецил- и тетра-
децилсульфата натрия. Из парциального молярного объема была рассчитана плотность 
массы мицеллярного ядра, которая является одним из основных термодинамических па
раметров ядерных методов, применяемых в исследованиях мицелл. 

Методом малоуглового нейтронного рассеяния определено агрегационное число 
мицелл, образующихся из вышеперечисленных ПАВ, в зависимости от концентрации ПАВ 
и температуры. Дается обзор моделей и алгорифмов обработки, используемых при ин
терпретации результатов экспериментов по рассеянию, а также критическое сравнение 
имеющихся экспериментальных данных. 

С помощью нового алгорифма обработки методом наименьших квадратов, основыва
ющегося на микроскопической диффузионной модели, из измеренных традиционным мето
дом спектров времен жизни позитрона были определены параметры образования и рас
пада ортопоэитрония (o-Ps) в водных и мицеллярных псевдофазах, а также коэффици
ент диффузии o-P.s в данном растворителе. Из константы pick-off распада o-Ps рас
считываются содержание воды и поверхностное натяжение окружения мест солюбилиэа-
ции o-Ps в мицеллярном ядре. Используя результаты малоуглового рассеяния были 
определены коэффициенты диффузии в зависимости от температуры в нормальной и тя
желой воде с концентрацией дейтерия 99-85v. Экспериментальные результаты, полу
ченные по коэффициентам диффузии и ее энергия активации показывают сильный изо
топный эффект. Изображение результатов методом Аррениуса показывает, что в обеих 
средах o-Ps диффундирует без туннельного эффекта. 

Vett Sz.: Nátrium alkilszulfát micelláll szerkezetű Sűrűség , neulronszórásos ós pozitron annihilációr, 
mérések eredményét KFKI 1990 19/J 

KIVONAT 

Meghatároztuk a nátrium oktil , decit , dodecil ós tetradecilszulfál aggregáít molekuláinak 
látszólagos és parciális moláiis térfogatát, a pszeudofázis szeparációs modell adta keretek között 
A parciális moláris térfogaiból kiszámítottuk a micelláris mag lömegsürűségél, amely a micellák 
kutatásában alkalmazóit nukleáris módszerek egyik alapvető termodinamikai paramétere 

A tenzidkoncentrácló és a hőmérséklet függvényében kísszögü neulronszórással 
meghatároztuk a fenti tenzioekből keletkezett micellák aggregációs számát Áttekintjük a 
szóráskísérletek értelmezésére használatos modelleket és kiértékelési algoritmusokat, továbbá 
elvégezzük a rendelkezésre álló kísérleti eredmények kritikai összehasonlítását. 

Egy mikroszkopikus diffúziós modellre épített új kiértékelő algoritmussal a konvencionálisan 
móri pozitron élettartam spektrumokból meghatároztuk az orlhopozitronium (o Ps) képződési és 
bomlási paramétereit a micelláris pszeudofázisban illetve az oldószerben, valamint az о Ps diffúziós 
együtthatóját az oldószerben. Az о Pspick off bomlási állandójából kiszámítottuk a micelláris magban 
az о Ps szolubilizációs helyének környezetére jellemző víztartalmat és felületi feszültséget A kisszogü 
neutronszórás eredményeinek felhasználásával a hőmérséklet függvényében meghatároztuk az 
о Ps diffúziós együtthatóját normál és 99 85% os nehézvízben A diffúziós együtthatóra és annak 
aktiválási energiájára kapott kísérleti eredmények erőteljes izotópeffektust tükröznek Az 
eredmények Arrhenius ábrázolása azt mutatja, hogy az о Ps mindkét közegben alagúloffektus nélkül 
diffundál 



1. INTRODUCTION 

The concept of colloidal aggregation of ions in solution was introduced 
by McBain, when he investigated the osmotic activity and the conductivity of 
soap solutions . The significant decrease in the slope of osmotic pressure 
vs. solute concentration around a critical value could be explained such 
that the number of particles became less than that of solute molecules, i.e. 
solute molecules somehow formed aggregates. In the vicinity of this critical 

2 concentration, as demonstrated for the case of sodium dodecylsulphate , a 
host of physical parameters of the solution such as electric conductivity, 
surface tension, etc. also show a sudden change. 

The spontaneously and reversibly formed, closed and distinct colloidal 
aggregates having constant properties as a population, are called micelles . 
For more than 30 years after the beginning, the only quantitative methods 
for investigating micelles were, for example, diffusion- and conductivity 
measurements, and sedimentation techniques of different kinds, which deduce 
information from changes in the macroscopic parameters of the system ob
served. Corresponding to this experimental information, up till the early 
fifties the physical characterization of micelles was done within the 
framework of chemical thermodynamics. 

The correct interpretation of thermodynamic functions requires a 
knowledge of the microscopic structure of the system investigated: first 
of all the number of particles therein. Studies on the microscopic structure 
of micellar systems date back to 1949, when Debye published his classical 
static light scattering paper on n-alkyl trimethylanmonium bromide solu
tions . Since that time onwards, various high-performance methods - orig
inally developed in the field of atomic- and nuclear physics - have been 
utilized to study micellar structure, in particular the micellar aggrega
tion number ' . 

In the present paper the results of thermodynamic-, positron annihila
tion- (PA), and small angle neutron scattering (SANS) studies carried out 
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in different sodium alkyl sulphate systems are summarized. The main inten
tion of the author is to show how results arising from conceptually different 
experimental methods support one another and, consequently, our knowledge of 
colloidal aggregation. This purpose is served, too, by the choice of the 
compounds having well known and analogous physicochemical properties and by 
the systematic variation of the experimental conditions. 

The nuclear methods utilized for investigating the condensed phase are 
baser! en interactions between a particular particle called a "probe" and the 
atoms or molecules. As a special result obtained fron PA studies, from a 
knowledge of the structure of sodium dodecylsulphate micelles, one can draw 
conclusions on the physico-chemical behaviour of the orthopositronium probe 
in the (aqueous) solvent phase. 

2. MICELLES 

Molecules consisting of an ionie - or polar - headgroup and a - mainly 
aliphatic - hydrocarbon chain or "tail" are amphiphilic in their solubility 
relationships. Both ionic and polar groups fit in the structure of water: 
they are water soluble, hydrophilic. The solution of hydrocarbon tails 
requires a structural reorganization of solvent molecules and their solu
bility becomes very limited, therefore the tails are said to be hydrophobic. 

By tending to form a monolayer on the water/air Interface, amphiphilic com
pounds change the physical properties of the solution surface, as compared 
with the pure solvent, e.g. they can drastically reduce the interfacial 
tension. The terms surface active compound or eurfaatant are often used 
instead of amphiphiles. 

Provided that the surfactant concentration in water exceeds a threshold 
value specific to the solute, amphiphiles start to form finite colloidal 
microaggregates called mice Пев; the threshold value is the critical micelle 

concentration {ото). In the present study we restrict ourselves to surface 
active compounds having ionic headgroups; such surfactants form ionie 

mioellee. The driving force of aggregation is the hydrophobic interaction, 
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and the growth of micelles formed from ionic surfactants is limited by the 
Coulomb interaction existing between headgroup ions. The energetic minimum 
of the driving and limiting interactions defines an optimum size for ionic 
micelles. Due to aggregation, the hydrocarbon chains form a hydrocarbon 
microphase called nieellar core; the number of molecules forming a micelle 
is the aggregation number. The headgroups are located on the surface of the 
micellar core and together with their dissociated counterione they form an 
interfacial region between the core and the bulk solvent phase. The fundamental 
properties of micelles are discussed in standard textbooks ~ and reviews ' * 
•part from these references, for details of scientific and industrial applica
tions see monographs and conference proceedings 

A quantitative description^-fbr amphiphilic aggregation has been given 
21—23 in terms of thermodynamics of aqueous solutions .By following the 

treatment given in Ref.(23), let Y denote a total thermodynamic property 
(volume, specific heat, etc.) of a micellar solution. The total property can 
be expressed by the partial properties У - (ЭУ/Эп) „of the solvent 

w w n ,р,л and У. - (ЭУ/Эп) „ _, of the surfactant as в s n ,p,x 

Y - nw Yw > V s ( 2 Л > 

where n stands for the number of moles of the solvent and n for that of 
the solute surfactant. In general case the aqueous solvent can be of variable 
isotopic composition. Provided that n • 55.508, n_ is equivalent with m , 
the aquamolality of the surfactant. In ordinary, normal water, solutions the 
aquamolality equals the molal concentration. 

Nicellization is mirrored by an abrupt change in the experimental data 
obtained for У around cmc. Because of methodological difficulties, numerical 
data for У are usually deduced from apparent quantities Ф by utilizing the 
equation 

Ф - Э(п_Ф.)/Эп, - lim Mm • )/Дтв (2.2) 
в в в в Д т ^ 0 s s s 

where Ф 0 is defined by у, and У*, the bulk property of the solventi 

Ф « (У - n y*)/ne <2-3> 
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If the bulk and the partial properties of the solvent remain close 
together, Y •>- Ф ; for infinite dilution 

lim Y_ = Y° в *° (2.4) 
m +o s s s 

s 
Aggregation of surfactant molecules is a multistep process leading 

to an equilibrium distribution of micelles with different aggregation number. 
Let n . be the number of surfactant moles forming micelles of aggregation 
number i; n = ^ 1 > г п .. For monomer- and aggregated surfactants we introduce 
the notation n . * n and Е.«^*1 . = n , respectively. The fraction x. of 
aggregated moles n . is defined as x. = n ./n for i > 1; íj-,.!«. = 1. Based 
on the additivity of partial molar properties, the second term of Eq.(2.1) 
has the form 

s s m m i>x si si m m a a 

where Y . - iY. is tho partial molar property of micelles with aggregation 
number if and Y « **1>1Х1*4 i s t n e m e a n value of Y., the partial molar pro
perty of surfactants inside micelles of aggregation number i. 

Instead of the particular terme of the distribution x., experimental 
techniques provide information on its low order statistical momenta. The 
first momentum defines v, the mean micellar aggregation number: 

v « E A > 1 ix 4 (2.6) 

Experimental results obtained for the mean aggregation number of ionic 
micelles from different methods show that it usually falls into the range of 
30 - 200 (measurement of the diffusion coefficient24, static light scatter
ing 2 5" 2 7, small angle X-ray 2 8" 3 0 - and neutron 5' 6' 3 1" 3 7 scattering, fluor
escent quenching 3 8" 4 2; results arise mainly from different alkyl sulphates). 

The width of the distribution x., defined by its second central momentum 
2 

о , is called the polydlepersity of micelles: 

, 11/2 
=1>1 <i-*>4 ( 2 Л ) 



- 5 -

This quantity is often expressed in the form o/v, sometimes as 100*o/v. 
The polydispersity is related to the logarithmic derivative of the mean 
aggregation number with respect to the monomer mole fraction X. 

2 
„2 3v vSv v Dlnv ,_ _. 
0 ainx "Э1п(х-х.) " aintx-x.) u- e i 

1 S I S i 
where the mole fractions X. and X_ are defined as X, = n ,/(n +n ) and 

i s l si w s 43 X • n /(n +n ) , respectively . 
Ш Ш W 5 

Por solutions of ionic surfactants without added salt, x. are thought 
to be described by a narrow, a « v distribution ; for sodium dodecyl-

31 33 35 sulphate (NaDDS) micelles all experiments have resulted x »-'-''•' , in 
o/v .0.3-0.6. 

The interpretation of the experimental results arising from micellar 
systems is made in terms of aggregation models. Those that are suitable for 
practical use are based on the concept of mass action and of phase верагаЫоп, 

In mass action models ~ one calculates the distribution of aggregated mole 
fractions over the aggregation number. By assuming a multistep chemical 

equilibrium between monomers and the micelles of a particular aggregation 
number, the equations of micelle formation are solved in terms of thermo
dynamics of chemical equilibria. The actual task of modelling is to calcu
late the chemical potentials and, if necessary, Y, and Y, as functions of 
the micellar aggregation number i. For example, the concentration depend-

41 42 ence of conformation properties - of the "sphere-to-rod transition" ' , 
49 as well as of molar enthalpy and heat capacity of HaDDS micelles could be 

interpreted in this way. Mass action models, at least in principle, can be 
applied without restriction, and several thermodynamic functions for a wide 
class of ionic micelles were able to be calculated with remarkable pre
cision 4 8' 5 0' 5 1; kinetic studies 5 2' 5 3 have been based also on this approach. 

Provided that the quantities Y. defining Y in Eq.(2.5) are close 
together in the different aggregation states, then Y, ~ Y = const.; thus 
Ei>l xi Yi b e c o m e s independent of the distribution x, and for the aggregated 
partial property we have Y ~ Y. Under these conditions, vseudophaee верага-

e л — е О 
tion models can be utilized for interpreting thermodynamic functions. 
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In pseudophase separation models cmc is considered as a solubility limit for 
monomers; for m > m new microphases, the micelles are formed. From many 
aspects, the ensemble of micellar cores seems to have the properties of a 
bulk hydrocarbon phase . By substituting in in Eq.(2.5) n » m and 
n » m - m , the micellar property Y can be calculated from the experi-a s с а 
mental data i"s»Y and from the monomer property У as given in Eq.(2.9); 
* is the critical micelle concentration expressed in molalities: 

Y, » (m Y - I Y J / I B , - ml (2.9) 
a s s c m s с 

In the pseudophase separation approach, the critical micelle concentra
tion is a fundamental model parameter. Since, at the present time, no exact 
aggregation theory is available, one cannot avoid a certain degree of arblt-
raryness when determining the cnc ' ' 

Provided that the physical nature of the surfactant defines a satiufac-
torily "sharp" critical concentration, all "reasonable" experimental methods 

21 result in nearly the same figure . The cmc of ionic surfactants depend on 
solution temperature and pressure; it strongly depends on the concentration 
of added salt and on the chain length of the surfactant molecule . 

3. MOLECULAR VOLUMES IN MICELLAR SOLUTIONS 

3.1. Molecular densities: key parameters in nuclear techniques applied 
to the research of micellar structure 

Experimental methods utilized for studying micellar systems, should 
meet the following two requirements> 

• physical processes carrying structural Information should be 
sensitive to surroundings of eubmiaellar eise; 

- the characteristic parameters'of interactions between the nuclear 
probe and molecules inaidé the micelles should be sufficiently 
different from those in the solvent phase; in other words, they 
should have sufficient contrast to ensure that signals arising from 
microscopic domains of different physical nature, could be separated 

at macroscopic level. 
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In the nuclear methods discussed in the present paper, the microscopic 
key parameters are local densities. In the positron annihilation.(PA) tech
nique this parameter is the local density of (outer) electrons; in the case 
of small angle neutron scattering (SANS) it is p s, the scattering length 
density 

P* - E ^ / v (3.1) 

defined by Ejb., the sum of the scattering length of individual nuclides 
found on average in volume v. In Eq.(3.1), v usually stands for the volume -
of • molecule or a molecular segment containing several atoms. In the con
densed phase the (average) volume of a molecule is derived from the corre
sponding partial molar volume V as 

v - V/A (3.2) 

where A » 6.023,-Ю 2 3 is Avogadro's number. The properties of V - and of v -
b 

can be learnt from Eqs.(2.1) and (2.5); these equations ensure the i.dditivity 

of the molecular volumes. 
Determining the volume of a molecular segment is a substantially dif

ferent task, and it is one that usually cannot be treated independently of 
practical aspects. Based on their functional properties, sodium alkyl sul
phates CH 3(CH 2) jOSO-Na are divided into CH 3-, -CH2- and -OSO.Na qroups. 61-68 The infinite dilution molar volume of sodium alkyl sulphates defines a 
straight line ' v s . n, the number of carbon atoms in the alkyl chain. 
This means that their standard molar volume is additive with respect to the 
methylene group. Experiments carried out in a lot of different systems show 
that the property of group additivity of standard molar volumes can be ex
tended to all segments of a molecule " . Thus V°, the standard molar 
volume of a sodium alkyl sulphate with n carbon atoms, can be expressed by 
the volumes of the above defined molecular groups as 
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V n = V ° < C H 3 > + (n-D'V°(CII 2J + V°(OS03Na) 
(3 .3) 

= (V°(H) + VO(OS0jNa)} + n*V°(CH2) 

«There the intercept equals the sum of the standard molar volume V°(OS01Na) 
of the headgroup and of V°(H) = V°(CH3) - V°(CI12), the torn» defined as the 
standard molar volume of the terminal hydrogen a ton; the determination of 
the summands in the intercept needs more information obtained from in
dependent experiments. It should be mentioned that the volume of a par
ticular nolecular segment may be specific to the со.pound that contains 
it. For example, the volume of the -CH_- group turns out to be different 
if determined in aliphatic ' and cyclic hydrocarbons. 

When interpreting small angle scattering intensity patterns arising 
from micellar solutions, the molecular volumes in Eq.(3.1) were derived from 

29 31 bulk molar volumes of aliphatic hydrocarbons ' . In micellar solutions 
hydrocarbon chains are subject to interactions different from thou«? existing 
in a bulk hydrocarbon phase. Therefore, the mean distances between certain 
segments of the chain and the surrounding molecules, and thus the molecular 
volumes of these segments, can be significantly different in the two media. 
Partial ' and apparent •' ' molar volumes of sodium alkyl sulphates 
in normal water ( H,0 = H-0) solutions are available in the literature. 
SANS, however, has the methodological peculiarity that the necessary contrast 
in the scattering length density is ensured by the use of heavy water 
2 
( H,0 » D_0), or mixtures of normal- and heavy water as solvent. To the best 
of our knowledge molar volumes of sodium alkyl sulphates in these isotonic 
solvents are not available. This made it necessary to determine apparent 
molar volumes of sodium decyl- (NaDS), dodecyl- (NaDDS) and tetradscyl 
sulphate (NaTDS) in heavy- and, for the sake of comparison, in normal water 
solutions 6 5' 7 0. 
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3.2. A rigorous interpretation of aggregated apparent molar volumes 
in tenas of the pseuoophase separation nodel 

The pseudophase separation model can be applied for calculating 
aggregated apparent molar volumes in a straightforward way, by utilizing 

23 the definition of apparent quantities in nulticomponent solutions . Let m, 
and m 2 be the (aqua)molalities of components (1) and (2), respectively; 
denote by V*(n i rm 2) the bulk volume of the system solvent*(1)+ (2), and by 
V * ^ ) that of the system solvent* (1). With this notation v 2(m.,m 2), the 
apparent molar volume of component (2) in the solution of (1) is given as 
•2(m.,m2) • {V*(m l fm 2) - У*1т^))/т^. 

A micellar system, within the framework of the pseudophase separation 
model, is treated as a two-component solution of monomers (with m, « •L~* c) 
and aggregates (with * 2 " * a " ms ~ юс'* V o l u i l , e s V*(m, »BJ) and V*(m.) are 
expressed by molar nasses and by the corresponding densities. By approximat
ing the density of the monomer solution by p - the solution density at cmc -
for • we have the rigorous formula 

a m s-m c { 
55.508*И„+т„*М_ 55.5o8*M +m„*M 

(3.4) w - • "s У ™ с "s] 
Pc 

where M is the mean molar mass of the solvent molecules calculated from the 
isotopic composition of the water . All data sets of solution density p, 
available in the literature for sodium alkyl sulphates 6 4' 6 8" 7 0, have been 
utilized for calculating • in Eq.(3.4). 

The concentration dependence of thermodynamic functions of ionic sur-
23 factants is interpreted like that of electrolytes . As derived from the 

Debyt-HUckel theory by Redlich and Rosenfeld 7 7' 7 8, the apparent molar volume 
1/2 

of electrolytes in dilute solutions has the form of • a V • A«m ' . The coef
ficient A is the Debye-HUckel infinite dilution slope and its value 7 2' 7 9 at 
25 °C is 1.865 cm3 k g 1 / 2 mol" 3 / 2. Concerning the hydration properties of the 
headgroup- and counter ions one may assume that A«mg' , the ionic contribu
tion to the apparent nolar volume, is distributed among monomers and aggre
gated surfactants in proportion to their molalities. The monomer contribu-
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tion is included in the second term on the right-hand side of Eq.(3.4); the 
contribution of the micellar headgroup ions has the forra of (m /m )«Ачи ^ 

a s s 
which, far from the critical concentration, can be replaced by ~A«m . The 
aggregated apparent molar volume Ф', corrected for the ionic contribution 
has the approximate form of 

Ф ' - Ф - f l - ! Ü £ ] . A - m 1 / 2 ~ Ф - A - m 1 / 2 (3 .5) 
a a l m J s a s 

In Fig. 1 the experimental results obtained for Ф' are drawn vs. the 
a 

square root of surfactant aquainolalities; input data were not precise enough 
to draw conclusions on Ф' for concentrations m < 3«m . 

a s c 
Apart from the simplifications involved in the pseudo-phase separation 

model, Eq.(3.4) is conceptually rigorous; thus from Eqs.(2.2) and (3.5) the 
partial molar volume of aggregated surfactants can be expressed as 

V » JL- in Ф 1 » Ф' + -*• A.m 1 / 2. (2-*•*-) - •' + * А-и 1 / 2 (3-6> a an I a a] a m„ s 2m ' a 2 s 

Actual values of •"', the constant representing Ф', were calculated by 
averaging all points *'(m ), т > 3*m for each particular data set, and 

A S S С 69 70 81 were found to agree with data calculated from other approximations ' ' 
Standard deviations of ?' were found to be about 0.1 - 0.2 cm /mol, i.e. 

Э 

less than 0.1%. As a function of n (the number of carbon atoms in the alkyl 
chain), the average values ?'(n) define the straight line drawn in Fig. 2, 
together with standard molar volume sodium alkyl sulphates taken from 

61—68 the literature . In analogy with Eq.(3.3), the coefficients of this line 
are expressed by the partial molar volumes belonging to the functional groups 
of micelle forming surfactants: 

f'(n) - ÍV (H) + V.(OSO.Na)} + n«V ÍCH,) <3'7> 
fl SL a J a * 

By setting V°(0S03Ua) - 36.45 ± 1.74 cm3/mol, a least-squares fit of Eq,(3.7) 
3 

to the experimental values of Ф"' (n) resulted in V (H) * 6.97 ± 1.9 cm /mol 
and V (ГЧ-) - 17.13 i 0.05 cm3/mol; within the experimental error, both data 
are in agreement with the results obtained from another approximation . 
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Fiyure S. Infinite dilution molar volumes of sodium alkyl sulphates w (x), Jbulk molar vol
umes of liquid n-alkanes (o) and apparent molar volumes of aggregated sodium alkyl sulphates 
(•) vs. n, the number of carbon atans in the alkyl chain. The latter data points are obtained 
from averaging *' values for concentrations m. > 3in„; cf. Fig. 1. Realistic densities inside 

в о С 
the micellar core fall into the region limited by the P , ^ ^ ' 0 ' "^ t h B ^aic11^'1^ c u r v e e ; 

the explanation i s given by Eg. (3.8). For comparison, the bulk densities of n-aUcanes p(iyn 
and n-alkanols p(iyjH) are also plotted. 
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The partial molar volume of aggregated alkvl chains is defined as 
V (R_) « V (H) -i- n*V a(CH 2); prcvided that micelles contain w moles of solvent 
per surfactant mole, the density P_ i c inside the micellar core has the for» 

M ( R ) + w-M 
p m i c < V w > " ^ ^ <3.8> 

V a(R n, • w V a w 

where M(R) is the molar mass of the alkyl chain and V stands for the 
partial molar volume of water molecules solubilized by micelles. Neither w 
nor V" is a well defined parameter. In the special case w « 0, Bq.(3.8) 
defines the "dry" density of the micellar core, which is actually the lower 
limit of p„. . As follows from the properties of V (R ), the dry density is 

mi с s n 
also independent of surfacttuit concentration. SANS studies ' concluded 
that NaDDS micelles consist of less than 1 solvent molecule per alkyl chain. 
By assuming that V » V* and that w - 1, the evaluation of Eg.(3.8) leads 
to a reasonable upper limit of the density inside the micellar core. Mumerical 
values of "dry" and "wet" micellar densities, as well as bulk densities of 
aliphatic alkanes and primary alkanols are plotted in Fig. 2 vs. n. 

4. SMALL ANGLE NEUTRON SCATTERING (SANS) 

4.1. Problems in evaluation of SANS intensity patterns arising fro» 
micellar solutions. 

The physical information to be deduced from molecular liquids by 
utilizing scattering experiments generally depends on two factorst 

a) the - preferably - single particle interaction of the probe and the 
scatterers, b) the arrangement of scattsrers relative to one another, 
dotermined by intermolecular potentials and resulting in collective effects. 
Xn the case of SANS the probe 1ш a slow neutron colliding with nuclides and 
thus resulting in interactions sharply localized in space to the scatterer 
atoms or molecules. By varying the wave length of the incident neutrons, as 
well as the isotopic composition of the sample, non-destructive structural 
analysis can be achieved without affecting the chemical nature of the system. 
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The main problem involved in using any scattering technique to analyse 
micellar solutions is the separation of r,in,jle. particle {micellar) effects: 
from collective ones; principles of small angle scattering are reviewed by 
Guinier ', Kratky and recently by Svergun and Feigin ; their application 

85 6 
to biological samples by Jacrot and to micellar solutions by Zemb and by 
Chen 3 6. 

The basic physical quantity in SANS experiments is the scattering 

amplitude A s, which, in isotropic solutions, is the Fourier transform of 
the fluctuations in the scattering length density over the sample volume V 
given in the following form: 

AS(<$) = / (pS(fc) - PS)exp(-iRQ)dR (4.1.1) 
V 

where P (R) is the scattering length density of the solution at point R and 
?*. it its average over the sample: 

P S ' Ь /pS<R)dR (4.1.2) 
v V 

The scattering vector Q is conventionally defined as Q = к - k Q, the dif
ference of the neutron wave vectors before (k_) and after (k) the scattering 
which is considered to be elastic. Ir. this case the magnitude of the scatter
ing vector Q can be expressed by the neutron wavelength A and by the scatter
ing angle Э as Q = (4*/A)gin(d/2); the data obtained from SANS experiments 
are usually interpreted in terms of Q. 

The thermodynamic average of the square.1 scattering amplitude results 
in the scattering inteneity I е, which is the primary source of information 
in scattering experiments 

I*(0) = <A8(Q)A8*(Q)> (4.2) 

The scattering amplitude can be considered as the sum of amplitudes 
arising from the distinct micelles, and in the Q region the micelles and the 
solvent phase have dimensions large enough to be treated as continuous media. 
Denoting the single micelle scattering amplitude by A?(Q), the scattered in
tensity arising from the unit volume of a solution consisting of N scatterers 
is given by 



- 15 -

I S(Q) - H ( < | A J ( Q ) | 2 > + i<Aj(0)>|2(S(Q) - 1)} (4.3) 

The function S(Q) is known as the 3truature factor; this function 
reflects the spatial arrangement of the micelles and the intermicellar 
Interactions. For spherical micelles <|A*(Q)|2> = |<Aj(Q)>|2 = P(Q), this 
last quantity being the single particle scattering function or form factor. 

Prior to calculating the form factor, one needs some knowledge of the 
internal structure of micelles and of their shape. Most ol the information 
on micellar shape and structure has previously been deduced from the apparent 
micellar diffusion coefficients obtained in dynamic light scattering measure
ments. Depending on the chemical composition of the system investigated, the 
experiments indicated various shapes and sizes. It was found for NaDDS micelles 

86 87 that, in agreement with thermodynamic considerations ' , they are probably 
J 1 MJ Q Q 

slightly prolate ellipsoids near to the critical micelle concentration ' ' 
42 89 90 and grow linearly with increasing surfactant concentration ' ' . 

91-95 In the first papers published ^n SANS experiments micelles were 
represented by spheres consisting of spherical shells of different scattering 
length densities. A cautious high-resolution (0.15 nm~ < Q< 10 nm~ ) SANS 
study, focused on the internal structure of NaDDS micelles, has been published 
by Cabane, Duplessix and Zemb. In their study the scattering patterns arising 

3 3 
from 20 g/cm -0.07 mol/dm solutions of protonated and partly deuterized NaDDS 

33 in DjO, as well as of totally deuterized NaDDS in H,0 were analysed . The 
best approach to the scattering patterns over the entire Q range could be 
reached by assuming dry (less than one solvent molecule per alkyl chain), 
homogeneous and spherical NaDDS micelles. The slight mismatch they found in 
the high Q region was related to deviations from the spherical model in the 
form of volume (i.e. aggregation number) and shape fluctuations. The 
water/hydrocarbon interface turned out, compared with the resolution of 
about 0.5 nm, to be sharp and the methyl end groups were found to be evenly 
distributed over the micellar core. 

Berr, Coleman, Marriott Jones and Johnson also assumed a spherical 
shape for micelles such that water molecules could penetrate into the micelle 
and that a portion of the methylene groups partis?pates in forming the Stern-
layer. They applied their model to study the structure of micelles formed 
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from dense (0.4 mol/dm ) solutions of tetramethylammonium dodecyl sulphate 
and NaDDS at 30 °C. In both cases, solutions were prepared from protonated 
and partly deuterated compounds and from solvents of varying H_0/D_0 composi
tion (4-6 different mixtures). Apart from having determined the radii of the 
core and of the Stern-layer, they concluded that the average number of water 
molecules inside the core of NaDDS micelles is not greater than 22-25 per 
99-103 alkyl chains and that the "dry" core is formed by -70% of the 
•ethylene groups. 

Based on the available theoretical (thermodynamical) and experimental 
(dynamic light scattering) evidences, in our studies the micelles are 
assumed to be monodisperae, prolate two-Rhell ellipsoids of volume V, with 
semi-axes a,b,b; their inner shell is the nonoetted hydrocarbon volume V. 
with scattering length density P., the outer shell is of volume V_ - V, with 
scattering length density p.. The definition of the single particle scatter
ing function is given by the following equations 

1 , 
P(Q) - /i(P1-P2)V1F(QR1(p))+(P2-P8)(V2-V1)P(QB2(M))}^dM (4.4.1) 

where 
iin(QR.(u)) - QR (M)cos(QR.(u)) 

F(QR. (M))=3 ±—-4 i for i = 1,2 (4.4.2) 
1 (QR 1(M)) J 

and 

R1(M) « ( a ^ 2 + Ь 4(1 - P ) 2 ) 1 / 2 , e = • 1 / b l for i - 1,2 (4.4.3) 

The volumes and radii are calculated by assuming that each micelle con
sists of v (mean aggregation number) surfactant molecules, and the fraction 
И 0 < Í s 1) of vhe methylene groups are embedded into the nonwetted core. 
The 1 - i fraction of the methylene groups together with the hydrated head 

groups and bound counterions form the outer layer. Volumes V. and V 2 are 
defined as followst 

v 2 - v(v(CH3) + (n - lKv(CH ?)) (4.5.1) 

and 
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V 2 ~ V 1 = v<(n-l) (l-c;)v(CH2) + v(OSO~) + w H Gv(D 20) + 
(4.5.2) 

+ (l-a)(v(NA+) + w N a v ( D 2 0 ) ) } 

where v(CH 3), v(CH 2), v(OSOj), v(Na +) and v(D 20) are the volumes of the 
methyl-, methylene- and head groups, and the volumes of the sodium ion and 
the solvent molecules, respectively; n is the number of carbon atoms in the 
hydrocarbon chain and, finally, w „ r and w stand fci the hydration numbers 
of the head group and of the sodium ion. The numerical values of the volumes 
and of the hydration numbers are taken from Ref.(37). 

Por calculating the structure factor, micellar solutions can be treated 
as mixtures of hard spheres with different size and different charge, immersed 
in a continuous neutral solvent. Between the particles exact, Coulomb-type 
potentials are assumed; this treatment is known as the primitive model. The 
micelles are polyvalent ions, and in most of the practical cases their in
teractions are predominant. This condition is the basis of the one-component 

91 92 maarofluid model, used in the pioneering work of Hayter and Penfold ' that 
related P(Q) and S(Q) to SANS patterns arising from micellar solutions. When 
computing their structure factor, they assumed that the polydisperse and 
probably not spherical micelles can be replaced by an equivalent set of 
monodisperse charged spheres which interact with a eareened Coulomb {or DhVO ) 
potential. 

94 
Bendedouch, Chen and Koehler applied the one-component model for in

terpreting SANS patterns obtained from different concentration lithium 
dodecyl sulphate (LiODS) solutions at 37 °C, where, due to monod .spersity 
observed in dynamic light scattering experiments, the form factor of LiDDS 
micelles was expected to depend slightly on the LiDOS concentration. 

As ;».n intended improvement of the one-component mean sphere approxima-
91 92 93 32 

tion model ' and its rescaled variant , Sheu, Wu, Chen and Blum , and 
Bratko, Sheu and Chen applied the primitive model with different type 
physical- and numerical approximations for calculating the structure factor 97 of ionic micelles. The same model was used by Bratko, Friedman and Zhong 
for describing tne structure and dynamic properties of colloidal systems. 
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98 Belloni gave a critical insight into the theoretical basis of the 
existing models used to compute structure factors of electrolytes and into 
the numerical methods applied in the computing. He made a systematic com
parison of the structure factors calculated by applying the various methods 
to some typical mi cellar systems. The conclusion of the paper is that the 
primitive model remains closer to the physical nature of the electrolyte and 
leads to a less complicate analytic solution than the one-component model. 
The two models, however, result approximately in the same structure factor, 
whatever numerical method is applied. The fractional charge in the one-
component model is overestimated; this can be corrected by the procedure 
presented in the paper. 

4.2. Micellar aggregation numbers obtained from parameter fitting 

Our SANS experiments were performed on a small angle time-of-flight 
84 spectrometer with axial geometry, installed in JINR, Dubna . The magnitude 

of the scattering vector varied in the range 0.2 nm~ < Q < 3.0 nn~ , with 
6 —2 -1 

an ~5*10 neutrons*cm sec average neutron flux on the sample. The sur
factant solutions, depending on their hydrogen content, were filled into 
20-30 mm 0 quartz sample holders with 1 mm window thickness and 1-2 mm 
neutron path length. The sample temperature varied between 20 and 60 by 10, 
in the case of NaDDS by 5 °C; temperature was kept constant within 0.5-1.0°C. 

All scattering patterns, after having corrected for absorption, solvent 99 scattering, detection efficiency and for dead time by a standard procedure , 
were converted into absolutely scaled coherent cross section dE c o h/dß* for 
scaling purposes a standard vanadium foil of known thickness was utilized. 
Characteristic coherent scattering differential cross section curves for 
about 0.25 mol/dm3 solutions of different sodium alkyl sulphates at 30 °C 
are plotted in Fig. 3. The statistical error in the raw data was better than 
It. The form- and structure factors discussed previously are related to the 
coherent differential cross section as 
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Hj,. ••'.• •••• Coherent scattering differential cross section curves vs. Q, the magnitude of the 
momentum transfer. Data points arise fron approximately 0.25 mol/dm solutions of NaOS (•), 
Nat« (x), NaDDS (П) and MaTOS (o) in 99.85% heavy water at 30 °C. Curves drawn with solid 
lines are obtained from fitting. 
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dl . 

KQ> - —{ f i 1 1 = N(v).p(Q,v,«,4.H).S(Q,v,a) (4.6) 

by indicating the variables and fitting parameters, on which the particular 
functions on the right-hand side depend. Mean aggregation number v, frac
tional charga a, axial ratio £ and the fraction П of the alkyl chains form
ing the micellar core have been determined by a least squares fitting pro
cedure. The number of the fitting parameters corresponds to the informa-

33 tion contsnt of the scattering patterns originally introduced by Luzzati 
and Tardieu . The numerical algorithm of calculating the micellar struc
ture factor was obtained from Hayter and Hansen ; the decomposition of 
d rcoh / d í í into N-P(Q) and SfQ) is demonstrated in Pig. 4 for 0.443 mol/dm3 

NaDS at 30 °C. 
Numerical results obtained for the mean aggregation number of NaOS, 

NaDDS and NaTDS are listed in Table 1 vs. surfactant concentration and 
solution temperature . The surfactant concentration is expressed both in 
mol/dm units and in mole fractions of aggregated surfactants. 

The conceptual foundation of calculating the micellar structure factor 
and the constraints presented by the scatterer density and by the form factor 
suggest that the aggregation number is the fitting parameter which has the 
most physical significance. 

The other three fitting parameters (for the fractional charge see the 
argumentation in Refs.(80) and (88)) are model-dependent. Their correlation 
with the aggregation number, however, corresponds to the physical expecta
tions. The value corr(v,a)«-0.84 shows that the fractional charge, i.e. the 
Coulomb interactions responsible for limiting the aggregation of ionic sur
factants, decrease with increasing micellar size. The correlation of the 
other two fitting parameters with the aggregation number is positive: 
corr(v,e)~0.8 means that increasing aggregation number results in more 
prolate ellipsoidal shape; corr(v,O~0.27 indicates that growing micelles 
become "smoother", i.e. a less fraction of the alkyl chains contributes to 
the interfacial reg.'.on. 

Since the spacing of the micelles and thus S(Q) are essentially defined 
by the aggregation number, it is believed that the aggregation number is 
determined by the experiment with a very good precision . Therefore, the 
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Wgwr* 4. Decanpoaitlon of the scattering intensity curve arising from 0.443 mol/dft MOB at 
30 °C, into the form- and structure factors N*P(Q) and S(Q), respectively. 
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System 

S u r f a c t a n t c o n e . f l i u f i l l a r a g g r e g a t i o n number 
a t d i f f e r e n t t e m p e r a t u r e s ( Q l~) 

System с 
s 

3 
mo l /dm 

3 
X 10 

a 

mole f r . 

24 ? r . 30 30 40 45 50 55 60 

NaOS 

Г 

0 .155 

0 . 2 3 0 

0 .302 

0 .458 

0 .529 

2 .130 

3 .394 

6 .604 

2 2 . С 
0 .4 

3 4 . 1 
0 . 0 

36 .6 
0 .7 

4 4 . 3 
0 . 3 
0.2П4 

25.9 
Ü.4 

32.7 
9 .5 

35 .0 
0 . 7 

42 .4 
0 . 3 
0.1BO 

3 0 . 7 
0 . 0 

3 2 . 6 
0 . 5 

4 0 . 3 
0 . 4 
0 .245 

2 7 . 9 
0 . 8 

3 0 . 2 
1.0 

3 0 . 1 
0 . 5 
0 .200 

2 5 . 0 
1.2 

2 7 . 0 
1.4 

3 5 . 9 
0 . 5 
0 .324 

NaOS 

r 

0 .120 

0 .153 

0 .234 

0 .295 

0 .443 

1.632 

2 . 256 

3 .845 

5.074 

0 .104 

52 .0 
0 .4 

5 0 . 5 
0 . 4 

6 4 . 0 
0 .4 

6 7 . 6 
Ü.3 

74.С 
0 . 3 
0 .213 

49 .5 
0 . 3 

55.4 
0 .4 

6 0 . 7 
С.4 

64 .1 
U.3 

70.9 
0 . 3 
0.'_'13 

4 6 . 0 
0 . 3 

5 1 . 9 
0 .4 

5 7 . 2 
0 . 3 

6 0 . 4 
0 . 3 

6 7 . 0 
О.Э 
0 .223 

4 3 . 1 
0 . 3 

4 9 . 2 
0 . 3 

54.6. 
0 . 3 

5 7 . 0 
0 . 3 

6 3 . 7 
0 . 3 
0 .229 

3 9 . 9 
0 . 3 

4 6 . 2 
0 . 3 

5 1 . 8 
О.Э 

5 4 . 0 
0 . 3 

6 0 . 7 
0 . 3 
0 .246 

NaDOS 

r 

0 .070 

0 .100 

0 .125 

0 .160 

0 .250 

0 .320 

0 .500 

0 .600 

0 .000 

1.144 

1.710 

2 .109 

2 .060 

4 .663 

6 .123 

10 .11 

12 .48 

17.52 

8 6 . 2 
1.3 

100.,. ' 
1 .2 

110 .1 
1.2 

120.7 
0 . 9 

138 .8 
0 . 7 

146 .9 
0 . 7 

160 .0 
0 . 6 
0.3(10 

79 .6 
0 .9 

8 6 . 5 
1.1 

8 0 . 9 
1.1 

9Ó.5 
1.1 

100.5 
1.2 

117 .2 
0 .9 

133 .3 
1.0 

141 .9 
0 .7 

157.4 
0 .0 
0 .252 

81 .0 
1.1 

88 .0 
1.0 

103.1 
1.1 

110.3 
0 .9 

130.1 
0 . 7 

136.2 
0 .6 

149.7 
0 . 5 
0 . 2 9 5 

77 .5 
1.0 

а 5 .0 
1.0 

? 0 . 1 
1.0 

100.9 
0.1) 

124.4 
0 . 0 

130.0 
0 . 6 

143 .3 
0 . 5 
0 .294 

6 9 . 7 
0 .0 

75 .8 
0 .6 

76.Э 
1.1 

8 3 . 1 
0 .9 

96 ,4 
1.0 

102 .6 
0 .0 

121 .9 
0 .6 

126 .3 
0 .6 

137.0 
0 .5 
0 .262 

7 1 . 9 
1.0 

7 0 . 9 
0 . 9 

9 1 . 0 
0 . 9 

9 8 . 7 
0 . 0 

115.2 
0 .6 

121.8 
0 .6 

133.0 
0 .4 
0 .293 

6 6 . 5 
0 . 7 

7 2 . 1 
0 . 0 

6 9 . 0 
0 . 9 

7 6 . 9 
0 . 9 

0 7 . 4 
0 . 7 

9 4 . 7 
0 . 0 

111 .0 
0 . 0 

117.0 
0 . 5 

127.4 
0 .4 
0 . 2 5 3 

6 7 . 0 
0 . 9 

7 3 . 7 
0 . 8 

0 4 . 4 
0 . 0 

9 1 . 4 
О.В 

107 .0 
0 . 7 

112 .9 
0 . 5 

123 .0 
0 . 4 
0 .293 

6 4 . 6 
0 . 8 

7 1 . 5 
О.В 

0 1 . 5 
О.В 

0 0 . В 
0 .7 

104.4 
0 . 7 

110 .1 
0 . 5 

120 .5 
0 .4 
0 .300 

NeTDS 

г 

0 .078 

0 .120 

0 .152 

П.232 

1.407 

2 .210 

2.034 

4 .443 

120.9 
1.0 

133.5 
1,0 

138.2 
1.0 

153.0 
1 .0 
0 .206 

112.4 
0 .9 

123.4 
0 .9 

125 .8 
0 .9 

138 .0 
0 . 8 
0.174 

105 .0 
0 .8 

114.7 
0 . 8 

114.7 
0 . 8 

126.4 
0 , 7 
0 .154 

9 8 . 5 
0 . 0 

107.5 
0 .7 

100 .9 
0 .7 

119.4 
0 .7 
0.162 

Table 1. Mean tggregation number of NaOS, NaDS, NaDDS and NaTDS micelles obtained 
from SANS, versus surfactant concentration (given in mol/dm3 units and in the mole 
fractions of aggregated surfactants) and solution temperature. The values of the 
empirical constant r defining polydlepersity are also listed. Parameter errors, 
where available, are given under the corresponding digits. 
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experimental values of the aggregation number are usually accepted without 
a thorough verification, which should cover a) physical nodeIs and their 
numerical realization, discussed previously, b) raw data and c) validity of 
parameters such as molecular volumes, nuclear data, hydration nur*>ers etc. 
utilized in the models. 

According to Chen , raw coherent differential cross sections are 
acceptable within 10% error. Scattering length data, where given, seem to 
arise from the same source. Molecular volumes, however, are rather spread. 
For example, in the different studies the values assumed by the authors 
for v(CH3) and v(CH2) are 0.0543 and 0.0246 nm 3 (Hayter and Penfold 3 1), 
0.0543 and 0.0272 nm 3 (Cabane et al. 3 3), O.C543 and 0.0269 nm 3 (Cser et al. 3 5 

37 and Berr et al. ). In the present study, from the partial molar volumes 
V a(CH 3) =24.1 cm3/mol and V a(CH 2) =. 17.13 cm3/raol of the aggregated func-
Monal groups, 0.04OO and 0.0284 ran are proposed, respectively. The entire 
volume of NaDDS molecules, calculated in the above sequence: 0.327 , 0.354 , 
0.350 3 5' 3 7 and 0.352 nm3; this can explain why Hayter and Penfold has obtained 
systematically higher aggregation numbers. If headgroup ions are treated 
separately, v(0S07) = 0.0606 and v(Na+) » 0.0136 nm are utilized by Hayter 
and Penfold31, and 0.0579 and 0.0039 nm3 by Cser et al. and by Berr et al. , 

33 respectively. Cabane et al. assume non-dissociating headgroup with a volume 
of v(0S0,Na) = u.0678 nm . For this volume the present study proposes 
"0.0605 nm3, cf. Refs.(69,70). The hydration numbers used in Refs.(34) and 
(37) are even less coherent than molecular volume data. 

The statistical analysis of the residual squares provides, in principle, 
a model-independent way for qualifying the validity of the applied formalism 
and the best-fit values of the fitting parameters. In our case, the fit 
resulted in a good approximation to the experimental points in that region 
of the momentum transfer (0 < 1.8 nm ), which corresponds to the spacing and 
mean size of the micelles, see Figs. 3 and 4. Considering the whole Q region, 
the large ir.crement in the variance of the fit, arising from the high 
(> 1.8 nm" ) Q region, prevented us from making any attempt to carry out a 
rigorous statistical test on the validity of the micellar model. This ex
perience is supported by Refs.(34) and (37), where the figures published for 
the reduced sum of the residual squares are also far from their expectation 
values. 
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Under the present conditions, the most reasonable way for verifying the 
models is to compare aggregation numbers obtained by different teams and, 
possibly, with different experimental techniques. Data are available mainly 
for NaDDS: experimental values of its aggregation number, determined by dif
ferent (SAMS, SAXS, static light scattering, fluorescent quenching and PA) 

35 37 techniques are compared and discussed in previous papers ' . The conclusion 
31 32 

is that a) Hayter and Penfold and Sheu et al. published results probably 
35 37 

systematically different from those of other SANS groups ' and b) by tend
ing with the surfactant concentration to cine, all methods seem to approach, 
within the experimental error, the same aggregation number . The correspon
dence of SANS and PA data characteristic for NaODS aggregation is shown 
in Pig. P in the next paragraph. A systematic investigation of various sodium 
alkyl sulphate systems with added NaCl has been carried out by utilizing the 
popular dynamic light scattering technique ' ' ~ . All trends shown by the 
aggregation number in these studies can also be observed for the data in 
Table 1 and- generally, for systems without added salt. 

The aggregation numbers in micellar solutions without added salt, at 
35 37 constant temperature were found by different authors ' to depend on the 

mole fraction of the aggregated surfactants as 

v - V < X e - Х 1 , Г г г V x a ( 4 ' 7 ) 

where v and r are fitting parameters. By substituting Eq.(4.7) into (2.8), 
for -the polydispersity o/v of the aggregation number (mlcellar volume) we 
have 

o/v = r 1 / 2 (4.8) 

The values of r obtained for a particular system and solution tempera
ture are also given in Table 1. Cser ' presented a simple theory for 
interpreting the micellar aggregation number like in Bq. (4.7). Without 
regard to the length of the alkyl chain, this theory results in r - 0.25, 
which value falls within the range of the beet-fit values given in Table 1. 
It should be pointed out that Eq.(4.7) in the present form is only a pheno-
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•etiological expression, approximating aggregation numbers for surfactant 
concentrations X » X.. 

• According to Eq.(4.8), the polydispersity o/v of the aggregation number 
of sodium alkyl sulphate micelles varies in the range 0.4 - 0.55. Experi
mental polydispersity data from other sources are available (or can be 
deduced) for NaDDS only ' . Although these data vary from author to 
authori o/v - 0.37 (Hayter and Penfold 3 1), 0.42 (Sheu et al. 3 2' 3 6) and О.ЗЗ 
(Cabane et al ), they unequivocally suggest that sodium alkyl sulphate 
micelles are polydisperse systems. 

The aggregation numbers of NaOS, NaDS and NaDDS micelles at 20, and 
those of KaTDS at 30 C C are gathered from Table 1 and are plotted in Fig. 5 
vs. X , the mole fractions of the aggregated surfactants. The corresponding 

В 
curves calculated from Eg.(4.7) by utilizing the best-fit values of v and 
r are also plotted. Static light scattering data for NaOS, NaDS and NaDDS at 
cmc and 21 °C have been published by Huisman , and are also drawn in Fig. 5 
at X • 0. As a conclusion of. a critical discussion, Kratohvil claims that 
Huisman's data are of superior quality and that its aggregation number pub
lished for NaDDS can be recommended as a reference quantity . The graphical 
extrapolation of the phenomenologlcal curves intersects the у-axis close to 
Huisman's data, indicating that, at least in the low-concentration region, 
the aggregation numbers presented in Table 1 are acceptable for further use. 
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5. POSITRON ANNIHILATION IN MICELLAR SOLUTIONS 

5.1. Lifetime of positrons in the condensed phase 

In the PA technique the nuclear probe is the anti-partiale of the 
electron. Stable while in a vacuum, positrons annihilate in the presence 
of electrons, and their lifetime is essentially determined by the electron 
density. The elementary interactions between the charged probe and the 
molecules are described by the long-range Coulomb potential and thus the 
physical processes which affect the lifetime of the positron and the other 
parameters of the annihilation are, in the condensed phase,of intricate 
collective character. Therefore positrons, in contrast to neutrons (discussed 
in the preceding chapter), cannot be treated as "ideal" probes. 

Any change in the arrangement of the molecules such as crystal, defects, 
phase transitions, aggregation, etc. results in modifications of the elec
tronic structure. These modifications are reflected sensitively, sometimes 
extremely sensitively, by changes in the physical parameters of the annihila
tion. In spite of the difficulties in interpreting experimental results, this 
sensitivity makes the PA technique attractive in structural research. 

For investigating the structure of the condensed phase, energetic posi
trons are applied that can sample a sufficiently large space in the medium. 
Positrons injected into molecular liquids start to slow down and either 
annihilate as free entitiee with a lifetime of about 0.3-0.5 nsec (not 
characteristic of the matrix) or, after slowing down by capturing an elec
tron, they form a hydrogen-like structure called poeitronium (Pe), Unlike 
hydrogen, Ps is unstable: in vacuum it annihilates by emmitting gamma-quanta 
in 0.125 nsec from the para state (parapoeitronim, p-Рв) and in 140 nsec 
from the ortho state (orthopoeitronium, o-Pe). 

The two spin states of Pe may be transformed into each other by spin-
conversion in external or internal magnetic field. Due to the difference of 
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about three orders of magnitude *n the intrinsic lifetimes belonging to the 
two spin states, in the absence of magnetic fields (as in the present study) 
these effects can be neglected for p-Ps. Depending on the structure of the 
matrix, the lifetime of o-rs in the liquid phase is reduced characteristical
ly to 1 - 10 nsec by the pick-off annihilation with an electron of the medium, 
having a spin antiparallel to that of positron in o-Ps ° 6 ' ° . For details of 
principles in lifetime measurements see Ref.(108); the processes are demon
strated in Fig. 6. 

In the interpretation of experiments carried out in homogeneous liquids 
the lifetime density funotion of positrons is usually supposed as being a 
linear combination of three exponential densities: 

Tit) = Z T.(t) = Z a.'X..exp(-X..t) (5.1) 

where a, stands for the probability of the above described annihilation, 

channels, A . = l/т, is the decay constant and t is the mean lifetime in 
annihilation channel j = 1,2,3. Conventionally, the parameters а_,т are 
reserved for the free annihilation, а.л, and а3,т, for the formation- and 
annihilation of p-Ps and o-Ps, respectively. 

numerous works have been devoted to experimental studies of positron 
annihilation parameters in polymers, liquid crystals, micellar solutions, 
microemulsions and membrane structures; for details see the monographs under 
Refs.(106,107) , the bibliography109 of the positron annihilation until 1984 
and the proceedings of the most recent conference on positron annihila
tion . The main conclusion of these works is that if any reorganization 
occurs in the liquid structure, a rapid change is usually observed in the 
parameters of o-Ps formation (a.) and annihilation (A3,T,). 

Studies on the effect of micelles on positron annihilation parameters 
date back to 1977, when Jean and Ache published a paper on chemical reac
tions of o-Ps in micellar systems . In this study and in a series of fol
lowing papers Ache et al. found that both micelles and solubilizates 
have a strong influence on the chemical reactivity of o-Ps and that the 
о-Рш formation probability show- a sudden change at cmc in normal- and 
reverse micellar systems. By utilizing concepts borrowed from radiation-
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•nd hot atom chemistry, Handel and Ache gave a phenomenological description 
for the decrease of o-Ps formation probability vs. surfactant concentration 
in micellar solutions of NaDDS with added NaCl 1 1 5. 

Although the above cited papers concluded in a close correlation of 
annihilation parameters and the presence of micelles, the explanation for 
the experimental results in terms of the structure remains qualitative. This 
was the main reason for developing a physical model ' which Interprets 
o-Ps lifetime in micellar solutions in terms of the microscopic structure of 
the system. 

5.2. A microscopic diffusion model of o-Ps lifetime in micellar solutions 

In physical modelling, micelles are assumed to be monodisperse spheres 
In SANS, polydisperse spherical micelles can be replaced by an equivalent 
set of monodisperse spheres, cf. Chapter 4.1. The 30-40% polydispersity in 
the aggregation number, i.e. 10-15% polydispersity in the linear size of 
NaDDS micelles, arising from new type experiments which were interpreted in 
different ways, had been neglected when elaborating the present model. The 
assumption of monodisperse spheres means a first-order approximation; in 
other words a necessary compromise between the capability of the mathematical 
apparatus and the properties of realistic micelles. 

Let Q be the fraction of o-Ps atoms formed in the solvent and 1-Q that 
formed in the micellar pseudophase. The quantity Q is supposedly a function 
of the surfactant concentration, solution temperature , etc.; further dis
cussion of these properties is avoided by treating Q as a fitting parameter. 

76 ~ 3 From the bulk molar volume of water V ~ 18 cm /mol, we find that 
.(H20) * 0.0299 nm3, and its electron density is 10/0.0299 * 3.35 10 2 nm"3. 
By utilizing the molecular volume vtCH.fCHj)^-) - 0.352 nm of the alkyl 
chain of NaDDS (cf. Chapter 4.2), the electron density in the micellar core 
is 97/0.352 - 2.76 Ю 2 nm"3, significantly less than that in the solvent 
phase. In the two separate phases o-Ps lifetime is assumed to have expo* 
nential density but, because of the different electron densities, different 
decay constants. The mean o-Ps lifetime in the solvent is denoted by 
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т = l/A , with х =• 1/А being that in the micelles; т ф \ . in the other s s m m s m 
two annihilation modes the lifetimes in the two phases are equal. 

Micelles and o-Ps are thought to diffuse in the solvent. Since Ps is 
known to stabilize on the sparse domains of density fluctuations, the low 
atomic density region represented by the micellar core (cf. Fig. 2) is 
assumed to serve as an effective Ps trap. It should be mentioned here that 
in the original model the trapping of o-Ps in micelles was explained by 
"reasonable" packing constraints applied to the alkyl chains in the inter-
facial layer, which also were assumed to form there a low density region. 
The density relations shown in Fig. 2 present direct evidence for trapping. 
Exit times of different solubilizates from the micelles are available from 
pulse radiolysis and fluorescent quenching measurements. These exit 
times fall into the microsecond range, which range considerably exceeds the 
lifetime of o-Ps. The trapping probability of o-Ps in micelles can thus be 
assumed near to unity: if o-Ps is formed inside a micelle or enters it from 
the solvent, the o-Ps atom can no longer escape and from this instant on, 
its annihilation is determined by its micellar surroundings. 

Let us denote by l^it) the lifetime density function of o-Ps formed 
inside a micelle and by Ts(t) that of o-Ps formed in the solvent. Instead 
of the single exponential in Eq.(5.1), the lifetime density of o-Ps in a 
micellar solution becomes 

T3(t) = Q.Ts(t) + (l-Q).T™(t) (5.2) 

According to the previous assumptions, T^t) is a pure exponential with 
decay constant A = 1/ T

m' Orthopositronium formed in the solvent phase may 
annihilate there - having a lifetime determined by the exponential density 
A exp(-A .t) - or may reach the boundary of a micelle where it gets trapped 
and will gain a new lifetime density A_.exp(-A t). The basic concept utilized 
when formulating Ts(t) is w(t), the partition function of o-Ps between the 
solvent and micelles. The partition function defines W(t) « exp(-Agt)«w(t), 
the probability of finding o-Ps in the solvent phase at time t after its 

formation there; for stable particles W = w. The lifetime density function 
117 of o-Ps in a micellar solution can be expressed formally as 
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T,(t> - О (t)«X -exp(-Xt) + 0 (t)-X -exp(-X t) (5.3.1) 
3 S » S In In In 

where coefficients 6_ and 0 depend on w, and have the form 
s m 

ee(t) • Q-w(t) (5.3.2) 

and 
9 e(t) - 1 - Q (w(t).exp(-(Xs-ABi)t} + 

t 
+ (* -^ )•[ w(x).exp{-(X -X )x)dxj (5.3.3) 

s n ) s m ) 

The main task in the physical modelling is to set the conditions for 
determining w and to present it in a computable or, rather, in an analytical, 
form. For this purpose a diffusion problem with randomly distributed absorbers 
should be solved: the average of the solution over all possible o-Ps/micelle 
configurations would then result in the partition function. 

The o-Ps, during its finite lifetime, is able to sample only a finite 
volume in the condensed phase. The characteristic radius of this volume can 

121 
be calculated from a free diffusion problem and is given by the diffusion 
coefficient D and the lifetime т of o-Ps as (D *t J1' . Let D be the p в p s m 
micellar diffusion coefficient in the solvent and D • D + D be the coef-

m p 
ficlent of the mutual o-Ps/micelle diffusion. From the values of D_ published 

m 
for NaDDS micelles 1 2 2' 1 2 3 and of D guessed in Ref.(118), it follows that D 
falls Into the range 10 -10 cm sec , defining thus a characteristic dif
fusive displacement R d i f f * < D' T.) ~ 0.4-4 nm. The o-Ps/micelle diffusion 
takes place on average within a sphere of radius R + R.,,,, where R

c " R
n

+ R „ 
# * 

Is the distance between the centres of a micelle of radius R_ and of o-Ps of 
m 124 radius R„ a. contact; see Fig. 7. Since R_ - 0.3 nm and R m -' 2 nm, the P p m 

volume of Interest plotted in Fig, 7 consists of a few micelles only. This 
condition of врагвепввв enables us to approximate w(t) by the exect solution 
to the o-Ps/single micelle diffusion problem, averaged over the spherical 
shell drawn around the o-Ps/micelle contact sphere with the thickness R d & f l r 
see rig. 7 and for details Ref. (117). By Introducing the notation X-l-R /Rm, 
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Figure 7. Geometzy of o-Pe/micelle encounter. 
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в » Dt /R, у ш t/т . by writing N « (с -с )A/v and by taking into account 
в С В S C 

that 4*AR /3v equals V (the partial molar volume of the aggregated sur
factants), the approximate partition function has the following analytical 
for»: 

w(t) - expi-3(cs-cc)VaX3{2(e+e1/2).y1(y) +в.у2(у)}) (5.4.1) 

with the functions Y and Y. depending only on y, as 

Yj(y) = erfc(y" 1 / 2) - (y/n)1/2{exp(-y"1)-l) (5.4.2) 
and 

Y2(y) = yerf(y" 1 / 2) - 2-(y/it)1/2 (5.4.3) 

From Eqs.(5.3) it follows that in miceliar.solutions T^tt), the o-Ps 
lifetime density function loses its pure exponential character. If positron 
lifetime spectra arising from micellar systems are decomposed, as given in 
Eq.(S.l), into three (or, as earlier, into two ) exponentials by 
utilizing numerical algorithms like POSITRONFIT125 and its variants 1 2 6" 1 3 0, 
the information obtained from this procedure becomes slightly distorted. 
The trends in the mean o-Ps lifetime, however, correspond to the theoretical 

117 expectations j the mean lifetime increases with increasing volume fraction 
of micelles ' and with increasing temperature . In both cases, the 
event that o-Ps formed in the solvent ends its lifetime in micellar sur
roundings has enhanced probability. 

For dilute (c •* с ) systems w(t) •+ 1 and it can be shown with some 
В С 

algebra that in Bqs.(5.3), 0_(t) * Q and 9_(t) •• 1 - Q; in other words, 
• S ro 

Tj(t) will be expressed by a linear combination of two exponential densities. 
118 132 

This property has been proven experimentally ' and the results obtained 
from a four-term exponential decomposition could be interpreted in terms of lie the present diffusion model . 
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5.3. Problems of parameter fitting 

The physical lifetime density function, after having been convoluted 
125 with the lifetime resolution function of the equipment , is adjusted to the 

118 measured lifetime spectra in a least squares fitting procedure . Apart from 
a,,*, and *2' T2' t h e f i t t i n 9 parameters are a^ (the formation probability of 
o-Ps in the micellar solution), Q, т , т , X, and в; the total number of 

S Hi 

physical fitting parameters is 10. This number seems to be too high: in 
practice the maximum number of physical fitting parameters is 8 when decompos
ing lifetime spectra (usually from polymers) into four exponential terms. 

In order to reduce the number of physical parameters, the o-Ps lifetime 
in the solvent phase was fixed to т « 1.7 ns, the mean value of experimental 
results obtained for bulk water in different laboratories 1 1 8' 1 3 3" 1 3 5. The 
other fitting parameter that can be eliminated is X. If assuming point-like 
o-Ps, then X a 1; in this case the best-fit values of D define a very high 
activation energy for the o-Ps diffusion process i B' 1 6. A further way to 
eliminate X is to introduce the parameter combination Д = X «9. with this 
notation, Eq.(5.4.1) can be rewritten as 

w(y) - exp[-3(ce-cc)VaZ(X,Ä,y){2(/i+Ä:i/2)y1(y) + AY2(y)>) (5.5.1) 

where Z is a correction factor and, in first approximation, has the form 

Z(X,o,y) - 1 + 2 (X - 1) Т75-^ (5.5.2) 
* 1 + ЬГ,Л{1 + YJJ/^YJ) 

By definition, X - 1 • R /R/ depending on the aggregation number, for 
NaDDS micelles R_/R_ ~ 0.12-0.15. The combination 1 + Y-/2Y. of functions 

pro * A 
Y^ and Y, varies in the range (0,1) for у г О. From these properties it 
follows that Z is a slowly varying function of yt for example, if 4 ' < 1 
(which is the characteristic practical case), then Z varies less than 
3 V 4 R m ~ °'0в-0.08. By replacing Z with the constant Z 0«l+(3/2-3/8)R/R m 

~ 1 • eR«/eR« ~ 1.13-1.17, the deviation of Z from г л remains within 3-4%, 
p m О 

which is expectedly less than the uncertainties in the choice of R , the 
radius of the micelle, and the corresponding molar volume. Since o-Рв is 
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assumed to be trapped by the low-density micellar core, in the calculations 
V * 0.212 dm /mol, the partial molar volume of the alkyl chain is utilized 
with S - 2 л » 1.15. о 

Regarding the convergence of the fit, the fitting parameters are divided 
Into two groups. Since w(t) is only a small contribution to the exponential 
terms , at a given number of counts recorded in the lifetime spectrum, the 
fitting procedure results in significantly less-defined minima for Q and Д 

» 
than for the other parameters. In order to improve the convergence of the fit, 

137 138 
the numerical algorithm, by utilizing the idea of Horváth and Szatm&ry , 
can simultaneously evaluate more than one lifetime spectrum recorded under the 
same physical conditions (but not necessarily with the same spectrometer). 
Another way to improve the convergence of the fit is, of course, to gather 
more counts. The simultaneous fit, however, turned out to be more effective. 
Provided that two spectra together consist of the same number of recorded 
events as a single one, from the simultaneous evaluation of the two spectra 
the same physical parameter could be estimated within a tighter interval of 

118 confidence than from a single spectrum . Details of practical importance 
such as error estimation, etc. are given in Ref.(118). 

5.4. Interpretation of the best-fit values of the model parameters 

Information on the micellar interior can be deduced from x , the o-Ps 
lifetime inside the micelles. The increase of the mean o-Ps lifetime with 
the surfactant concentration, as obtained earlier ' , suggests that 
the nature of the o-Ps/micelle interaction is trapping rather than a reac-

139 tion , wherein a chemically bound structure forms that would result in a 
decreasing lifetime vs. surfactant concentration . 

The way of annihilation for positrons in o-Ps atoms in molecular 
liquids is the so called pick-off annihilation. Tao found a simple empirical 
correlation between \ , the rate coefficient of the pick-off annihilation 
and Y, the surface tension of the molecular liquid and interpreted this 

142 
correlation in terms of the bubble model originally developed by Ferrel 
for liquid helium. Its interpretation was refined by Lévay and Vértes and 
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was extended by them for high surface tension liquids . According to the 
above findings, the rate coefficient of the pick-off annihilation can be 
expressed as 

A « K-Y° (5.6) 

where, as determined from the analysis of different compounds , к = 0.062 
i 0.OO4, a > 0.51 ± 0.02, у is expressed in dyn*um and Л in nsec~ units. 
The values of o-Ps lifetime in the micellar surrounding were determined ex
perimentally in 0.5 and 1.0 mol/dm 99.85% heavy- and in 0.8 and l.O mol/dm 
normal water solutions of NaDDS. The corresponding rate coefficients are 
plotted vs. solution temperature in Fig. 8/a. In the case of the 0.5 and 
0.8 mol/dm concentration solutions 2 - 3*10 counts were gathered in the 
spectra, in the other cases this figure is less than 10 . (It should be 
mentioned that a - 40% decrease in the volume fraction of micelles from 

3 3 
0.8 mol/dm to 0.5 mol/dm results in a considerable increase in the error 
of the best-fit values of A .) Provided that the probability of all annihila-

139 tion channels other than the pick-off annihilation is neglected , we have 
A_ ~ A s l/T and Y , the micellar surface tension around the solubiliza-p m m m 
tion sit of o-Ps can be guessed from Eq.(5.6). By adjusting straight lines 

3 to the 0.5 and 0.8 mol/dm data points, the surface tension parameter for 
the micellar interior is calculated and is plotted vs. solution temperature 
in Fig. 8/b. 

Since micelles are assumed to consist of solvent molecules (cf. Chapters 
3 and 4), the micellar core can be treated as a mixture of the alkyl chains 
and solvent molecules. Lévay, vértes and Hautojärvi interpreted the pick-

144 off annihilation rate for liquid mixtures in terms of the parachor . From 
the application of this approach to Eq.(5.6) follows that in a mixture AB of 
components A and В the quantity (А ) 1 / 4 а.у z (A ) 1 / 2«V is additive with 
respect to the mole fractions X. and X_: 

where V denotes molar volume, V f t B « X

A ' V

A

 + x n / v n a n d х д + х в * 1 * 
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From Eq.(5.7) the mole fraction X of water around the solubilization 
sit of o-Ps in the micellar core can be calculated. Let Хш_ » X , X. » X(R,,) 

AB Л A L£ 
a ,j 

the rate coefficient of pick-off annihilation in "dry" micelles (-3.0310 sec , 
interpolated from the data published by Gray, Cook and Sturm ), and X - X 
(« 5.88 10 8 sec" 1, the mean value of data found in the literature 1 1 8 , 1 3 3~ 1 3 5). 
By setting V A - v

a( Rx2^ " 21 2«5 cm /mol, the partial molar volume of the alkyl 
chains in "dry" NaODS micelles, V_ » v* • 18 cm /mol, with some algebra for 

и w 
Xg • X we have 

X - 1 + Sí тт. S _ 2 (5.8) 
w l Í X ( R 1 2 , ) V 2 _ { V l / 2 V R i 2 ) J 

The mole fraction X defines the number w of water molecules per alkyl chain 
(cf. Chapter 3 and 4) as w » х,/<1 ~ *w> • The experiments lead to Xw~0.76-0.84, 
equivalent with 3-5 solvent molecules per alkyl chain. 

The micellar size and the diffusion coefficient of o-Ps in the solvent 
phase can be calculated from the best-fit values of Д. In order to interpret 
its experimental values, the mitíellar- and o-Ps diffusion coefficients are 
assumed to satisfy the Stokes-Einstein formula: 

к Т 

where n is the viscosity cf the solvent and R. is the hydrodynamic radius of 
the particle; the latter quantity is approximated by R and R , the radii of 

m p 
the particles considered in the other calculations. Since micelles and o-Ps 
occupy similar microscopic environment, n has the same value for both par
ticles, from Eq.(5.9) we have D ~ D « R / R . and Д is reduced to 

m p p m 
Д * *• D «T (5.10) 

К P 

m 
In a particular solvent the poaitronium parameters (at constant tempera

ture) can be assumed independent of the concentration of micelles. Apart from 
the constant D т , the beet-fit values of Д should depend on the surfactant P * 
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concentration as the quantity x /R • Its values are calculated from the mi-
cellar aggregation numbers in Table 1 and from R , determined by the bubble 
model . The best-fit values of A and the calculated values of x /R are 

in 
plotted vs. solution temperature in Fig. 9/a and 9/b, respectively. It should 

2 2 be pointed out that the parameters utilized for calculating X /R' depend only 
slightly on the isotopic composition of the solvent and thus the curves drawn 
in Fig. 9/b are valid for both normal- and heavy water solutions when calcu
lating the numerical values of 0 from Eq.(5.10). 

Diffusion properties of o-Ps have previously been deduced from K, the 
rate constant of thermal o-Ps reactions with molecules dissolved in water. 
The rate constant is related by the Smoluchowsky equation to the coefficient 
of the mutual o-Ps/reactant diffusion as 

К - 2w(D + D r)R e f £ (5.11) 

where D is the diffusion coefficient of the reactant molecules in the water 
and Rg£f is an effective collision radius of the reaction partners (cf. R in 
Fig. 7). In order to interpret the results, the coefficient of the mutual 
o-Ps/reactant diffusion in Eq.(5.11) is expressed with the viscosity of the 
solution, by utilizing the Stokes-Einstein formula in Et;.(5.9); for details 
see Ref.(146). 

The evaluation of Eq.(5.11) involves two problems. First, D J> D , and 
thus the mutual diffusion coefficient reflects the properties of the solute 
molecules, rather than those of o-Ps. If the diffusion coefficient is expres
sed by the viscosity, the temperature dependence of К is related to bulk so
lution properties: the activation energy related to К is experimentally found 

147 
to agree with that related to solution viscosity . Second, the effective ra
dius, like cross sections, contains the interaction of the reactants and any 
estimation made for the effective radius of a quantum particle such as o-Ps, 
may lead to unpredictable effects on the results calculated from Eq.(5.11). 

The problem of o-Ps tunneling can be mentioned as a typical example : 
149 while in paramagnetic ouenching reactions with ferrochloride o-Ps seems 

to diffuse by means of tunneling ' , other o-Ps reactions are tought to 
be diffusion controlled 1 4 6' 1 4 7' 1 5 0" 1 5 2, wherein o-Ps diffuses as a classical 
particle. 



InOp 

О-

-1.0-

D 20 Ea~0.16eV 

Op- lnm2nsec"1] 

60 50 40 30 

I 

K 20 Ea~0.29eV 

} T[°C] 

3.0 3.1 a2 аз 3.4 10 ГЗ Г 1 [К"1] 
Figur* 10. The Arrhenius-plot of diffusion ooefficients of o-Ps in normal- (open symbols) and in 99.85% heavy water (full symbols). 
Determined by the combined application of SANS and PA methods in 0.5 (Д), 0.8 Cor and 1.0 (0) rool/dm3 solutions of NaOOS. 



- 43 -
In the present model the properties of micelles can be utilized favour

ably for studying o-Ps diffusion. Micelle can be treated as immobile par
ticle by comparison with o-Ps, cf. micellar self-diffusion coefficients pub
lished in Refs.[122,123). Therefore the contribution of micelles to the mutu
al diffusion coefficient is small: D + D •*» D , thus reflecting the o-Ps 

m p p 3 

properties. Particle radii are defined by repulsive intermolecular forces and 
the o-Ps/micelle encounter is of purely geometric character. The radius of 
contact is substantially determined by the micellar size: R + R ^ R - that 

m p m 
can be calculated with considerable accuracy. 

The numerical values of o-Ps diffusion coefficient are calculated from 
Eq.(5.10) and their Arrhenius-plot can be seen in Fig. 10. Data points from 
both normal- and heavy water solutions define straight lines in Pig. 10 with 
activation energies E » 0.29 + 0.03 and 0.16 ± 0.07 eV, respectively, show
ing a definite isotope effect on o-Ps diffusion mechanism in aqueous medium. 
The results indicate that in the temperature range of interest (20-60 С 
for normal-, 25 - 50 °C for heavy water solutions) the o-Ps diffusion takes 
place without tunnelling: in other words, the o-Ps bubble moves as a classi
cal particle. 

The values of activation energy of the self-diffusion in normal- and 
heavy water are 0.19 and 0.203 eV; those of 1/n, calculated from viscosity 
data published in Ref.(154), are 0.17 and 0.18 eV, respectively. The active^ 
tion energies of o-Ps diffusion are somewhat higher than these data, but are 
commensurable with them; the directions of the isotope effect, however, are 
opposite. 

Finally, it should be pointed out that the structural temperature in the 
solvent phase of micellar solutions is close to that in bulk water " ; 
thus all physico-chemical parameters of o-Ps in the two media are assumed to be 
equivalent. For technical reasons such as better defined parameters and high
er volume fraction of micelles, among the published data the normal water 
results are the more coi elusive. 
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6. CONCLUSIONS 

In the present study results on raicellar structure are summarized that 
were obtained from conceptually different experimental methods, such as high-
precision density measurements, small angle neutron scattering and the posit
ron annihilation technique. 

In the evaluation of SANS and PA experiments the molecular volumes, in 
particular those of aggregated surfactants, play an important role. Based on 
high-precision density measurements, the apparent molar volume of aggregated 
surfactants can rigorously be determined in terms of the pseudophase separa
tion model. By considering the concentration dependence of the apparent molar 
volume and by utilizing the concept of group-additivity, the partial- and the 
molecular volume of the micelle forminq alkyl chains could be calculated. All 
types of volume, and thus the mean density in the hydrocarbon microphases de
pend only slightly on surfactant concentration. For a particular alkyl chain, 
the micellar density was found to fall within the bulk densities of the cor
responding alkane and alkanol, and thus was considerably less than that of 
the solvent. 

The main aim of SANS experiments was a systematic investigation of the 
mean aggregation number as a function of surfactant concentration, solution 
temperature and alkyl chain length. The verification of the experimental re
sults is based on comparison with those obtained in different laboratories 
and from different experimental methods, too. The concentration dependence of 
the mean aggregation number could be described by the empirical formula 

Г 1/2 
v <v v 0*X a, and r ' gives the polydispersity of the aggregation number. The 
polydispersity of 0.4 - 0.6 is in agreement with the findings of other re
search groups. The slow variation of the molecular volumes of micelle forming 
compounds and the rapid increase in the mean aggregation number vs. surfac
tant concentration correspond to the cylindrical growth proven for sodium 
alkyl sulphate micelles in the presence of added salt ' , even if r is dif
ferent for the two cases. 
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The application of the PA technique for experimental studies of micellar 
systems is based on a microscopic o-Ps diffusion model. The results of the 
density- and SANS measurements are utilized partly to support the basic as
sumptions of this model, partly to test and interpret the best-fit values of 
the model parameters. For example, the density data obtained for the micellar 
core provide direct evidence for the trapping of o-Ps by micelles, one of the 
outgoing conditions of the model. 

The physical model of positron annihilation in micellar solutions sepa
rates the lifetime of o-Ps trapped by the micelles from that of o-Ps annihi-< 
lating in the solvent phase. The application of the bubble-model to the anni
hilation rate of trapped o-Ps results in the determination of у . the surface 
tension around the solubilization site of o-Ps in the micellar environment. 
The value of у is the unknown component of the free interfacial energy of 
the microscopic hydrocarbon/water boundary, utilized in micellization theo-
ries 4 3. 

The comparison of aggregated apparent-, infinite dilution- and bulk mol
ar volumes of hydrocarbons for the average number w of solvent molecules 
per alkyl chain results i n i ^ 0.5; analysis of the micellar volume determi-

33 37 ned in SANS experiments leads to similar conclusions ' . From PA results, 
143 — by extending the bubble model for mixtures , we have w * 3 - 5. Apart from 

the error sources in all three approaches, the first two methods - by their 
nature - result in average values for w. The PA method, however, defines a 
local quantity and thus the two values of w are not necessarily in contra
diction. This is supported also by the finding that, according to unpublished 
calculations, the diffusion coefficient of o-Ps in hydrocarbon surroundings 
is much less than that in water. Therefore the o-Ps is probably localized in 
the proximity of the hydrocarbon/water interface consisting of more solvent 
molecules than the internal regions of the micellar core. 

The dimensionless diffusion coefficient Д carries information on the mi
cellar size and on o-Ps diffusion parameters. The first is known from SANS, 
and this knowledge provides a straightforward and unique way for determining 
o-Ps diffusion parameters in the solvent phase. From the evaluation of life
time spectra recorded for normal- and 99.85% heavy water solutions of NaDDS, 
the present method concluded in a diffusion mechanism without tunnelling in 



- <6 -

the temperature range of interest, with parameters having significantly dif
ferent values in the two solvents. 

ACKNONLEDGENEBTS 

The author expresses his thanks to Prof. E. Berecz and Dr. T. Török 
(Technical University of Heavy Industry, Miskolc), Prof. Yu.M. Ostanevich 
(Joint Institute for Nuclear Research, Dubna), Dr. S. Borbély, Prof. L. Cser, 
Dr. Gy. Jákli and Dr. Zs. Kajcsos (Central Research Institute for Physics, 
Budapest) for stimulating discussions, ideas and collaboration. Mr. H. Shenker 
is thanked for checking the text, Ms. A. Szuja for draughtsmanship, and Mrs. 
É. Végvári for faultless typing. The work has been supported in part by the 
OTKA foundation of the Hungarian Academy of Sciences. 



- 47 -

7. REFERENCES 

1. McBain, E. Trane.Faraday Soo. 1 9 1 3 , 9 , 9 9 . 

2. Preston, W.C. J. Phyв.Colloid Chem. 1 9 4 8 , 5 2 , 8 4 . 

3. Franses , E . I . ; Davles , H.T.; M i l l e r , W.G.; Ser iven , L.E. 

J.Phy в. Chem. 198^0,8±, 2 4 1 3 . 

4. Debye, P. Ann.H.Y. Acad. Sei. 1949,£7,575. 
5. Physics of Amphiphiles: Micelles, Veeioles and Microemuleione; 

Degiorgio, V.; Corti, M. Eds.; North Holland: Amsterdam, 1985. 
6. Zerob, T. Etude Structurale de Solutions Mioellaires Concentrees; 

Report, CEA-R-5301, Saclay, 19Э5; in French. 
7. Colloidal Surfactants; Shinoda, K.; Tamamushi, в.; Nakagawa, Т.; 

Isemura, T. Eds.; Academic Press: New York, 1963. 
8. Tanford, С The Hydrophobic Effect; Wiley: New York, 1973. 
9. Hiemenz, P.C. Principles of Colloid and Surface Chemistry; 2nd ed.; 

Marcel Dekker: New York, 1986. 
10. Bourrel, M.; Schechter, R.S. Mi его emulsions and Related Systems; 

Surfactant Science Series Vol. 30.; Marcel Dekker: New York, 1988. 
11. Pisher, L.R.; Oakenfull, D.G. Chem.Soc.Rev. 1977,£,25. 
12. Llndman, В.; Wennerström, H.; Eicke, H.-F. Micelles; Topics in Current 

Chemistry, Vol. 87.; Springer Verlag: Berlin, 1980. 
13. Pendler, J.H.; Pendler, E.H. Catalysis in Micellar and Maaromoleoular 

Systeme; Academic Press: New York, 1975. 
14. Mieellization, Solubilization and Micro emulsions; Mittal, X.L., Ed.; 

Plenum Press: New York, 1977. 
15. Solution Chemistry of Surfaotante; Mittal, K.L., Ed.; 

Plenum Press: New York, 1979. 
16. Mioroemulsione; Robb, I.D., Ed.; Plenum Press: New York, 1982. 
17. Surfaotante in Solution, Vol.1-3.; Mittal, X.L.; Lindman, В., Eds.; 

Plenum Press: New York, 1983. 



- 43 -

Surfactants in Solution, Vol. 4-6.; Mittal, K.L.; Bothorel, P., Eds.; 

Plenum Press: New York, 1986. 

Trends in Colloid and Surface Science II.; Degiorgio, V., Ed.; 

Progress in Colloid and Polymer Science Vol. 76.; 

Kilián, H.-G.; Lagaly, G., Eds.; Steinkopff Verlag: Darmstadt, 1988. 

Surfactants in Solution, Vol. 7-9.; Mittal, K.L., Ed.; 

Plenum Press: New York, 1989. 

Hall, D.G.; Pethica, B.A. in Sonionic Surfactants; Schick, M.J., Ed.; 

Edward Arnold Publishers: London, 1967, p. 516. 

Franks, F.; Reid, D.S. in Water: a Comprehensive Treatise; 

Franks, F., Ed.; Plenum Press: New York, 1973. 

Desnoyers, J.E.; Perron, G.; Roux, A.H. in Surfactant Solutions; 

Zana, R., Ed.; Marcel Dekker: New York, 1987, p. 1. 

Hutchinson, E.; Melrose, J.C. Z.Pkye.Chem.N.P. 1954,£,117. 

Tartar, H.V.; belong, A.CM. J.Phye.Chem. 1955,59,1185. 

Phillips, J.M.; Mysels, J.К. J.Phye.Chem. 1955,5^,325. 
Huisman, H.F. Proa.Kon.Ned.Acad. 1964,B67,746. 
Phillipoff, W. Disc.Faraday Soc. 1951,í£,96. 

Reiss-Husson, F.; Luzzati, V. J.Phye.Chem. 1964,68,3504. 

Reiss-Husson, F.; Luzzati, V. J.Colloid Interface Sei. 1966,21,534. 

Hayter, J.B-.; Penfold, J. Colloid Polym.Sei. 1983,20-7,1022. 

Sheu, E.Y.; Wu, C.F.; Chen, H.S.; Blum, L. Phys.Rev. 1985,A32,3807. 

Cabane, В.; Duplessix, R.; Zemb, T. J.Phye./Parie/ 1985,££,2161. 
Triolo. R.; Caponetti, E.; Graziani, V. J.Phye.Chem. 1985,££,5743. 
Cser, ь.; Jákli, Gy.; Kajcsos, Zs.; Vass, Sz.; Borbély, S.; 

Bezzabotnov, V.Yu.; Ostanevich, Yu.M.; Juhasz, É.; Lelkes, M. 

in Surfactante in Solution; Mittal, K.L.; Ed.; Vol. 7.; 

Plenum Press: New York, 1989 /in press/. 

Chen, H.S. Ann.Rev.Phye.Chem. 1986,£7,351. 

Berr, S.S.; Coleman, M.J.г Marriott Jones, R.R.; Johnson, J.S.,Jr. 
J.Phye.Chem. 1986,££,6492. 

Turro, N.J.; Yekta, A. J.Am.Chem.Soc. 1978,£££,5951. 
Lianos, P.; Zana, R. J.Phye.Chem. 1980,££,3339. 
Llanos, P.; Zana, R. J.Colloid Interface Sai. 1981,££,100. 



- 49 -
41. Mazer, N.A.; Benedek, G.B.; Carey, N.C. J.Phye.Chem. 1976,00,1075. 
42. Mazer, N.A. in Dynamic Light Scattering; Pecora, R., Ed.; 

Plenum Press: New York, 1985. 
43. Israelachvili, J.N.; Mitchell, D.J.; Ninham, B.W. 

J.Chem.Soc.Faraday Trans.IT. 1976,72,1525. 
44. Phillips, J.N. Trane. Faraday SOG. 1955,5^,561. 
45. Benjamin, h. J.Phye.Chem. 1964,££,3575. 
46. Elworthy, P.H.; Mysels, K.J. J.Colloid Interf.Sci. 1966,21_,331. 
47. Kamrath, R.F.; Franses, E.I. J.Phye.Chem. 1984,££,1642. 
48. Burchfield, Т.Е.; Wooley, E.M. J.Phye.Chem. 1984,££,2143. 
49. Mazer, N.A.; Olofsson, G. J.Phye.Chem. 1982,££,4584. 
50. Wooley, E.M.j Burchfield, Т.Е. J.Phye.Chem. 1984,££,2155. 
51. Wooley, E.M.; Burchfield, Т.Е. J.Phye.Chem. 1985,89,714. 
52. Aniansson, E.A.G.; Wall, S.N.; Almgren, M.; Hoffmann, H.; Klein, nn, I.; 

Ulbricht, W.; Zana, R.; Lang, J.; Tondre, С 
J.Phye.Chem. 1976,£0,905. 

53. Kahlweit, M. J.Colloid Interf.Sci. 1982,££,92. 
54. Shinoda, K.; Hutchinson, E. J.Phye.Chem. 1962,66,557. 
55. Kale, K.M.; Zana, R. J.Colloid Interf.Sai. 1977,£_I,312. 
56. Holland, H.; Vikingstad, E.; Skauge, A. J.Colloid Interf.Soi. 1978,££,240. 
57. Desnoyers, J.E.; DeLisi, R.; Perron, G. Pure Appl.Chem. 1980,£2,433. 
58. Douheret, G.; Viallard, A. J.Chim.-Phyв. 1981,7£,85. 
59. Phillips, J.N. Trane.Faraday Soo. 1955,£i,561. 
60. Mukerjee, P.; Myeels, K.J. Critical Mioelle Concentrations of Aqueous 

Surfactant Systeme; Nat.Stand.Ref,Data Ser., Nat.Bur.Stand. 36; 
US Government Printing Office: Washington, D.C., 1971. 

61. Shinoda, K.; Soda, T. J.Phye.Chem. 1963,£7,2072. 
62. Corkill, J.M.; Goodman, J.F.; Walker, Т. Тгапв.Faraday Soo. 1967,£3,768. 
63. Franks, F.; Quickenden, M.J.; Ravenhill, J.R.; Smith, H.T. 

J.Phye.Chem. 1968,7^,2668. 
64. Musbally, G.M.; Perron, G.; Desnoyers, J.E. 

J.Colloid Interf.Sai. 1974,45,494. 
65. Tanaka, M.; Kareshima, S.; Shin-No, K.; Okajima, Т.; Tomida, T. 

J.Colloid Interf.Soi. 1974,££,132. 



- 50 -

66. Doughty, D.A. J.Phye.Chem. 1979,£3,2621. 
67. Backlund, S.; Hormi, 0.; Holland, H.; Kvammen, O.; Sjoblom, J. 

Finn.Chem.Lett. 1982,147. 
68. Rosenholm, J.В.; Griqg, R.B.; Kepler, L.G. 

J.Chem.Thermodynamics 1986,18,1153. 
69. Vass, Sz.; Török, Т.; Jákli, Gy.; Berecz, E. Report, KFKI-1989-2S/J, 

Budapest, 1989. 
70. Vass, Sz.; Török, Т.; Jákli, Gy.; Berecz, E. J.Chem.Phye. 1989,93,6553. 
71. Conway, В.Б.; Verral, R.E.; Desnoyers, J.E. 

Trane.Faraday SOG. 1966,62,2738. 
72. Millero, F. Chem.Rev. 1971,7£,147. 
73. Perron, G.; Desnoyers, J.E. Fluid Phaee Bquilib. 1979,£,239. 
74. Jolicoeur, C ; Lacroix, G. Can.J.Chem. 1975,54,624. 
75. Jolicoeur, C.; Boileau, J.; Bazinet, S.; Plcher, P. 

Can.J.Chem. 1974,u3,716. 
76. Kell, G.S. J.Chem.Phye.Ref.Data 1977,6,1109. 
77. Redlich, 0.; Rosenfeld, P. J.Phye.Chem. 1931,/1255,65. 
78. Redlich, О. J.Phye.Chem. 1940,££,619. 

79. Redlich, 0.; Meyer, D.M. Chem.Rev. 1964,£4,221. 

80. Gilányi, Т. J.Colloid Interf.Sai. 1988,125,641. 
81. Vass, Sz.; Török, Т.; Jákli, Gy.; Berecz, Б. Progr.Colloid Polym.Soi. 

1988,7£,221. 

82. Guinier, A.; Fournet, G. Small Angle Scattering of X-Raye; 

Wiley: New York, 1955. 

83. Kratky, 0. The World of neglected Dimenaione, Small Angle Scattering »f 

X-Raye and Neutroné of Biological Maoromoleculee; distributed by the 

author; Drosselweg 15, A-8010 Graz, Austria; Graz, 1983. 

84. Svergun, D.I.; Feigin, L.A. Small Angle X-Ray and Neutron Scattering; 

Naukas Moscow, 1986; in Russian. 

85. Jacrot, B. Rep.Prog.Phye. 1976,39,911. 

86. Tanford, C. Proa.Nat.Acad.Sei.USA 1974,7_2,1811. 

87. Missel, P.J.; Mazer, N.A.; Benedek, G.B.; Young, C ; Carey, M.C. 

J.Phye.Chem. 1980,££,1044. 

88. Corti, M.; Degiorgio, V. J.Phye.Chem. 1984,£5,711. 



- 51 -

89. Missel, P.J.; Mazer, N.A.,- Carey, M.C.; Benedek, G.B. in Solution 

Behavior of Surfactants, Vol. 1, Mittal, K.L.; Pendler, J. Eds.; 
Plenum Press: New York, 1982, p. 373. 

90 Missel, P.J.; Mazer, N.A.; Benedek, G.B.; Carey, M.C. 
J.Phua.Chem. 1983,07,1264. 

91. Hayter, J.В.; Penfold, J. J.Chem.Soc.Faraday Trans.I. 1981,77^1851. 
92. Hayter, J.В.; Penfold, J. Mol.Phye. 1981,42,109. 
93. Hansen, J.P.; Hayter, J.B. Mol.Phye. 1982,46,651. 
94. Bendedouch, 0.; Chen, H.S.; Koehler, N.C. J.Phys.Chem. 1983,07,2621. 
95. ROtlarchyk, M.; Chen, H.S. J.Chem.Phye. 1983,79,2461. 
96. Bratko, 0.; Sheu, Е.У.; Chen, H.S. Phye.Rev. 1987,A3£,4389. 

97. Bratko, D.; Friedman, H.L.; Zhong, E.C. J.Chem.Phye. 1986,££,377. 

98. Belloni. L. J.Chem.Phya. 1986,£5,519. 

99. Vagov, V.A.; Kunchenko, A.B.; Ostanevich, Yu.M.; Salamatin, I.M. 

Report, JINR 14-83-898, Dubna, 1983, in Russian. 

100. Luzzati, V.; Tardieu, A. Ann.Rev.Biophye.Bioeng. 1980,9,1. 

101. Hayter, J.B.; Hansen, J.P. ILL Int.Sei. Report 82HA14T, Grenoble, 1982. 

102. Cser, L.; Jákli, Gy.; Kajcsos, Zs.; Vass, Sz.; Borbély, S.; 

Bezzabotnov, V.Yu.; Ostanevich, Yu.M.; Juhász, f.; Lelkes, M. 

in Proc, 5th Conf. on Colloid Science, Balatonfüred, Hungary, 

1988, in press. 

103. Cser, L. in Proc, Sth Int, School on Neutron Phyeica, Alushta, USSR, 

1986, JINR Report D3,4,17-86-747, Dubna, 1987, in Russian. 

104 Bezzabotnov, V.Yu.; Borbély, S.; Cser, L.; Faragé, в.; Gladkih, I.; 
Ostanévien, Yu.M.; Vase, Sz, ,J,Phya.Chem, 1988,92,5738. 

105. Kratochvil, J.P. J.Colloid Interf.Sci. 1980,7±,271. 
106. Poaitronium and Muonium Chemiatry, Ache, H.J. Ed.; 

American Chemical Society: Washington, D.C., 1979. 
107. Poaitron and Poaitronium Chemiatry, Schrader, D.M.; Jean, Y.C. Eds.; 

Elsviert Amsterdam, 1988. 
108. Poaitron Solid-State Phyeica, Brandt, W.; Dupasquier, A. Eds.; 

North-Holland: Amsterdam, 1983. 
109. Poaitrona and Poeitronium. A Bibliography 1930-1984, Jean, Y.C.; 

Lambrecht, R.M.; Horváth, D. Eds.; Elsevier: Amsterdam, 1988. 



- 52 -

110. Positvon Annihilation. Dorikens-Vanpraet, L.; Dorikens, M.s Seqers, D. 

Eds.; Proc. 8th Int. Conf. on Positron Annihilation, Gent, Ü88, 

World Scientific: Singapore, 1989. 

111. Jean, Y.C.; Ache, H.J. J.Am.Chem.Soo. 1977,35,7504. 

112. Jean, Y.C.; Ache, H.J. J.Phye.Chem. 1978,£2,811. 

113. Jean, Y.C.; Ache, H.J. J.Am.Chem.Coc. 1978,100,6?20. 

114. Djermouni, В.; Ache, H.J. J.Phys.Chem. 1979,03,2476. 
115. Handel, E.D.; Ache, I'.J. J.chem.Phys. 1979,7£,2083. 
116. Boussaha, A.; Achi, H.J. J.Phus.Chcm. 1981,05,1693. 
117. Vass, Sz. J.Phya.Chem. 1986,£0,1099. 
118. Vass, Sz.; Kajcsos, Zs. Fadiat.Phya.Chem. 1980,£Я,4ОЗ. 
119. Proske, Т.. Henqlein, A. Ber.Buneengee.Phys.Chem. 1978,82,711. 
120. Thomas, J.K.; Grieser, F.; Wow?, M. 

Bev.Buneenges.Phye.Chem. 1973,£2,937. 

121. Carslaw, H.S.; Jaeger, •'.C. Conduction of Heat in Solide, 

Clarendon Press; Oxford, 1959. 

122. Stlgter, D.; Williams, R.J.; Mysels, K.J. J.Phys.Chem. 1955,££,330. 

123. Clifford, J.; Pethlca, B.A. J.Phye.Chem. 1966,££,3345. 

124. Lévay, в.; Vértes, A, J.Phye.Chem. 1976,£0,37. 

125. Kirkegaard, P.; Eldrup, M. Comput.Phye.Commun. 1972,£,240. 

126. Kirkegaard, P.; Eldrup, M. Comput.Phye.Commun. 1974,7,401. 

127. Warburton, W.K. Comput.Phye. Commun. 1978,23,371. 

128. Virtue, C.J.; Douglas, R.J.; McKee, B.T.A. 

Comput.Phye.Commun. 1978,15,97. 

129. Kirgegaard, p.; Eldrup, N.; Mogensen, O.E.; Pedersen, N.J. 

Comput.Phye.Commun. 1981,23,307. 

130. Puff, W. Comput.Phye.Commun. 1983,£0,359. 

131. Vass, Sz.; Kajcsos, Zs.; Molnár, B. in Surfaotante in Solution, 

Mittal, K.L.; Bothorel, P. Eds.; Vol. 4., p. 179.; 

Plenum Press; New York, 1986. 

132. Abbe, J.C.; Duplatre G. pereonal communication. 

133. Eldrup, M.; Mogensen, 0.; Trumpy, G. J. Chem. Phye. 1972, S£,495. 

134. Haeesler, A. Theeie, Report CRN/CPfí 82-84, Strasbourg, 1982. 



- 53 -
135. Kishimoto, Y.; Tanigawa, S. in Positron Annihilation; Coleman, P.G.; 

Sharma, S.C.; Diana, L.M, Eds.; Proc. 6th Int. Conf. on Positron 
Annihilation, Arlinqton, Texas, USA, 1982, North Holland: Amster
dam, 1982, p. 790. 

136. Vass, Sz.; Kajcsos, Zs.; Molnár, В. Chem.Phyo.Lett. 1985,ИЛ,Ю5. 
137. Horváth, D. Report KFKI-73-S3> Budapest, 1973. 
138. Szatmáry. Z. Report KFKT-77-43, Budapest, 1977. 
139. Ache, H.J. in Ref.(106), p. 1. 
140. Vass, Sz.; Kajcsos, Zs.; Molnár, В.; Marczis, L.; Stergiopoulos, C. 

Ducl.Instr.Meth. 1982,IPS,285. 
141. Tao, S.J. J.Chem.Phye. 1972,££,5499. 

142. Perrel, R.A. Phys.Rev. 1957,Jpg,167. 

143. Lévay, В.; Vértes, A.; Hautojärvi, P. J.Phye.Chem. 1973,77,2229. 

144. Sugden, S. J.Chem.Soc. 1924,12.1,32. 

145. Gray, P.R.; Cook, C.F.; Stuim, G.P. jr. J.Chem.Phye. 1968,££,1145. 

146. Fantola Lazzarinl, A.L.; Lazzarinl, Б. J.Inorg.Hucl.Chem. 1981,£3,2593. 

147. Tao, S.J.; Kelly, T.M.; Chuang, S.Y.; Wilkenfeld, J-M. 

Appl.Phye. 1974,3,31. 

148. Lazzarinl, E. Chem.Phye.Lett. 1984,130,103. 

149. Vértes, A.; Kajcsos, Zs.; Narczis, L.; Brauer, G.; Hüller, J.; Zay, I.; 

Burger, K. J.Phye.Chem. 1984,££,3969. 

150. Berlin, Yu.; Kevdina, J.В.; Shantarovich, V.P. 
Chem.Phye.Lett. 1981,77,489. 

151. Berlin, Yu.; Kevdina, J.В.; Shantarovich, V.P. in Pozitron Annihilation; 

Coleman, P.G.; Sharma, S.C.; Diana, L.M. Eds.; Proc. 6th. Int.Conf. 
on Positron Annihilation, Arlington, Texas, USA, '1982, p.840. 

152. Fantola Lazzarinl, A.L.; Lazzarinl, Б. Chem.Phye.Lett. 1985,333,380. 
153. Weingärtner, H. Z.Phye.Chem.fi.F. 1982,332,129. 
154. Jancső, G.; Van Hook, W.A. Chem.Rev. 1974,££,689. 

155. Bernal, J.O; Fowler, R.H. J.Phye.Chem. 1933,3_,515. 

156. Jákli, Gy.; Marko, L.; Vaes, Sz. Aota.Chim.Hung. 1988,325,157. 

157. Marko, L. Thermodynamic Inveetigation of Hydrophobia Interactions; 

Thesis, Technical University, Budapest, 1985, in Hungarian. 

http://Phye.Chem.fi


The issues of the KFKI preprint/report series are classified as follows: 

A. Particle and Nuclear Physics 
В General Relativity and Gravitation 
C- Cosmic Rays and Space Research 
D. Fusion and Plasma Physics 
E. Solid State Physics 
F. Semiconductor and Bubble Memory Physics and Technology 
G. Nuclear Reactor Physics and Technology 
H. Laboratory. Biomedical and Nuclear Reactor Electronics 
I. Mechanical, Precision Mechanical and Nuclear Engineering 
J. Analytical and Physical Chemistry 
K. Health Physics 
L. Vibration Analysis. CAD, CAM 
M. Hardware and Software Development, Computer Applications. Programming 
N. Computer Design, CAMAC, Computer Controlled Measurements 

The complete series or issues discussing one or more of t ie subjects can be ordered; institu 
lions are kindly requested to contact the KFKI Library, individuals the authors. 

Title and classification of the issues published this year: 

KFKI-1990-01/C A J Somogyi et al Particle acceleration in the plasma fields near Comet Halley 

КFK1-1990-02/E S Borbély el al Thermal stability of Ti 4 1Zr 4 iSi i8 metallic glass studied by 
small angle neutron scattering 

KFKI-1990-03/A B. Kämpfer et al Description of the nuclear stopping process within aniso 
tropic ther mo hydrodynamics 

KFKI-1990-04/A S. Hegyi et al A prediction for multiplicity distributions at future hadronic 
colliders 

К FK 1-1990-05/ N P. Jani: Reconstruction error analysis of sampling interferometers 
(in Hungarian) 

KFKI-1990-06/A S Hegyi et al: Does К NO scaling hold at LEP energies? 

KFKI-1990-07/A T. Gémesy et al Inclusive S and =' production in 360 GeV/c pp Interactions 
using the European Hybrid Spectrometer 

KFKI-1990-08/G Th Bandurski et a l : PMK: A programme for the off line analysis of PMK NVH 
experiments 

KFKI-1990-09/A V Sh Gogokhia et al Determination of the pion decay constant and quark 
condensate In the chiral limit 

KFKI-1990-10/E G Odor: Investigation of the defected Potts model by the density of stages 
method 

KFKI-1990-11/A Ágnes Holba et al.: Is the anomalous Brownlan motion seen in emulsions? 

KFKI-1990-12/G Baranyai G et al KNI Sealing Detection (in Hungarian) 



KFKI-1990-13/M M. Barbuceanuet al: Concurrent refinement: A modol and shell for hierarchic 
problem solving 

KFKI-1990-14/D U Wenzel et al.: Messung der Elektronendichte in der Randschicht eines 
Tokamaks durch Atomstrahlinjektion 

KFKI-1990-16/A L. Diósi: A relativists theory for continuous measurement of qantum fields 

KFKI-1990-16/E B. Ujfalussy et al.: Electronic states of quasicrystals from the multiple scattering 
theory 

KFKI-1990-17/D J.S. Bakos: High intensity far infrared laser with buffer gases 

KFKI-1990-18/G S. Kiss et al. Studies on vibration of fuel rods. II. Checking reliability of the 
mechanical model of the fuel rod vibration in a laboratory experiment (in Hungarian) 

KFKI-1990-19/J Sz. Vass: Structure o» sodium alky I sulphate micelles Results from density 
neutron scattering and positron annihilation measurements 



Kiadja a Központi Fizikai Kutató intézet 
Felelős kiadó: Szatmáry Zoltán 
Szakmai lektor: Bata Lajos 
Nyelvi lektor: Harvey Shenker 
Példányszám: 164 Törzsszám: 90 135 
Készült a KFKI sok8Zorc3ító üzemében 
Felelős vezető: Gonda Péter 
Budapest, 1990 május hó 


