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Surfactant solutions in which large cylindrical micelles form are characterized by two essential 
features, namely, they are polydisperse and the average micelle size is proportional to the square root 
of the micelle concentration. These features of the cylindrical micelles imply that the intrinsic vis- 
cosities of these micellar solutions should also depend on the concentration of micelles. This fact has 
been ignored in all past treatments of micellar viscosity data. Here, viscosity data available in literature 
were reexamined in terms of concentration-dependent intrinsic viscosity so as to evaluate the rigidity 
or the flexibility of the large micelles. It is found that the interpretation of viscosity data assuming 
that the large micelles are rigid rods is in very good agreement with the theoretically anticipated 
essential features of large micelles. It is concluded that large micelles can be satisfactorily represented 
by rigid rods rather than by flexible rods or coils. 

INTRODUCTION 

Surface-active molecules self-assemble in 
aqueous solutions to form small spherical or 
globular micelles as well as large cylindrical 
micelles. The transition from the spherical 
to the cylindrical micelles is favored by fac- 
tors which contribute to an increase in the 
attractive component or a decrease in the 
repulsive component of the free energy of 
micellization (1-3). For conditions under 
which cylindrical micelles form, theoretical 
analysis by Mukerjee (4) has shown that the 
micellar solution is polydisperse and that the 
average micellar size increases in proportion 
to the square root of the concentration of 
micelles in solution. Mukerjee has analyzed 
the experimental data of  Debye and Anacker 
(5) for hexadecyltrimethylammonium bro- 
mide, of Elworthy and McFarlane (6) for 
hexadecylheptoxyethylene glycol mono- 
ether, and of Balmbra et al. (7) for tetra- 
decylhexoxyethylene glycol monoether, to 
confirm the validity of the above features of 
cylindrical micelles. Similar conclusions were 
reached in the more recent studies of Tausk 
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and Overbeek (8, 9) on short-chain synthetic 
analogs of lecithin molecules, in the theoret- 
ical analysis of micellization presented by 
Israelachvili et al. (10), and from the light- 
scattering studies of Mazer et al. (11, 12) on 
sodium dodecyl sulfate. Therefore, the inter- 
pretation of any experimental data for cylin- 
drical micellar solutions should be consistent 
with their two essential features, namely, 
micellar polydispersity and the dependence 
of the average micellar size on the square root 
of the concentration of micelles in solution. 

Viscometric technique has been used in a 
number of experimental investigations (13- 
17) of micellar solutions both because of its 
simplicity and its sensitivity to detect changes 
in the size of the anisotropic micellar cylin- 
ders. In the interpretation of viscometric 
data, all studies usually assume, for simplic- 
ity, a monodispersion of micelles. The in- 
trinsic viscosity [n] of the micellar solution 
is then determined by extrapolating the ex- 
perimental data of(specific viscosity/concen- 
tration of micelles) vs concentration of mi- 
celles to the critical micelle concentration 
(CMC). This intrinsic viscosity data in con- 
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junction with micellar molecular weights es- 
timated from light-scattering measurements 
have been used to conclude that cylindrical 
micelles are not rigid but likely to be flexible 
(16, 18). To describe such flexible micelles, 
an intuitively appealing physical model has 
been suggested by Stigter (18). 

The main goal of this paper is to empha- 
size that the intrinsic viscosity of cylindrical 
micellar solutions should be dependent on 
the surfactant concentration because the size 
of the micelle depends significantly on the 
surfactant concentration. This is in marked 
contrast to nonassociating macromolecular 
solutions where the intrinsic viscosity rep- 
resentative of macromolecular size is defined 
to be concentration independent. Therefore, 
the intrinsic viscosities of micellar solutions 
reported in literature which fail to account 
for its concentration dependence are not sat- 
isfactory in representing the sizes of the large 
cylindrical micelles. This also implies that the 
conclusions based on such data as to the flex- 
ibility of large micelles need to be reexam- 
ined. 

In this paper, we recalculate the intrinsic 
viscosities of micellar solutions using the 
well-known viscometric data of Kushner et 
al. (13) for dodecylammonium chloride, and 
the more recent viscometric data of Ozeki 
and Ikeda (16) for dodecyldimethylammo- 
nium chloride and of Hoffman et al. (17) for 
dodecylammoniumtrifluoroacetate. The in- 
trinsic viscosities are computed assuming 
that micelles are monodispersed, because we 
have shown earlier (19) that the viscosity cal- 
culated assuming polydispersity is quite close 
to that calculated assuming monodispersity. 
The present calculations show that for many 
of the surfactant systems mentioned above, 
the interpretation of viscosity data assuming 
that micelles are rigid rods agree very well 
with the theoretical dependence of the mi- 
cellar size on the square root of the micellar 
concentration. This automatically implies 
that the micellar solution is polydisperse, as 
is required by theory (4). For systems where 
disagreement exists between the viscometric 

data and the theoretically anticipated behav- 
ior, plausible causes for the discrepancy in- 
cluding the flexibility of micelles are inves- 
tigated. We conclude that the large micelles 
are represented more accurately by rigid rods 
rather than by flexible coils. 

T H E R M O D Y N A M I C S  A N D  H Y D R O D Y N A M I C S  

O F  L A R G E  M I C E L L E S  

For dilute surfactant solutions in which 
the intermiceUar interactions are not impor- 
tant, the micelle size distribution is given by 
(1, 20, 21) 

Xg = X g exp[-g(#°g - ~°)/kT], [1] 

where Xg is the mole fraction of micelles of 
size g, X1 is the mole fraction of the singly 
dispersed amphiphiles, #o is the standard 
chemical potential per surfactant molecule 
incorporated into the micelle, ~ is the stan- 
dard chemical potential of the suffactant in 
water, k is the Boltzmann constant and T is 
the absolute temperature. When the standard 
chemical potentials are such as to favor cy- 
lindrical micelles and when the total suffac- 

tant concentration X (X = ~ gXg) is large 
g = l  

compared to that of the singly dispersed am- 
phiphile X~, the size distribution equation 
has been simplified to (11) 

Xg = ( l /K)  exp[ -g / {K(X-  XcMc)} 1/21, 

g > gs, [2] 
where 

K = exp{-gs(# ° - ~°)]kT}] 

exp{-gs(us ° - ~°)/kT}, [31 

and 
XCMC = exp{--(U ° -- u°)/kT}. [4] 

In Eqs. [2] to [4], gs is the aggregation number 
of the largest spherical micelle beyond which 
the addition of further amphiphiles gives rise 
to cylindrical micelles and/~o and t~ ° are the 
standard chemical potentials of a surfactant 
molecule present in the largest spherical mi- 
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celle and in the large cylindrical micelle, re- 
spectively. The parameter K represents the 
relative preference for the cylindrical micelles 
compared to the spherical micelles. Corre- 
sponding to the size distribution of cylindri- 
cal micelles represented in Eq. [2], the con- 
centration dependence of the weight and the 
number average aggregation numbers of the 
micelles are 

#w = gs + 2 [K(X-  XcMc)] u2, [5] 
and 

ft, = gs + [ K ( X -  XcMc)] u2. [6] 

Equations [5] and [6] show that the theoret- 
ically predicted polydispersity index gw/g, is 
large and close to 2. The equivalence of var- 
ious thermodynamic models (4, 8-12) for 
large micelles is clarified briefly in the Ap- 
pendix. 

For a cylindrical micelle of aggregation 
number gw, the axial ratio L / d  is 

4 
(L /d )  = [{(#wV0 - ~ ~rl3)/rrl 2} 

+ 2(•0 + 6)]/(21lo + 6]). [7] 

In equation [7], Vo and l0 are the volume and 
the length, respectively, of the hydrocarbon 
tail of the amphiphile and 6 is the effective 
length of the polar head group including ad- 
sorbed counterions and water of hydration. 
Here the cylindrical micelle is assumed to 
have hemispherical ends and the length L 
includes the contribution of these ends as 
well. Since for the largest spherical micelle 

gsVo = (4/3)rd03 , [8] 

the expression for the axial ratio ( L / d )  of the 
cylindrical micelle can be rewritten as 

(L /d )  = 1 + (2/3)[lo/(lo + 6)] 

X [(#w/gs)- 1]. [9] 

For the purpose of hydrodynamic calcula- 
tions, a cylindrical rod of axial ratio ( L / d )  
can be equated to a prolate ellipsoid of equal 
length and volume (22). The axial ratio J of 
such an equivalent prolate ellipsoid is 

1 < J <  15, 
and 

j2  
v =  1 . 6 + ~ [ ( l n 2 J -  1.5) 1 

+ 3(ln 2 J -  0.5)-1], 

J = (L/d)[2~{3 - (d/L)}] 1/2. [10] 

The shape factor v defined to account for the 
influence of solute size on the solution vis- 
cosity is related (22-24) to the axial ratio of 
the prolate ellipsoid as 

v = 2.5 + 0 .407 ( J -  1) 1s°8, 

[11] 

J >  15. [12] 

The relative viscosity ~r of the cylindrical 
micellar solution can be computed knowing 
the shape factor v and the volume fraction 
~b of the surfactant micelles in solution using 
the empirical equation (25-27) 

Tlr = (/'ffTICMC) 

= 1 + Vc4~ + kl(vcq~) 2 + k2(vfq~) 3. [13] 

The subscript C on the shape factor denotes 
the fact that the average micelle size gw and 
therefore, the corresponding shape factor v 
depend on the total surfactant concentration. 
The relative viscosity is computed in relation 
to a solution at the CMC and it therefore 
accounts only for the contribution of the 
micelles and excludes that of the singly dis- 
persed amphiphiles. The term kl(vcq~) 2 ac- 
counts for the hydrodynamic interactions 
and the coefficient kl is estimated to be about 
0.75 (27). The term k2(vc403 arises due to 
direct micelle-to-micelle interactions and will 
be neglected for dilute surfactant solutions. 
The volume fraction q~ of the micelles in so- 
lution can be calculated from the expression 

= ( X  - XcMc)(Vs /Vw)  

= ( 1 0 / 5 5 . 5 M s ) ( C -  CcMc)(Vs/Vw), [14] 

where Vs and Vw are the volumes of the sur- 
factant molecule and of the water molecule, 
respectively, and C and CcMc are the total 
surfactant concentration and the CMC ex- 
pressed in units of (g/dl); Ms is the molecular 
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TABLE I 

Analysis of  Experimental  Viscosity Data  (13) for Do- 
decy l ammon ium Chloride at 30°C and 0.15 M NaC1 

c [no] 
(g/dl) n, dl/g v© gw/gs KX 10 -8 

0.3 1.0189 0.093 8.18 15.5 10.5 
0.4 1.0340 0.111 9.77 18.8 10.6 
0.5 1.0518 0.125 11.0 20.6 9.6 
0.6 1.0723 0.138 12.14 22.2 9.0 
0.8 1.1225 0.161 14.17 25.2 8.4 
1.0 1.1887 0.186 16.37 28.5 8.4 

Note. CCMC = O. 100 g/ dl, Ms  = 222, gs = 57, lo = 16.8 
A., ~ = 6 ~ i  Vs/Vw = 14. [7] = 0.060 dl/g est imated in 
Ref. (13). gw/gs = 18.26 est imated in Ref. (13). K = (9.5 
± 1.0) × l0 s our  estimate. 

weight of the surfactant. The volume Vs in- 
eludes in addition to the volume of the sur- 
factant, the volumes of adsorbed counterions 
and water of hydration at the surfactant head 
group. The value of Vs can be estimated from 
the experimental measurements of the rela- 
tive viscosity nr under conditions when only 
small spherical micelles form. For such a case 
the shape factor v is 2.5 and knowing n r  and 
(C -CcMc),  one can use Eqs. [13] and [14] 
to estimate the ratio (Vs/Vw). 

The intrinsic viscosity is related to the 
shape factor by the expression 

[nc] = vc~,/(C -CcMc),  [15] 

where the subscript C is added to indicate 
that the intrinsic viscosity is a function of the 
concentration of the micelles, because of the 
concentration dependence of the average 
micellar size gw and thus of the shape factor 
Vc. Equation [13] can be alternately ex- 
pressed in terms of the intrinsic viscosity as 

nr = 1 + [ n c ] ( C -  CcMc) 

+ 0.75[nc]2(C - CCMC) 2. [161 

All viscometric studies in literature use 
expressions similar to equation [ 16], but con- 
sider [7] to be a constant given by 

In] = (nr -  1 ) / ( c -  CcMc) 

as ( C  - Ccrac) ~ O. [17] 

Equation [17] commonly used for nonasso- 
ciating macromolecular solutions assumes 
the existence of a single value for the intrinsic 
viscosity of cylindrical micelles at all surfac- 
tant concentrations. On the other hand, Eq. 
[ 16] requires a concentration-dependent in- 
trinsic viscosity compatible with the concen- 
tration dependence of the average size of the 
micelles. 

In this paper, the experimental viscosity 
data available in literature are used along 
with Eq. [16] to calculate the intrinsic vis- 
cosity [nc] as a function of the concentration 
ofmicelles in solution. The intrinsic viscosity 
so determined is independent of any as- 
sumptions concerning the rigidity or the flex- 
ibility of the large cylindrical micelles. From 
Eq. [15], the shape factor Vc is determined. 
The corresponding average aggregation num- 
ber gw of micelles treated as rigid rods is com- 
puted using Eqs. [9] to [ 12], as a function of 
the micellar concentration. Using the esti- 
mates of gw, the value of parameter K ap- 
pearing in Eq. [5] is computed. A constant 
value for K at all surfactant concentrations 
implies that the treatment of cylindrical mi- 
celles as rigid rods agrees well with the two 
essential features of large micelles, namely, 
the dependence of the average micellar size 
on the square root of the concentration of 
micelles and the polydispersity of the micel- 
lar solution. 

TABLE II 

Analysis of  Experimental  Viscosity Data  (13) for Do- 
decy l ammon ium Chloride at 30°C and 0.20 M NaCI 

c [no] 
(g/dl) nr (dl/g) ~c gw/gs K × 10 -9 

0.3 1.055 0.256 22.53 34.0 5.20 
0.4 1.098 0.299 26.31 38.3 4.53 
0.5 1.152 0.338 29.74 42 4.13 
0.6 1.214 0.370 32.56 44.5 3.73 
0.8 1.372 0.429 37.75 49 3.26 
1.0 1.588 0.487 42.86 54 3.10 

Note. CcMc = 0.093 g/dl, Ms  = 222, gs = 57, lo = 16.8 
A, 6 = 6 A, Vs/Vw = 14. [n] = 0.15 dl/g est imated in 
Ref. (13). gw/gs = 51.8 est imated in Ref. (13). K = (3.9 
± 0 .8)  × 10 9 o u r  e s t i m a t e .  
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ANALYSIS OF  VISCOSITY D A T A  F R O M  
THE L I T E R A T U R E  

Data of  Kushner et al. (13). These workers 
have carried out light-scattering and visco- 
metric measurements on three cationic sur- 
factant solutions at different concentrations 
of the electrolyte NaC1. Since large micelles 
are formed in solutions of dodecylammo- 
nium chloride containing 0.15, 0.20, 0.25, 
and 0.30 M NaC1, we have chosen the vis- 
cosity data obtained under these conditions 
for reevaluation. As described in the previous 
section, the concentration-dependent intrin- 
sic viscosity [~/c], the shape factor vc, the size 
of the micelle (gw/gs), and the parameter K 
are computed and the results are presented 
in Tables I to IV. Shown also for comparison 
are the concentration-independent single val- 
ues of intrinsic viscosity and micellar molec- 
ular weight estimated by the authors in their 
original paper. For all solutions, reasonably 
constant values of K over the range of sur- 
factant concentrations are obtained. Small 
variations in K are inevitable because Eq. 
[5] for the concentration dependence of the 
micellar size is valid only at sufficiently high 
micelle concentration compared to the CMC. 
A variation of less than 10 to 15 percent in 
the estimate for K is obtained which implies 
less than 5 to 8 percent deviation in the size 
of the micelles compared to the theoretical 
predictions. The results in Tables I to IV sug- 
gest that for these solution conditions, the 

TABLE III 

Analysis o f  Experimental  Viscosity Data  (13) for Do- 
decy l ammon ium Chloride at 30°C and 0.25 M NaC1 

c [nol 
(g /d l )  ~/r (dl/g) v~ g~/gs K ×  10 -N° 

0.3 1.116 0.519 45.67 55 1.41 
0.4 1.218 0.621 54.65 62 1.21 
0.6 1.538 0.811 71.37 75 1.08 
0.8 2.134 1.035 91.08 87 1.05 

Note. CcMc = 0.093 g/dl, Ms  = 222, gs = 57, lo = 16.8 
A, Vs/V~, = 14. [n] = 0.33 dl/g est imated in Ref. (13). 
o~w/gs = 88.9 est imated in Ref. (13). K = (1.20 _+ 0.15) 
× 101° our  estimate. 

TABLE IV 

Analysis of  Experimental  Viscosity Data  (13) for Do- 

decy l ammon ium Chloride at 30°C and  0.30 M NaC1 

c [~d 
(g/dl)  ~/r (dl/g) vc gw/gs K × 10 -1° 

0.3 1.250 1.001 88.09 84.5 3.24 
0.4 1.545 1.319 116.07 99 3.05 
0.5 2.023 1.634 143.79 113 3.02 

Note. CcMc = 0.085 g]dl, Ms  = 222, gs = 57, lo = 16.8 
A, ~ = 6 ~, Vs/Vw = 14. [7] = 0.45 dl]g est imated in 
Ref. (13). g~,/gs = 142.2 est imated in Ref. (13). K = (3.1 
_+ 0.1) × 101° our  estimate. 

treatment of micelles as rigid rods agrees 
quite well with the theoretically anticipated 
properties of large micelles. Furthermore, the 
magnitude of parameter K estimated from 
the viscometric data compares very well with 
other known estimates for rodlike micellar 
solutions (Table V). It may be noted that 
using the same viscosity data obtained by 
Kushner et al. (13), but treating the intrinsic 
viscosity and micelle size as concentration 
independent quantities, diametrically oppo- 
site conclusions, namely, that large micelles 
should be flexible have been reached in lit- 
erature (16, 18). 

Data of  Ozeki and Ikeda (16). Recently~ 
viscometric (16) and light-scattering (28) 
measurements of dodecyldimethylammo- 
nium chloride solutions at various concen- 
trations of electrolyte NaC1 have been carried 
out by Ozeki and Ikeda. In these studies the 
intrinsic viscosities of the micellar solutions 
and the micellar molecular weights are de- 
termined as functions of the added electro- 
lyte concentration but as independent of the 
concentration of micelles. These estimates 
have been used to arrive at the conclusion 
that the large micelles are flexible but not 
rigid. 

We have reevaluated the experimental vis- 
cosity data presented in Ref. (16). Illustrative 
results are shown here for solutions contain- 
ing 1, 2, and 4 M NaC1 in Tables VI, VII, 
and VIII, respectively. At 1 M NaC1, the 
treatment of viscosity data assuming micelles 
are rigid rods yields a constant value of the 
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TABLE V 

Comparison of Available Estimates for the Parameter K 

Surfactant system K Technique Ref. 

Hexadecyltrimethylammonium 
bromide in 0.178 M KBr 

Hexadecylheptoxyethylene glycol 
monoether at 25 °C 

Tetradecylhexoxyethylene glycol 
monoether at 25°C 

Dioctanoyl lecithin at 25°C and in 
0.2 M LiI 

Sodium dodecyl sulfate at 30°C 
and in 0.8 M NaCI 

Dodecylammonium chloride at 
30°C and in 0.15 M NaC1 

Dodecylammonium chloride at 
30°C and in 0.20 M NaC1 

Dodecylammonium chloride at 
30°C and in 0.25 M NaC1 

Dodecylammonium chloride at 
30°C and in 0.30 M NaC1 

Dodecylammonium trifluoro- 
acetate at 25°C 

Dodecyldimethylammonium chlo- 
ride at 25°C and in 1 M NaC1 

Dodecyldimethylammonium chlo- 
ride at 25°C and in 2 M NaC1 

2.71 X 101° Light (4) 
scattering 

2.7 X 101° Light (4) 
scattering 

1.33 X 101° Light (4) 
scattering 

1.6 X 101° Light (8, 9) 
scattering 

(3.5 + 0.6) X 10 s Light (10) 
scattering 

(9.5 + 1.0) X l0 s Viscosity This work 

(3.9 _+ 0.8) X 109 Viscosity This work 

(1.20 + 0.15) X 1 0 1 °  Viscosity This work 

(3.10 + 0.1) X 10 l° Viscosity This work 

(4.80 _+ 0.5) X 109 Viscosity This work 

(6.60 _+ 0.6) + 107 Viscosity This work 

(1.70 _+ 0.6) + 109 Viscosity This work 

parameter K thus demonstrating good agree- 
ment with the theoretically anticipated fea- 
tures of rodlike micellar solutions. In solu- 
tions containing 2 MNaC1, while the average 
size of the micelles treated as rigid rods in- 
creases with increasing surfactant concentra- 
tion, the magnitude of this increase in size 
is somewhat smaller than that predicted by 
the theory. This is reflected in the larger vari- 
ability of about 35 percent for the estimated 
value of K which implies a deviation in mi- 
celle size of up to about 16 percent from the 
theoretical predictions. For electrolyte con- 
centrations above 2 M NaC1, such as at 4 M 
NaC1, the estimated size of the micelles 
treated as rigid rods is practically indepen- 
dent of the surfactant concentration and 
therefore, the values of parameter K show a 
rapid decrease with increasing surfactant 
concentration. This deviation from the theo- 
retically predicted behavior exhibited by 4 M 
NaC1 solution is examined later. 
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Data of  Hoffman et al. (17). These authors 
have examined the solution behavior of two 
ionic perfluorodetergents using different 
techniques and have found that dodecylam- 

TABLE VI 

Analysis of Experimental Viscosity Data (16) for Do- 
decyldimethylammonium Chloride at 25°C and 1 M 
NaC1 

c [ ,d  
(g/dl) rt, (dl/g) vc g~/gs K X 10 -7 

0.5 1.022 0.046 3.56 6 5.97 
1.0 1.058 0.057 4.41 8.4 6.36 
1.5 1.109 0.069 5.34 10.5 6.93 
2.0 1.174 0.079 6.11 12.2 7.19 
2.5 1.252 0.088 6.81 13.6 7.26 
3.0 1.345 0.096 7.43 14.8 7.25 

Note. Ccic  = 0.026 g/dl, Ms = 251, gs = 57, lo = 16.8 
~,, 6 = 6 A,  Vs/Vw = 18. [n] = 0.039 dl/g estimated in 
Ref. (16). gw/gs = 3.914 estimated in Ref. (16). K = (6.6 
+ 0.6) X 107 our estimate. 
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moniumtrifluoroacetate forms rodlike mi- 
celles. Using the viscosity data at 25°C re- 
ported by the above authors, the concentra- 
tion dependence of the intrinsic viscosity and 
of the average size of the micelles are com- 
puted and the results are shown in Table IX. 
It is found that the parameter K remains con- 
stant over the range of surfactant concentra- 
tions studied. This again demonstrates good 
agreement between the rigid rod model for 
large micelles and the theoretically antici- 
pated properties of large micelles. 

T A B L E  VIII  

Analysis of  Experimental  Viscosity Data  (16) for Do- 
decy ld ime thy lammonium Chloride at 25°C and 4 M 
NaC1 

c [no] 
(g/dl) rlr (dl/g) v c g~/gs K X 10 -l° 

0.25 1,75 2.184 169.04 125 6.96 
0.50 3.20 2.366 183.13 131 3.83 
0.75 5.24 2.420 187.31 133 2.63 
1.00 7.68 2.403 185.99 132.5 1.96 
1.25 10.31 2.345 181.50 130.4 1.52 
1.50 13.0 2.267 175.47 127.6 1.21 

D I S C U S S I O N  

The theories for large micelles (4, 8-12) 
predict that the average size of the micelles 
should increase in proportion to the square 
root of the micellar concentration and that 
the micellar solution should be polydisperse. 
From the results presented in Tables I to IX, 
we find that for most of the surfactant so- 
lutions, constant values for the parameter K 
are obtained. This signifies that the treatment 
of viscosity data assuming that the micelles 
are rigid is in very good agreement with the 
theoretical predictions. Only in a few cases 
(Table VIII), the concentration dependence 
of the micellar size obtained from the vis- 
cosity data deviates from the theoretical pre- 
dictions. As a matter of fact for the 4 M NaC1 
solution of dodecyldimethylammonium 

T A B L E  VII  

Analysis of  Experimental  Viscosity Data  (16) for Do- 
decy ld ime thy lammonium Chloride at 25°C and 2 M 
NaC1 

c [7ol 
(g/dl) r/, (dl/g) ve g~/gs K X 10 -s 

1.0 1.54 0.419 32.43 45.3 2.26 

1.5 2.08 0 .476 36.84 49 1.76 

2.0 2.80 0 .514 39.78 51.5 1.46 

2.5 3.70 0.541 41.87 53 1.23 
3.0 4.78 0.561 43.42 54.5 1.09 

Note. CcMc= 0.016 g/dl, Ms  = 251, gs = 57, 10 = 16.8 
,~, ~ = 6 ,~, Vs/Vw = 18. [hi = 0.17 dl/g est imated in 
Ref. (16). gw/gs = 26.60 est imated in Ref. (16). K = (1.7 
___ 0.6) X 109 our  estimate. 

Note. CcMc= 0.0045 g/dl, Ms = 251, gs = 57, lo 
= 16.8 ~, ~ = 6 ~, Vs/Vw = 18. [7] = 1.10 dl/g estimated 
in Ref. (16). gw/gs = 205.6 estimated in Ref. (16). 

chloride (Table VIII), the estimated micelle 
size remains practically independent of the 
micellar concentration. We examine below 
whether this disagreement from theory can 
be attributed to any of the following causes: 
(i) micellar polydispersity influences the solu- 
tion viscosity, (ii) the theoretical concentra- 
tion dependence of the micellar size given by 
Eq. [5] is altered due to intermicellar inter- 
actions, and (iii) the large micelles are flexible 
and therefore they influence the solution vis- 
cosity differently compared to the rigid rods. 

The influence ofpolydispersity on micellar 
solution viscosity has been examined by us 
(19) using an empirical equation that has 
been used (29-31) to estimate the viscosity 
of polydisperse colloidal suspensions. The 
empirical equation considers the relative vis- 
cosity of the polydispersed solution to be the 
geometric sum of the relative viscosities of 
the various constituent fractions. The relative 
viscosity of the polydispersed micellar solu- 
tion calculated in this manner for gw/gs up 
to 25 differs by less than four percent from 
that calculated assuming monodispersed mi- 
celles having size gw. Even for large gw/gs up 
to 120, the difference between the relative 
viscosities calculated assuming polydispersity 
and assuming monodispersity do not exceed 
by more than 20 percent. The results pre- 
sented in this paper which show good agree- 
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TABLE IX 

Analysis o f  Experimental  Viscosity Data  (17) for 
Dodecylammoniumtr i f luoroaeeta te  at 25°C 

c [~d 
(g/dl) ~r (d /g)  ve g./gs K X 10 -9 

0.449 1.053 0.225 18.68 31 4.91 
0.598 1.120 0.280 23.24 36.5 4.29 
0.748 1.265 0.415 34.45 47 5.22 
0.897 1.411 0.474 39.34 51 4.85 
1.196 1.948 0.643 53.37 62 5.04 
1.495 2.934 0.829 68.81 72 5.25 

Note. CCMC = 0.202 g/dl, Ms  = 299, gs = 57, 10 = 16.8 
~,  ~ = 6 ,~, Vs/Vw = 20. K = (4.8 + 0.5) × 109 our  
estimate. 

ment with the theory also reinforce the view 
that the influence of polydispersity on solu- 
tion viscosity is rather small. Furthermore, 
from the data in Table VIII, we note that the 
intrinsic viscosities are practically concentra- 
tion independent. Any correction for poly- 
dispersity, therefore, would influence the 
micellar sizes at all the concentrations equally. 
Consequently, the influence ofpolydispersity 
cannot modify the concentration depen- 
dence of the micellar size and lead to agree- 
ment with the theory. 

The second explanation suggests that the 
average micellar size may have a weaker de- 
pendence on micelle concentration than that 
given by Eq. [5] and may even become in- 
dependent of micelle concentration when the 
miceUes are very large, due to intermicellar 
interactions. Equation [ 1 ] for the micelle size 
distribution and all the subsequent thermo- 
dynamic relations including Eq. [5] assume 
that there are no interactions among mi- 
celles. This assumption is quite reasonable 
for dilute surfactant solutions when small 
micelles are formed. In more concentrated 
solutions, the intermicellar interactions are 
likely to be important. Further, if very large 
miceUes form in dilute solutions, then the 
intermicellar interactions may become im- 
portant even in dilute solutions. Such be- 
havior is well known for polymer solutions 

in which as the polymer size is increased, the 
intermolecular interactions begin to be im- 
portant in increasingly more dilute solutions. 
Alternate thermodynamic equations to re- 
place Eqs. [1] through [6] have to be devel- 
oped taking into account intermicellar inter- 
actions, before this explanation can be fully 
evaluated. At present, we only note that the 
data of Table VIII is not in disagreement with 
such an explanation. 

The last explanation assumes that large 
micelles are flexible. Even if this assumption 
is valid, it would influence the estimated 
micellar sizes of Table VIII equally at all sur- 
factant concentrations because the intrinsic 
viscosities are practically equal. This there- 
fore cannot lead to agreement with theory 
which requires that the micellar size vary in 
proportion to the square root of the micelle 
concentration. 

From the above arguments it appears that 
the deviation from theory exhibited by data 
in Table VIII is most likely caused by inter- 
micellar interactions which modify the con- 
centration dependence of the micelle size 
from that given by Eq. [5]. 

The most important result from the pres- 
ent calculations, however, is the finding that 
the large micelles can be satisfactorily treated 
as rigid rods. Experimental data for intrinsic 
viscosities up to 1.7 dl/g or estimated weight 
average aggregation numbers gw up to 6400 
(i.e., gw/gs up to 115) have been treated using 
the rigid rod model. Viscosity data inter- 
preted in this manner show that the average 
size of the large micelles increases in pro- 
portion to the square root of the micelle con- 
centration as is anticipated by theory. These 
conclusions remain fully valid even if the 
parameters 10, ~, and Vs/Vw used in the 
computations are assigned values different 
from those considered here. Earlier treat- 
ments of viscometric measurements fail to 
account for the concentration dependence of 
the intrinsic viscosity and of the average size 
of the micelles and consequently lead to the 
conclusion that large micelles are flexible. In 
contrast, we conclude that in general, large 
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micelles can be treated more accurately as 
rigid rods rather than as flexible rods or coils. 

APPENDIX: COMPARISON OF 
THERMODYNAMIC MODELS 

FOR LARGE MICELLES 

Mukerjee's (4) model is the first thermo- 
dynamic theory suggested for large micelles 
and is based on the multiple-equilibrium de- 
scription of the micellization process. In this 
model, all the stepwise association equilib- 
rium constants are considered equal (K0 ex- 
cept for the hypothetical dimerization equi- 
librium constant (K2). When the micelle size 
gw is large and when the micelle concentra- 
tion is significantly larger than that of the 
singly dispersed surfactant, Mukerjee has 
shown that 

gw = 2 (KI /K2)  1/2 

× [(X - XCMc)/XcMc]I/2. [A- 1 ] 

He has also shown that when the above equa- 
tion is valid, then automatically the polydis- 
persity index, gw/g,, assumes a value of 2. 

Tausk and Overbeek (8, 9) have presented 
a modification of the above equation, again 
starting from the framework of the multiple- 
equilibrium description of micellization. Here 
it is assumed that no micelles are present up 
to an aggregation number go beyond which 
the stepwise association constant K1 is as- 
sumed to be constant for all the association 
equilibria. The monomer-micelle associa- 
tion equilibrium constant for the smallest 
micelle of size go is designated to be K g°-~. 
When large micelles form and at sufficiently 
large micelle concentrations compared to 
that of the monomer, it has been shown that 

gw = 2(K1/K2)  [g°-l]/2 

× [ (X-  XCMc)/XcMc] m. [A-2] 

Again the polydispersity index automati- 
cally assumes a value of 2. The equation of 
Tausk and Overbeek reduces to that devel- 
oped by Mukerjee if go is taken to be 2. 

Israelachvili et aL (10) starting from the 

micelle size distribution Eq. [ 1 ], proposed the 
following expression for the standard free 
energy per molecule of a large cylindrical 
micelle 

#o=tzO+o&T/g for g > g o  
[A-3] 

= oo for 1 < g < g o .  

The above equation assumes that micelles 
below an aggregation number go are absent. 
When large micelles form and when the total 
micelle concentration is sufficiently larger 
than that of the monomer, it has been shown 
that the average miceUe size gw is given by 

gw : go + 2[(X - Xl)e~] 1/2. [A-4] 

The above equation is formally equivalent 
to that developed by Mukerjee (14) if e ~ is 
identified with (Kl/K2Xcuc). 

Mazer et aL (11, 12) presented an analysis 
of large micelles along the lines considered 
by Israelachvili et aL [10]. In Eq. [A-3], tt ° 
is replaced by ~t °, go by gs, and a by gs(# ° 
-#°)kT. The concentration dependence of 
the average micellar size is then obtained as 

gw = gs + 2[K(X - XCMC)] 1/2, [A-5] 

w h e r e  

K = exp[-gs(tZ ° - #°)/kT]. [A-6] 

We have used Eq. [A-5] to represent the 
dependence of micelle size on micelle con- 
centration, recognizing the equivalence be- 
tween Eqs. [A-l], [A-2], [A-4], and [A-5]. 
From Eq. [A-5] it is evident that for large 
micelles, gw = 103 t o  104, to form at reason- 
able micellar concentrations (X - XcMc) 
= 10 -5 ~ 10 -3, K should have values in the 
range 108 to 101~. 
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