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Abstract A common cationic 
surfactant, n-hexadecylammonium 
hydrogensulphate, dissolved in 
concentrated sulphuric acid, has been 
studied by static and dynamic light 
scattering. Micelle formation has been 
observed even in this unusual solvent. 
An apparent molar mass of 
45 500 _+ 4.5% was found for the 
aggregates. A translational diffusion 
coefficient Do = 5.5 x 10-9 cmZ/s was 
measured which gave a hydrodyna- 
mically effective radius of 
Rh = 17.7 nm. The geometric radius 
of gyration w a s  Rg = 76.2 nm. The 
ratio Rg/Rh = 4.33 is indicative for 
rodlike structures. Assuming 
a polydispersity of Lw/Ln = 2 this 
corresponds to a cylinder of 
Lw = 152 nm. An axial ratio 
Pw = (Lw/d) = 60.4 nm was estimated 

which leads to a cylinder diameter of 
2.53 nm. At surfactant concentrations 
higher than 5 % (w/vol) the rod-like 
micelles aggregate to form more 
globular structures. The time 
correlation function, recorded by 
dynamic light scattering, exhibited 
a two-step decay which indicates 
a bimodal distribution of particle 
sizes. The fast motion coincides with 
that of the micelles at low concen- 
trations while the other is slower 
than the fast one by three orders of 
magnitude and corresponds to the 
translational motion of large clusters. 
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Introduction 

Cationic surfactants have been studied mostly in aqueous 
medium. Only a few studies are known which were made 
in concentrated sulphuric acid [1-5].  Recently, we pub- 
lished data on the critical micelle concentration (CMC) of 
various cationic surfactants, among others n-hexadecyl- 
ammonium hydrogensulphate in concentrated sulphuric 
acid and in methane sulphonic acid [6-103. The CMC in 
concentrated sulphuric acid was found to be considerably 
higher than in water. (The CMC in 96% HESO4 is 
1.57 x 10-3 mol/dm-3).  In methane sulphonic acid it was 
even more than one order of magnitude higher than in 

concentrated sulphuric acid [9]. It appeared of interest to 
us to get more information on the actual structure of these 
micellar aggregates. 

Light scattering appears to be an appropriate method 
for studying such structures [,11-16]. We applied the 
combination of static and dynamic light scattering, as 
described in a previous paper [-17], to the surfactant 
dissolved in concentrated sulphuric acid. Experiments of 
this kind are not trivial for several reasons: First, one has 
to expect difficulties in preparing optically clear solutions 
because of the high viscosity of the concentrated sulphuric 
acid. Second, the water content of 4% in the sulphuric acid 
might cause a preferential adsorption. Finally, it was not 
clear from the beginning whether there would be enough 
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optical contrast to detect the excess scattering by the 
micelles. 

We report here some striking observations which 
appeared to us worth publishing in spite of some uncer- 
tainties that arose from the mentioned difficulties. In 
preliminary measurements with n-hexadecyltrimethylam- 
monium bromide we proved that light-scattering studies 
are possible with this unusual solvent. Unfortunately, the 
concentrated solutions developed an orange-red color 
which is typical of free bromine. We suspected that the 
observed structure formation in this solvent could be in- 
fluenced by free bromine. For this reason, we changed the 
anion of the surfactant to hydrogensulphate. Light-scatter- 
ing experiments with surfactants in concentrated sulphuric 
acid are rare, and to our knowledge there has been re- 
ported only one study prior to us by Steigman and Shane 
[4] who determined the CMC from the sudden increase of 
the scattering intensity when a certain concentration was 
surpassed. 

Static light scattering allows the determination of the 
molar mass Mw, radius of gyration Rg and the second viral 
coefficient A2, and dynamic light scattering gives the 
translation diffusion coefficient D [18] and information on 
the size distribution of the micelles from the so-called time 
correlation function (TCF) [11-18]. The combination of 
data measured by this method has been shown to give 
rather comprehensive information on the size and archi- 
tecture of the particle in solution [193. The techniques of 
static and dynamic light scattering have been frequently 
applied to characterizing micellar systems in aqueous me- 
dia. Good overviews of huge literature were given by 
Candau [t5] and Magid [16]. Some details on the tech- 
niques applied in this paper nevertheless will be outlined in 
a separate section to make for easier reading. 

Materials and methods 

AMOS quality of concentrated sulphuric acid (96%) from 
Baker B.V. (Deventer, Holland) was used. This solvent had 
already been filtered through 0.25 #m pore size, and could 
be used for light-scattering studies without further purifi- 
cation. In fact, the dust problem appeared far less signifi- 
cant than expected, possibly since organic material is 
efficiently degraded in this acid. 

n-Hexadecylammonium hydrogensulphate was pre- 
pared by dissolving n-hexadecylamine in diethylether fol- 
lowed by precipitation with an excess of concentrated 
sulphuric acid. The precipitate was purified by repeated 
recrystallization from ethylacetate. 

Light-scattering measurements were performed with 
concentrations in the range from 0.8 up to 20% (w/vol). 

The solutions were optically clarified by filtering through 
PTFE Milipore filters of 0.2 #m or 0.5 #m pore size 
(Milex-FGS and Milex-SR, respectively). Some solutions 
were used for measurements directly after filtering, but in 
most cases it turned out to be essential to wait for about 
6 h before performing measurements. This was necessary 
because of the strong foam formation and to make sure 
that all air bubbles in the highly viscous medium had 
disappeared. Because of this principal difficulty the con- 
centration of the surfactant was not determined again after 
filtration. There might be a small fraction detained in the 
filter which would lead to a lower molecular weight. 

A fully automated and computer-controlled ALV 3000 
photogoniometer equipped with a correlator/structurator by 
ALV Langen/Hessen, Germany, was used for the measure- 
ments. A Krypton ion laser type 2020 from Spectra Physics 
served as light source. The instrument is described in detail in 
a previous paper [-17]. Cylindric cells of 8 mm diameter were 
used. The scattering intensity was measured in an angular 
regime from 30 to 150 degrees in steps of 10 degrees. 

Measurements of the differential refractive index in- 
crement were made with a Brice-Phoenix differential refrac- 
tometer at a wavelength of 2o = 647 nm identical with 
that of the laser used for LS measurements. A value of 
dn/dc = 0.039 was found and a refractive index no = 1.4247 
was measured for sulphuric acid. The kinematic viscosity at 
20 ~ was measured in a capillary viscometer and was recast 
in the true viscosity using the density that was measured 
directly with the density measuring instrument DMA 02/C 
by Anton Paar, Graz Austria. A value of 23.18 cp was 
obtained. This result is in good agreement with a viscosity 
of 22.79 cp that is obtained for 96% H2SO4 by extra- 
polation from tabulated data [20]. 

The dn/dc-value has to be considered as an apparent 
quantity. The small content of water might cause a strong 
preferential adsorption of water to the surfactant which 
would distort the correct equilibrium value needed for the 
molar mass determination of the micelles. In principle, the 
equilibrium value of dn/dc could be obtained after dialysis 
of the solution against a solvent of a constant composition. 
Unfortunately, such dialysis is not feasible with surfactants 
since the mieelles can dissociate and can thus pass the 
semipermeable membrane. The problem will be discussed 
below in more detail. 

'll~eor~ical 

The technique of static light scattering (SLS) is described 
in many textbooks of polymer science, and rather compre- 
hensive literature is collected in Huglin's book [21]. Simi- 
larly, a detailed outline of dynamic light scattering (DLS) 
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is found in the book of Berne and Pecora [18]. For this 
reason only the main concepts are outlined in the present 
paper. 

Static LS 

Measurements in dilute solutions are commonly evaluated 
on the basis of the Debye equation 

Kc/Ro = [1/(MwPz(q))] + 2A2c, (1) 

where c is the surfactant concentration (w/vol), Mw the 
mass-average molar mass of the colloidal particle, A 2 the 
second virial coefficient and Pz(q) is the particle scattering 
factor with q = (47rno/2o)sin(O/2), 0 being the scattering 
angle. K is an optical contrast factor which is given by 

K = 47r 2/(N A 2 4) n 2 (dn/dc) z , (2) 

where  N A denotes Avogadro's number, 2o the wavelength 
of light in vacuum, no the solvent refractive index, and 
dn/dc the refractive index increment. 

For particles with dimensions smaller than the 
wavelength of light the particle scattering factor can be 
expanded in terms of the scattering vector q2 

I / P z ( q )  = 1 + ( I /3 )q2R2g + . . .  , (3) 
where Rg is the radius of gyration of the dissolved particle. 
This radius is geometrically defined and represents the 
average distance of scattering units inside the particle from 
the center of mass. Equations (1) and (2) are the basis for 
the static Zimm plot in which Kc/Ro is plotted against 
q2 + kc with k as arbitrary constant. An example of such 
a plot is shown in Fig. 1. From this plot three molecular 
parameters can be obtained, i.e., 1/Mw from the intercept 

Fig. 1 Zimm plot from the light-scattering measurements of n-hexa- 
decylammonium hydrogensulphate in concentrated sulphuric acid 
(96%) 
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with the ordinate of the curves at c = 0 and q = 0, the 
radius Rg( = [(S2)z] 1/2) from the slope of the angular, i.e., 
q2-dependence at the concentration c = 0, and the second 
virial coefficient A2 from the concentration dependence of 
the scattered intensity at zero angle. The last parameter 
gives valuable information on the interaction between 
particles and can be expressed in terms of an equivalent 
hard-sphere radius of the dissolved colloidal particle 
[22, 23] 

Req = {(Az M 2) [(3/(NA 16n)]} ~/3 (4) 

This equivalent radius is a thermodynamically defined 
radius which differs from the geometrically defined radius 
of gyration Rg. The difference between these two radii is 
characteristic of the particle architecture (note, however, 
comments made in the discussion). 

Dynamic LS 

In contrast to static LS the scattering intensity in dynamics 
LS is measured in very short time intervals from about 
10- 6 s up to about 100 s. This intensity fluctuates strongly 
with the elapsed time and cannot be directly evaluated. 
Dynamic quantities can be obtained, however, from the 
scattering intensity time correlation function G2(t) (TCF) 
which is given as follows 

G2(t) = (i(O)i(t)) = A + B[ga (t)] 2 , (5) 

in which gl(t) is the electric field TCF given by 

g~ (t) -- I(E* (O)E(t))I/I (E* (0)E(0))l, (6) 

In these equations i(t) denotes the scattering intensity at 
a time t and i(0) that at zero time, i.e., at the beginning of 
the measurements. Similarly, E(t) is the corresponding 
electric field of the scattered light at the time t and E*(t) 
the corresponding conjugate complex quantity. 

Hence, in a TCF a fluctuating quantity at time t is 
compared with that at t = 0. The TCF of the intensity 
decays exponentially in time towards a baseline A, while 
that of gl(t) decays to zero. In the simple case of hard 
spheres the TCF decays like a single exponential curve 

gl(t) = Bexp( - q2Dt) (7) 

Accordingly, the slope in a plot of ln(ga(t)) against t is 

F = q2Oe, (8) 

which allows the determination of the translational diffu- 
sion coefficient Dc at concentration c. Mostly, however, 
the plot of the logarithmic TCF against t shows deviations 
from a straight line, but the initial slope is still given by Eq. 
(8). In order to find this initial slope Fa, a so-called cumu- 
lant fit [241 is applied, i.e., the curve is fitted by a cubic 
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equation 

ln[gl(t)]  = l n ( r o )  - r l t  + ( r 2 / 2 ) t  2 - ( r 3 / 6 ) t  3 , (9) 

where Fi is the i-th cumulant with i - -  1, 2, 3. At infinite 
dilution the ratio F / q  2 becomes the translational diffusion 
coefficient Do for which we can write: 

Do = k T / ( 6 Z r q o R h )  . (10) 

This Stokes-Einstein relationship defines a hydrodynami- 
cally effective radius Rh = [ (1 / rh )2 ] - l ;  rh is the hydro- 
dynamic radius of a monodisperse material of a 
well-defined molar mass and the subscript z denotes the 
z-average. In general, the diffusion coefficient depends 
on concentration and often can be described in a wide 
range of concentration by a linear equation, i.e., 
Do = Do(1 + k v c ) .  

The hydrodynamic radius differs from the radius of 
gyra t ion  Rg and the ratio p = Rg/R h is a characteristic 
parameter of the particle architecture. For  hard spheres 
one has p = 0.778. The values for other architectures [19] 
are given in Table 1 and will be discussed in the context of 
the experimental section 5. 

The deviations of the TCF from a straight line can be 
caused by polydispersity, and for very large particles, also 
by internal modes of motion. Sometimes this distribution 
is very broad, and in such cases it is more sensible to plot 
the linear function g~(t) against the logarithm of time. 
A typical example, obtained from a fairly concentrated 
solution, is given in Fig. 2. Clearly two processes are seen. 

It seems that a third, very slow process is present which 
could not be fully resolved. The TCF has not decayed to 
a zero base line, but leveled off at a constant value of 0.03. 

Fig. 2 Field time correlation function plotted against the logarithm 
of delay time from a 20% solution of n-hexadecylammonium hydro- 
gensulphate in concentrated sulphuric acid measured at scattering 
angle of 90 degrees. The TCF shows clearly the presence of two 
relaxation processes 
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This small deviation from the zero base line may be simply 
the result of experimental error. In any case the effect is 
small and will not cause a strong distortion by heterodyne 
scattering. The effect has been neglected in the following 
and the measured base line was taken as the true one. 

Results 

Static light scattering 

Light-scattering measurements were performed with con- 
centrations of 0.8, 2.5, 5.0, 7.5, 10, 12.5 and 20% (w/vol) at 
a temperature of 20 ~ In the beginning these solutions 
were filtered through 0.2 pm Teflon filters. In the course of 
our experiments, we noticed some uncommon behavior 
that seemed to indicate a pronounced clustering of par- 
ticles. Therefore, the higher concentrations were filtered 
through 0.5 pm filters which now gave consistent results. 
All scattering measurements were carried out at various 
angles from 30 to 150 degrees in steps of 10 degrees. These 
results were extrapolated towards zero scattering angle. 

Figure 1 shows the result from four concentrations 
which were filtered through the small pore size filters 
(0.2 #m). Parallel lines were obtained in the wide-angle 
region (0 > 80 degrees) for the two high concentrations 
with strong deviations towards lower values in the low 
scattering angle region. This low angle excess scattering 
gives strong indications for the presence of large aggre- 
gates which were not fully separated by filtration. There- 
fore, the LS measuremenfs were repeated with solutions 
that were filtered through the large pore size (0.5 #m). 
A much stronger scattering was then observed. 

No excess scattering was observed with the two lowest 
concentrations. Unfortunately, no reliable results could be 
obtained at scattering angles 0 > 100 and 120 degrees, 
respectively, because of the very small difference in the 
scattering intensities of the solvent and the solution in that 
region. 

Both sets of curves, those filtered through 0.2/~m and 
the others filtered through 0.5 #m pore size, could be 
linearly extrapolated to zero scattering angle. An excep- 
tion was recorded with the highest concentration (20%) 
where a slight upturn at large scattering angles was ob- 
served (see Fig. 5). The data of this forward-scattering are 
shown in Fig. 3. It is of interest that the data points from 
the 0.2 #m filtered solutions fall on a straight line that can 
be extrapolated to zero concentration. The intercept gives 
an apparent molar mass M * - - 4 5 5 0 0  + 4.5% and the 
slope of the straight line gives an apparent second virial 
coefficient A* = 1.11 x 10 .3 molcm3/g 2 with an error of 
about + 10%. These two quantities may be distorted by 
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Fig. 3 Forward-scattering (obtained by extrapolation to zero scat- 
tering angle) of n-hexadecylammonium hydrogensulphate in depen- 
dence on the concentration of the surfactant. Filled circles: filtered 
through 0.2/~m pore size, filled squares: filtered through 0.5/~m 
Teflon filters 

the effect of preferential adsorption of water, and therefore 
the quantities are indexed by an asterisk. 

The corresponding radius of gyration can be obtained 
from the slope at zero concentration in the Zimm plot of 
Fig. 1 and was found to be 76.2nm. This value was 
cross-checked by determining the apparent radii of gyra- 
tion at different concentrations and extrapolation of these 
data to zero concentration with estimated error of + 5%. 
The curves of the solutions filtered through the large pore 
sizes exhibited a strong angular dependence with a linear 
angular dependence that changed to a slight upturn at the 
largest concentration (Fig. 5). This upturn indicates 
a change to a fairly compact structure. 

The evaluation of Zimm plots offers no serious difficul- 
ties with covalently linked structures of synthetic poly- 
mers. A question arises, however, about whether the same 
technique can applied to micellar structures which may 
grow in size as the concentration is increased [15]. Here, 
we have to recall that the predominant and sudden change 
in structure occurs around the CMC. At higher concentra- 
tions the structures grow only slowly even for rod-like 
micelles. The type of length distribution is not changed 
thereby, but remains a most probable distribution with 
a heterogeneity factor of Lw/Ln = 2 [15, 16]. 

Since the CMC is much smaller than the lowest applied 
concentration, we are not able to observe the dissociation 
into the unimers below the CMC. The Kc/Ro data ex- 
trapolated to c = 0 corresponds very closely to those at the 
lowest concentration, but without the distortion due to 
thermodynamic interactions among the dissolved objects. 
Similar results were found earlier with micelles in aqueous 
media [11, 12]. 

Dynamic LS 

All dynamic LS measurements were performed with 
solutions filtered through 0.5/~m pore size filters. The 
translational diffusion coefficients as a function of the 
concentration D,, shown in Fig. 4 (open circles), were 
determined from the initial slope in a three cumulant fit as 
described by Eq. (9). In addition, data are shown which 
correspond to the fast motion that was obtained by the 
analysis of the time correlation function. A typical example 
is shown in Fig. 2. 

In order to separate the fast from the slow motion, we 
performed a fitting analysis with Kohlrausch-Williams- 
Watts [34] functions, which have the general form, 

gli(t) = al exp[ - -  ( t / 1 7 i ) / ~ i ] ;  i = 1,2 . ( l l )  

The mean relaxation time of this function is given by 

( l '} i  ~- [1/F(j~i)" ] ("Ci/fli); i = 1, 2 ,  (12) 

where F(fli) is the common gamma function. The corres- 
ponding apparent translational diffusion coefficient is 
given by 

Dapp, i(q) = 1/(q2( 'c) i  ) . (13) 

The coefficients al, which correspond to the mass fractions 
of associated and non-associated micelles, and the Dapp, i(q) 
depend on the scattering angle and have to be extrapo- 
lated to 0 = 0. The results are given in Table 2. The filled 
circles in Fig. 4 represent Dr = 0) for the fast motion, 

Fig. 4 The translational diffusion coefficient Do as a function of 
concentration of the surfactant in concentrated sulphuric acid (96%), 
The open circles correspond to the cumulant fits; the filled circles 
represent the fast motion in the system which was found from the 
analysis of the TCF with a Kohlrausch-Williams-Watts function. 
The open squares refer to the slow motions 
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while the da t a  of the slow m o t i o n  are shown as open 
squares.  

Discussion 

The discussion m a y  be sepa ra t ed  in two par ts  
co r re spond ing  to the small  and  the large particles.  

Mice l la r  s t ructure  

The da t a  for the mo la r  mass  M*, the second virial  coeffi- 
cient A~ and  the two radi i  (Rg and Rh) are  l isted in Table  
3 where the aster isks indicate  quant i t ies  which m a y  be 
d i s to r ted  by a preferent ial  adso rp t ion  of  water.  We  star t  
the discuss ion with the three quant i t ies  which can be 
measu red  and  in te rpre ted  wi thou t  having knowledge  of  
the true mo la r  mass. These are the two radi i  Rg and Rh 
and the resul t ing ra t io  p = Rg/Rh. Table  1 gives a list for 
var ious  architectures.  F r o m  this, we immedia te ly  come to 
the conclus ion that  ra ther  rigid and e longated  s t ructures  
mus t  be present.  However ,  the p -pa rame te r s  also depend  
on polydispers i ty ,  and  the effect is par t i cu la r ly  s t rong for 
rodl ike  structures.  In  Append ix  1 a ma themat i ca l  deri-  
va t ion  is given for the dependence  of  the p - p a r a m e t e r  on 
the axial  ra t io  of cyl inders  and  on their  polydispers i ty ,  

where S c h u l z - Z i m m  [35, 36] type d is t r ibu t ions  have been 

Table 1 Values of the two ratios of radii p = Rg/Rh for various 
molecular architectures, p = Lid is the axial ratio of a cylinder and 
the w indicates the weight average 

p Ref. 

Random coils 1.27-2.05 [19, 26, 30] 
Star molecules 1.50-1.02 [19, 28, 29)] 
Spheres 0.778 - 
Microgels 0.3-0.55 [31] 
Rods > 2.2 a) [21, 32, 33] 

a) Monodisperse cylinders p = 0.577 lnp (Ref. 3B) 
Polydisperse rods (Lw/Ln = 2) p = 0.92278 + In(pw/2) 
(appendix 1) 

Table 2 Diffusion coefficients of the slow and fast motions and the 
corresponding prefactors a~ and a2 after extrapolation to zero scat- 
tering angle 

c Dl(slow) al D2(fast) a2 
(% w/vol) (cmZ/s) (cm2/s) 

20.0 5.7 x 10-10 0.98 7.4 x 10 -s  0.02 
12.5" 8.3 x 10 -1~ 0.80 6.9 x 10 8 0.20 
10.0 8.1 x 10 -1~ 0.95 5.6x 10 -8 0.05 

*) filtered through 0.2 #m pore size 

Table 3 Molecular parameters obtained from static and dynamic 
light scattering and estimated rod length L and axial ratio p = Lid 
assuming rigid rod behavior 

Molar particle mass 
Aggregate second virial coefficient 
Diffusion coefficient 
Radius of gyration 
Rod length 
Hydrodynamic radius 
Ratio p = Rg/Rh 
Axial ratio 
Cylinder diameter 

M* = 45 500 _+ 4.5% 
A* = 1.11 x 10 -3 mol cm3/g 2 
Do = 0.52 x 10 .8 cm2/s 
Rg = 76.2 nm 
Lw = t52.6 nm 
Rh = 17.7 nm 
p = 4.33 
Pw = 60.4 
d = 2.53 nm 

used. Most ly ,  associa t ing  rods  follow the S c h u l z - F l o r y  
[36, 37] length d i s t r ibu t ion  (Lw/L, = 2, with w and  n in- 
d ica t ing the weight and  number  averages,  respectively). 
F o r  this d is t r ibut ion ,  we find (see Append ix  1) 

p = 0.92278 + ln(pw/2) (14) 

and 

t w = 2[ (32)z31/2  = 2Rg.  (15) 

Wi th  these data ,  we ob ta in  Pw = 60.4, Lw = 152 nm and 
a cross-sect ional  d iamete r  d = 2.53 nm with es t imated  
errors  of  abou t  5 - 1 0 % .  

K n o w i n g  the length Lw and d iamete r  d of the cylinder,  
we can now es t imate  to wha t  extent  the measured  appa r -  

ent mo la r  mass  M* might  be d is tor ted  by  a possible  
preferential  adso rp t ion  of water.  To that,  we app ly  a rela- 
t ionship  for the second viriat  coefficient der ived by 
Y a m a k a w a  [22], which m a y  be wri t ten as 

9 (AzMw)c,l = (7r/4) NA d LZw. (16) 

Inser t ing the values f rom Table  3 for Lw and d, we find 
z (AzMw)ca I = 27.8 x 106 cm 3, while exper imenta l ly  we 

found , .2 (A2 Mw ) = 2.3 x 105 cm 3. Fu r the rmore ,  it can be 
shown [38] tha t  

A2 Mw = AzMw, (17) 

such that  the correct  mo la r  mass  Mw would  be larger  by 
a factor  12.1 than  M*.  This  difference between measured  
and correct  Mw would  co r r e spond  to a change in dn/dc due 
to preferent ial  a d so rp t i on  from 0.039 to 0.011. Because of  
the large difference in the refractive indices of water  and  
concen t ra ted  sulphuric  acid such a var ia t ion  would  be 
caused by a fairly weak preferent ia l  adso rp t ion  to the 
surfactant  and  appears  well conceivable.  O n  the o ther  
hand,  the small  difference in dn/dc values could  be the 
result  of exper imenta l  error.  We  are aware  of the specula-  
tive charac te r  of  the conclusions.  However ,  further  struc- 
ture pa ramete r s  can now be es t imated,  and  these appea r  
realist ic and  sensible. The  results  m a y  just i fy the app l ied  
speculat ive a rgumenta t ion .  
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It is interesting to compare Req, derived from Eq. (4), 
with the hydrodynamic radius that is obtained from the 
Stokes-Einstein relationship, Eq. (10). The value of 
Req -= 14 nm is 26% lower than Rh = 17.7 rim. For flexible 
linear chains Roq - Rh was found [27]. In view of the fairly 
high uncertainty in the determination of A2 in the present 
case, the observed 26% deviations can be considered as 
a reasonable agreement and correspond to the expected 
behavior of rigid rods. 

Assuming Mw = 5.5 x 105 g/mol being the correct mo- 
lar mass of the micelle, one obtains with the surfactant 
molar mass of Mo = 339 g/mol an aggregation number 
of n = 1620 and a linear mass density of ME = 
M w / L w  = 3.6 x 103 g/(mol nm). We may now ask how 
large the average distance 1 is between slices which contain 
m surfactant unimers, and furthermore, whether there ex- 
sists a physically acceptable number m for which the aver- 
age distance l between slices is the same as for two head 
groups on the circumference of a circular disc. The answer 
is found from the relationships 

m = (Tr dn/Lw)  1/2 I = ~zd/m 

which are obtained by simple algebra. The result is 

m = 9 . 2  and l = 0 . 8 7 n m .  

We thus come to the conclusion that approximately nine 
surfactant molecules are arranged on a circular slice and 
that 176 of these slices form the cylinder. The space re- 
quired on average by one head group is spanned by 
a radius of 0.43 nm. The cylinder is probably not com- 
pletely rigid but can undergo some bending motions. Be- 
cause of the fairly short length compared to the 
wavelength of the light used, this remaining flexibility 
could not be determined. The circular diameter d appears 
about half as large as expected for two tail-to-tail aligned 
surfactant unimers. However, the mean distance 
l = 0.86 nm between head groups as found by analysis of 
light scattering data is close to the value that was found 
earlier from surface tension and Gibbs adsorption 
measurements on a surface of the same surfactant in sul- 
phuric acid. 

Structure at high concentrations 

The high axial ratio, found from experiments with assump- 
tion of a most probable length distribution, should have 
some interesting consequences for the solution structure in 
moderately concentrated solution. Considering a rather 
simple model, Flory [39] derived a criterion at what vol- 
ume fraction �9 a mesophase transition to an optically 
anisotropic solution could be expected. The relationship is 

given by 

4)* = (8/p)(1 - 2 / p ) .  (18) 

With the axial ratio of Pw = 60.4, we find ~ * =  0.128, 
which would correspond to a concentration of approxi- 
mately c* = 12-13% (w/v), assuming a surfactant density 
of about  1 g/mE Therefore, some uncommon effects may 
be expected in the vicinity of this concentration. 

There is a striking similarity between the two Figs. 
3 and 4. In both cases a turn-over to smaller values occurs 
at concentrations of about  5 %. Evidently, a transition to 
another aggregation structure occurs. The transition takes 
place in the fairly narrow region between 5 and 10%. 
Beyond these concentrations no dramatic increase of the 
particle weight is recognized. The angular dependence of 
the scattered intensity at 20% shows a significant upturn 
curvature which is characteristic for globular structure 
(Fig. 5) Therefore, we can conclude that a lateral aggrega- 
tion of the micellar rods takes place at concentrations 
higher than 5%. 

These findings confirm to some extent the expectations 
drawn from Flory's theory that a mesophase is formed, 

Table 4 Molecular parameters resulting from the correction of 
M* for the correct molar mass of the cylinders 

Molar mass 
Second virial coefficient 
Molar mass of surfactant 
Linear mass density 
Aggregation number 
Number of surfactants per slice 
Number of stacked slices 
Distance between head groups 
Predicted critical volume fraction 
for mesophase transition 

Mw = 548 000 
A 2 = 0.91 x 10 - 4  mol c m 3 / g  2 

Mo = 339 g/mol 
ML = 3600 g/(mol nm) 
n = 1620 
m = 9.2 
n/m = 176 
l = 0.87 nm 

q~* = 0.128 

Fig. 5 Angular dependence of the scattered intensity from a 20% 
solution of the surfactant in concentrated sulphuric acid (96%) 

K.c/R 
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20% ///  
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and that this mesoph'ase is anticipated by a lateral ag- 
gregation of micellar rods. Due to the low scattering inten- 
sity, we have not yet been able to measure the depolarized 
scattering intensity Rvh which would give a proof for the 
suggested onset of a mesophase transition. 

The similar behavior of the concentration dependence 
of D is easily explained by irreversible thermodynamics 
giving the following equation (20) 

Dc = (kT/fc) [ M  (c)/ Mapp(C)] , (19) 

with 

1/Mapp(C ) = (Kc/Ro)c . (20) 

The true molar mass of the particle at concentration c is 
denoted by M(c) and the concentration dependence of the 
friction coefficient by f~. The similarity of Figs. 3 and 4 
demonstrates that the molar mass M(c)  and the friction 
coefficient f~ increase approximately to the same magni- 
tude such that the ratio M(c)/fc remains almost constant. 

The apparent diffusion coefficient Dap p = F1/q 2 is often 
angular dependent which is an indication of some internal 
flexibility. Such angular dependence was also observed at 
concentrations from 5 to 12%. However, a very low diffu- 
sion coefficient and no angular dependence at all was 
found at 20%. This indicates a very inflexible, almost 
spherical structure, since extended rods display an angular 
dependence even if they are completely rigid [18, 19]. This 
conclusion is consistent with the findings from the angular 
dependence of static scattering. 

Conclusion 

1. This light scattering study demonstrates that common 
cationic surfactants form micellar structures also in con- 
centrated sulphuric acid. 
2. The n-hexadecylammonium hydrogensulphate forms 
rodlike micelles with an axial ratio of 60 in 96% HaSO4. 
3. The micelle is built up by 176 slices each containing 
about six surfactant molecules. 
4. At concentrations higher than 5% surfactant the rod 
micelles cluster together to form more globular structures. 
5. The time correlation functions recorded by dynamic 
light scattering at high concentrations exhibited a two-step 
decay. This behavior is indicative of the presence of a bi- 
modal distribution of particle sizes. The fast motion agrees 
with the motion of the individual micelles observed at low 
concentrations. The other motion, which is slower by 
3 orders of magnitude than the fast one, corresponds to the 
translational motion of larger clusters. 
6. The results at concentrations larger than 5-10% are in 
fair agreement with Flory's prediction for the onset of 

a mesophase transition when cylinders of the indicated 
axial ratio are present. 
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Appendix 1: The rho-parameter of polydisperse cylinders 
as a function of the axial ratio 

The here derived equations are similar to those given by 
Schmidt [40] in his contribution on wormlike chains; 
he used Broersma's equation for cylinders instead of 
Kirkwoods' relationship. 

The translational diffusion coefficient of monodisperse 
cylinders, built up of N beads of diameter b, was calculated 
by Riseman and Kirkwood [33], and is given as 

Drod = ( k T / N ( )  {1 + (~/3nqob) [ln(N) - 1] . (A1) 

Setting the frictional coefficient of one bead as ( = 3nt/ob 
and defining the hydrodynamic radius via the Stokes- 
Einstein relationship, we obtain 

R ;  1 = (1 / rh )  = (2/L)ln(L/b) = (2/L)lnp. (A2) 

Since the radius of gyration of long cylinders is 

Rg = L/(12) ~/2 = 0.57735 (L/2), (A3) 

we find for the p-parameter of monodisperse cylinders 

p = Rg/Rh = 0.57735 l n p .  (A4) 

Now, the length distribution of such cylinders may be of 
the Schulz-Zimm [35, 36] type [36, 37] 

w(L) = (yZ+ l / z ! )LZexp(  - yL) , (A5) 

with 

y = (z + 1)/Lw, (A6a) 

and 

z = [(Lw/L,)  - 1]-1 (A6b) 

Thus, we have 

( L 2 ) z = [ i L 3 w ( L ) d L ] / L w ,  (A7) 

and 

1/Rh= ( 1 / r h ) z = [ i 2 1 n ( L / b ) w ( L ) d L l / L  w . (A8) 
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Table A1 Relationships for the polydispersity and axial ratio de- 
pendence of the p parameter of rigid cylinders, z = (Lw/Ln - 1)-1 
polydispersity factor in the length distribution of Eq. (A5), Pw = Lw/d 
axial ratio with Lw as the long axis and the cylinder diameter d as the 
short axis 

z Lw/L, p = [(R2)z]l/z(1/Rh)z Plo ~) Ploo a) 

1 2.0 0.92278 + ln(pw/2) 2.532 4.84 
2 1.5 0.860711.2561 + ln(pw/3)] 2.117 4.10 
5 1.2 0.720011.8728 + ln(pw/6)] 1.7162 3.37 

10 1.1 0.6555[2.4426 + ln(pw/ll)] 1.5386 3.048 
oo 1.0 0.5777 In(p) 1.329 2.658 

a) the subscripts denote the axial ratio 

Inserting Eq. (A5) into Eqs. (A7) and (A8), and solving the 
resulting integrals analytically [40, 41] gives 

Rg = [ (LZ)z /12]  1/2 

= [(z + 3)(z + 2)/(12(z + 1)2]l/2Lw, (A9) 

and 

1/Rh = (1/rh)z  = (2/Lw)[-~U(z + 1) 

+ In {Lw/[(z  + 1)b]},  (AIO) 

and finally 

p = [(z + 3)(z + 2)/3(z + 1)2] 1/2 {0.4287 + 1/2 

+ 1/3 + .-- + ln[pw/(Z + 1)]},  (Al l )  

where we have used a property of the U-function [41] 

7 J ( z + l ) = l - - E + 1 / 2 + . . . +  1/(z + l) 

with the Euler constant  E = 0.57722. In particular for 
z = 1 (Schulz - -F lory  distribution) [35, 37], we have 

p = 0.92287 + ln(pw/2), (A12) 

which has been used in the text. Table A1 gives a list of  
relationships for some selected polydispersities. 

Appendix 2: Correction for the second virial coefficient 

Since ref. [38] is not  easily available, for convenience 
Eq. (18) is derived here again. Let us assume that  incorrect 
values for dn/dc have been used for the .calculation of the 
absolute scattering intensity. This would result in an equa- 
tion of 

K*c/Ro=o = 1/M* + 2A*c  + . . . .  (A13) 

while the correct relationship is 

Kc/Ro=o = 1/Mw + 2 A 2 c .  (A14) 

Since K* differs from K only by a constant,  we can multi- 
ply Eq. (A13) by a factor M w / M w  which results in 

[ 1 / M *  + 2 A ' c ]  ( M * / M w )  

= 1/Mw + 2 a * ( M * / M w ) C .  (A15) 

Compar ing  Eq. (A14) with Eq. (A15), we find 

* * ( A 1 6 )  A2Mw = A z M w  , 

which has been used in the text. 
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