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ABSTRACT 

Several salts of a,w-sulfates, MO3SO(CH2)n 
OSO3M(n = 12, 14, 16, 18, and M = Li, Na, and K) 
were prepared from the corresponding a,co-alkane 
diols. The Krafft points of these a,w-sulfates with 
common counterion as estimated by electroconduc- 
tivity measurements increased with the increase of 
the hydrocarbon chain length, and the effect of the 
counterions on the Krafft points of the a,eo-sulfates 
with the same hydrocarbon chain lenght was in the 
order : Li<Na<K. Solutions of the a,co-sulfates, 
except disodium dodecanediol disulfate, showed two 
break points corresponding to the first and second 
critical micelle concentraion in each plot of the 
electroconductivity as a function of the concentra- 
tion. The existence of the second break point 
suggested that another aggregation of rearrangement 
of the existing aggregates occurs in a,co-sulfate 
solutions in addition to the usual micelle formation. 
The first and second break points of a,co-sulfates with 
sodium counterion decreased logarithmically with 
increasing total number of methylene groups. The 
relationships were given as follows: log(first break 
point) =-0.138Nc-0.095;  log(second break p o i n t ) =  
-0.104Nc-0.251. The effect of the counterions upon 
the break points of a,co-sulfates with the  same 
hydrocarbon chain length was in accordance with 
their positions in the lyotropic series. 

INTRODUCTION 

Miceltar properties of aqueous solutions of primary 
alcohol sulfates have been studied extensively (1). These 
studies established that both alkyl chain length and 
counterion conspicuously affect the micetle formation of 
the sulfates. On the other hand, solution properties of 
a,w-alkane dicarboyxlates (2,3) and disulfates (4) recently 
have been reported. In an earlier article, we have dealt with 
some properties of aqueous solutions of a series of 
disodium di-3-sulfopropyl-a,co-alkane dicarboxylate (5). 
Those a,w-type surfactants showed two break points in 
each plot of electroconductivity as a function of surfactant 
concentration. 

The results were interpreted as indicating the existence 
of two critical concentrations for micelle formation charac- 
teristic of those surfactants. 

More recently, we have described the syntheses of a 
series of disodium salts of a,w-alkanediol sulfates with 12, 
14, 16, and 18 carbon atoms and the determinations of 
their Krafft points and the critical micelle concentration 
(cmc) values by the surface tension and electroconductivity 
methods (6), but, in those days, the second cmc was not 
observed in the electroconductivity and surface tension 
curves. Later, careful electroconductivity measurements of 
those disodium salts in aqueous solutions showed the 
existence of two break points for the a,eo-sulfates corre- 
sponding to their first and second cmc on their electrocon- 
ductivity curves. 

In this article, therefore, an attempt was made to 
determine two break points of several alkali salts of 
a,co-sulfates with 12, 14, 16, and 18 carbon atoms by the 
electroconductivity method. The effects of alkly chain 
length and counterions upon the micellar properties of 
these surfactants are discussed in terms of the carbon atom 
number and the lyotropic series and counterions size. 

EXPERI MENTAL PROCEDURES 

Materials 

Disodium salts of 1,12-dodecanediol and 1,14-tetra- 
decanediot disulfates (C12Na and C14Na); dilithium; diso- 
dium and dipotassium salts of 1,15-hexadecanediol disul- 
fates (C16Li, C16Na and C16K); and dilithium, disodium, 
and dipotassium salts of 1,18-octadecanediol disulfates 
(C18 Li, C18 Na, and C18 K) were prepared by the method 
described previously (6). 

Carbon, hydrogen, and sulfur analyses of each series 
were found to be within ca. 0.3% of the theoretical values 
as shown in Table I. 

Measurements 

Krafft point: The Krafft point was taken as the 
temperature at which there was a rapid increase of the 
solubility of the surfactant in water when gradually heated. 
The rapid increase of solubility at the Krafft point was in 
proportion to the rapid increase in electrical conductivity. 
Therefore, the measurement of the rapid increase in the 
conductivity of the surfactant solution with temperature in 
the presence of sufficient surfactant to give a solid phase 
made it possible to estimate the Krafft point. A test tube 
was used as the vessel for measuring conductivity. The 
surfactant solution (50 ml 50 mmole) and the cell 

a,w-Disulfates 

TABLE I 

Elementary Analysis of a,~o-Disulfates 

Carbon Hydrogen Sulfur 

Found Calculated Found Calculated Found Calculated 

C12Na 36.03 35.46 5.67 5.95 15.66 15.78 
CI4Ma 39.26 38.70 7.00 6.50 14.61 14.76 
CI6Li 44.56 44.65 7.69 7.49 14.64 14.90 
C16Na 42.28 41.55 7.14 6.97 13.51 13.86 
C16K 38.82 38.84 6.58 6.51 12.59 12.96 
C18Li 47.08 4"7.16 7.85 7.91 13.85 13.99 
C18Na 44.23 44.23 7.18 7.40 12.65 13.08 
C18K 41.25 41.35 6.90 6.94 12.25 12.27 
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FIG. 1. A. Relationship between log Krafft point and total 

number of methylene groups in the alkyl chain of disodium 
a,w-sulfates (o). B. Relationship between log Krafft point and 
Lyotropic number of counterions. Ct6 (o)and C t 8 (o). 

(electrodes) were placed in the test tube. Then the vessel 
was immersed in a heating bath. The solution was stirred 
with a mechanical stirrer, and the temperature was in- 
creased at a rate of about 0.1 C/mAn. 

Electroconductivity: The conductivity of solution was 
measured with a CG20IPL conductivity cell and a no. 
C68174G conductivity resistivity indicator (Toa Denpa 
Co.). The cell constant was determined by using 0.001 
m potassium chloride solution. All measurements were 
made in a thermostat controlled at a constant tem- 
perature (-+0.1 C) above the Krafft point for each 
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FIG. 2. Equivalent conductivities of disodium 1,12-dodecane 

sulfate (C12Na) and disodium 1,14-tetradecane sulfates (C14Na). 
C12Na (o) and CI4Na (o). 
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FIG. 3. Equivalent conductivities of alkati salts of 1,16-hexa- 
decane sulfates. C16Li (o), C16Na (o), and C16 K (o). 

member of the series of c~,co-sulfates. The temperatures 
were at 45 C for C12Na and C14Na; 60 C for C16Li, 
C16Na, and C16K; and 70 C for C18Li, C18Na, and C18K, 
respectively. The specific conductivity of purified water 
used was always ca. 1.0 x t0  -6 ohm 1 "cm -l at 25 C. 

RESULTS AND DISCUSSION 

Effects of  chain length and counterion on the Krafft 
point: The characteristic properties of surfactants with 
methylene groups of different length are conditioned by 
the sudden great increase of the solubility at the Krafft 
point (7,8). It is well recognized by many authors that 
micelles exist only at temperatures above the Krafft point. 

Therefore, the Krafft point of each member of a series 20o[ 
190[- 

180 
v, 
'5 
~170 

U ~ 160 

150 

140 

130 J f ~ 
0.05 0.10 0.15 

~/equiv.conc. 
FIG. 4. Equivalent conductivities of alkali salts of 1,18-octa- 

decane sulfates. C 18Li (o), C 18Na (n), and C 18 K (o). 
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FIG. 5. Relationship between log break point (corresponding to 
critical micelle concentration) and total number of methylene 
groups in alkyl chain of disodium ~,w-alkane sulfate. First break 
point (e). Second break point (o). 

of surfactants should be determined before the measure- 
ments of electroconductivity and other properties relating 
to the micelle formation in solutions. 

The Krafft points of the a,co-alkanediol sulfates evalu- 
ated from the intersection of two extrapolated straight line 
portions of the specific conductivity curves are listed in 
Table II, the last column of which gives the data for alkali 
salts of atkyl monosulfates (9) for comparison. 

The Krafft points of the a,co-sulfates with common 
counterion increased with the increase of hydrocarbon 
chain length as shown in Figure 1A. 

This figure also gives a similar behavior of monosulfates 
(9). However, the values for the a,co-sulfates are lower than 
those of the corresponding alkyl monosulfates with the 
same chain length. The lowering may be due to their 
chemical structure with polar head groups at both ends of a 
long alkyl chain. 

The effectiveness of the three counterions, Li, Na, and 
K, in reducing the Krafft points of both C16 and C18 
disulfates is in accordance with their order in the lyotropic 
series, as is evident from Table II, i.e. with the increasing 
order of the size of hydrated ions. This order of the 
effectiveness of the counterions in lowering the Krafft 
points of the a,co-sulfates is depicted in Figure lB. Large 
hydrated ions (high lyotropic number) are more effective in 
solubilizing the a,c0-sulfates into water than small hydrated 
ions (low lyotropic number).  

Effects o f  alkyl chain length and counterion on two 
break points: The results on the electroconductivity are 
shown in Figures 2, 3, and 4, in which the equivalent 
conductivity is plotted against the square root of equivalent 
concentration. With the exception of CI 2 Na, all other salts 
showed two distinct break points in dilute and concen- 
trated regions of their electroconductivity curve~, respec- 
tively. In the case of C 12Na, no break point corresponding 
to the cmc was found over the whole region of the curve. 
The values of concentrations at two break points are listed 
in Table III. 

The data in the last column of the Table are for sodium 
salts of alkyl monosulfates ( 10,11) for comparison. 

This feature has not been observed before and is 
certainly not seen for ordinary surfactants. The first break 
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points for disodium salts of the a,co-sulfates determined by 
the electroconductivity method are close to those obtained 
previously from surface tension measurements (6), which 
give only one break point corresponding to the first cmc, 
and so the values of concentrations at first break point can 
be regarded as the usual cmc. 

On the other hand, the second break point may be 
brought about by introduction of a second polar group into 
the structure of normal type of surfactant, and it may 
permit the size and shape of the micelles to change in the 
electrical properties of the solutes, since no appreciable 
change in surface tension is detected. 

When the values of the first and second break points are 
logarithmically plotted against the number of carbon atoms 
(Nc) in the alkyl chain for both break points of the 
a,co-sulfates with sodium as their counterion, a linear 
relationship can be found, as shown in Figure 5. The 
relationships are expressed by the following equations: 

log(first break point) = -0.138Nc-0.095 (1) 
log(second break point) = -0.104Nc-0.251 (II). 

It is interesting to note here that the numerical factors 
0,138 and 0.104 of Nc in equations I and II are ca. one-half 
to one-third of the values of 0.29 for the usual monosul- 
fates (12). 

In general, in accordance with this logarithmic relation 
between the cmc and the number  of carbon atoms or CH2 

TABLE II 

Krafft Points of c~,co-Sulfates and Alkyl Monosulfates (9) 

Carbon atoms Counterion a c~,o~-Sulfates Monosulfates 

8 Na . . . . . .  
10 Na - -  8 
12 Na 12 21 
14 Na 24.8 35.8 

Li 35 --- 
16 Na 39.1 43.0 

K 45.0 -- 
Li 39.0 --- 

18 Na 44.9 57.5 
K 55.0 -- 

aLyotropic number of alkali cations: Na = 100, Li = 115, and 
K=75.  
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TABLE III 

Values of Concentrations at Break Points of Various Salts of a,~o-Sulfates and Sodium Salts of 
Alkyl Monosulfates (9,10) from Electroconductivity Data 

VOL. 51 

Carbon atoms 

c~,co-Disulfates Monosulfates 

First break Second break Temperature CMC b Temperature 
Counterion a points (mM 1 --i) points (mM l -i) C (mM 1 -i) C 

8 Na . . . . . . . . .  136 40 
10 Na . . . . . . . .  31 25 
12 Na . . . . . .  45 8.65 40 
14 Na 10 .0  20.0 4 5  2 .4  40 

Li 5.8 14.5 60 . . . . . .  
16 Na 4.5 12.4 60 0.58 40 

K 3.2 9.4 60 . . . . . .  
Li 3.7 9.0 70 . . . . . .  

18 Na 2.8 7.6 70 0.165 40 
K 2.0 5.5 70 . . . . . .  

aLyotropic number of alkali cations: Na = 100, Li = 115, and K = 75. 
bCMC = critical micelle concentration. 

groups ,  the  energy  r equ i r ed  to  t r ans fe r  a su r f ac t an t  mole-  
cule f r o m  a h y d r o c a r b o n  e n v i r o n m e n t  to  water  has been  
f o u n d  to  increase  by  a def in i te  a m o u n t  for  each  add i t i ona l  
CH 2 group  in the  h y d r o c a r b o n  cha in  (12) ,  and  the  
magn i tude  of  the  energy  for  a c a r b o n  a t o m  of CH 2 g roup  is 
ca. p r o p o r t i o n a l  to  the  fac to r  of  Nc in E q u a t i o n  I and  II,  
and  so the  micelle f o r m a t i o n  of  the  a,co-sulfates,  c o m p a r e d  
to  t h a t  of  m o n o s u l f a t e s  w i th  the  same h y d r o c a r b o n  cha in  
length ,  may  b e c o m e  diff icult .  This is ev iden t  f r o m  the  
values of  the  b reak  po in t s  of  the  a,60-sulfates in Table  III,  
i nd ica t ing  t h a t  the  values of  the  first b reak  po in t  wi th  
s o d i u m  ion are larger  t han  those  of  sod ium m onosu l f a t e s  
wi th  same h y d r o c a r b o n  chain  length .  

The  a,co-sulfates have a molecu la r  s t ruc tu re  equ iva len t  
to  the  alkyl  par t s  o f  two molecules  of  m onos u l f a t e s  of  
one-ha l f  the  alkyl  cha in  l eng th  be ing  jo ined .  Accord ing ly ,  
the  a,~o-sulfates may  be e x p e c t e d  to  show surface p roper -  
ties i n t e r m e d i a t e  be t w een  those  of  the  m onos u l f a t e s  w i th  
one-ha l f  the  cha in  l eng th  of  the  co r r e spond ing  ~,60-sulfates, 
and  the  monosu l f a t e s  wi th  the  same cha in  l eng th  as the  
co r r e spond ing  a,co-sulfates.  

The  atkyl  m o n o s u l f a t e s  w i t h  the  c a r b o n  n u m b e r  be low 
ca. 8 behave as un iun iva l en t  s imple  e lec t ro ly te  salt in 
aqueous  so lu t ion ,  and ,  hence ,  the  micel l  f o r m a t i o n  of  these  
monosu l f a t e s  become s  diff icul t .  However ,  when  two mole-  
cules of  a monosu l f a t e  wi th  the  ca rbon  n u m b e r  ca. 7 
c o n n e c t  t o g e t h e r  to  make  a molecule ,  such  as cqw-sulfate ,  
micelle f o r m a t i o n  of  the  a ,w-su l fa te  m a y  occur  more  easily 
t han  t h a t  of  the  a tkyl  m o n o s u l f a t e ,  because  the  degree of  
f r e e d o m  for  the  k ine t i c  m o t i o n  of  oLeo-sulfate in the  
so lu t ion  is res t ic ted .  On the  o t h e r  h a n d ,  the  hyd roph i l i c  
polar  groups at  b o t h  ends  of  alkyl  cha in  of  the  a,~o-sulfates 
make  i t  more  di f f icul t  t o  f o r m  micelles t h a n  the  alkyl  
monosu l f a t e s  hav ing  the  same cha in  length .  

The  ef fec t  of  coun te r ions  on  b o t h  the  first and  second  
b reak  po in t s  o f  the  two  a ,w-su l fa tes  w i th  16 and  18 c a r b o n  
a toms  is f o u n d  to  be a f u n c t i o n  o f  l y o t r o p i c  n u m b e r .  A 
cons iderab le  increase  in the  values of  t w o  b reak  po in t s  is 
obse rved  w i th  the  increase  in l y o t r o p i c  n u m b e r ,  as is 
ev ident  f rom Figure 6. 

Thus ,  t he  c o u n t e r i o n  w i th  the  lowes t  l y o t r o p i c  n u m b e r  
(small  h y d r a t e d  ion)  brings a b o u t  the  largest  decrease in the  
b reak  po in t  and  vice versa. 

TABLE IV 

Ionic and Hydrated Radii for Counter Ions 

Alkali metal ion Ionic radius (A) Hydrated radius (A) 

Li 0.60 3.82 
Na 0.95 3.58 
Ka 1.33 3.31 

The  ef fec t iveness  in  decreas ing the  b reak  po in t s  of  the  
two ~,~o-sulfates is in  the  order :  K > N a > L i .  This was in the  
same o rde r  as obse rved  by  Godda rd ,  e t  al. (13) .  

This  is in acco rdance  wi th  t he i r  pos i t ions  in  the  
l y o t r o p i c  series (Tab le  II).  The lower ing  in  the  b reak  po in t s  
in  the  case of  the  two  cL6o-sulfates can be exp la ined  in 
t e rms  of  the  h y d r a t i o n  of  coun te r ions .  It  has been  
suggested (14)  t h a t ,  in  aqueous  so lu t ions ,  the  e x t e n t  of  the  
c o u n t e r i o n s '  i n t e r a c t i o n  w i th  water  is an  i m p o r t a n t  f ac to r  
in d e t e r m i n i n g  the  relat ive aggregat ing power  of  su r f ac t an t s  
wi th  the  same alkyl  chain.  Nightingale (15)  gave the  data  in 
Table  IV  for  alkali  ions .  

As p o i n t e d  ou t  by  Muker jee  (16 ,17) ,  s ince the  h y d r a t i o n  
of  c o u n t e r i o n s  is scarcely  lost  dur ing  mice l l iza t ion ,  the  size 
o f  h y d r a t e d  ions  w o u l d  be i m p o r t a n t  in  the  micel le  
fo rmat ion .  Muker jee  and  coworkers  (18)  c la imed tha t ,  the  
larger t h e  size o f  t he  h y d r a t e d  ion ,  the  less closely i t  can  
a p p r o a c h  the  charged  surface  o f  the  micel le  to  reduce  its 
charge. Thus,  the  mos t  heavi ly  h y d r a t e d  Li ion  c a n n o t  
a p p r o a c h  the  micel lar  surface  so closely and  is no t  so 
effect ive,  t he re fo re ,  in  screening  the  charge on  the  ion ized  
groups  of  the  micelle.  A grea te r  e l ec t ros t a t i c  barr ier  has  to  
be ove rcome  on mice l l i za t ion ,  and  th i s  is re f lec ted  in the  
h igher  values of  the  b reak  points .  
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