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In the first procedure the amount of acid required 
in titrating the sodium hydroxide solution of gossy- 
pol to pH 8.2 was subtracted from the amount used 
in titrating the same amount of alkali under the same 
conditions without the gossypol. The difference is a 
measure of the amount of sodium hydroxide reacting 
with the gossypol. Gossypol reacts as a dibasic acid. 

The value obtained for the molecular weight of 
gossypol (520) is in close agreement with the value 
(518.54) calculated from its molecular formula. 

A similar procedure was used in determining the 
molecular weight of gossypol-aeetic acid. Gossypol- 
acetic acid reacts as a tribasic acid. The molecular 
weight calculated from the titration data (578) is in 
close agreement with the theoretical value (578.5) 
calculated from the molecular formula for gossypol- 
acetic acid. 

In the second procedure acetic acid was extracted 
from the gossypol-acetie acid by the procedure used 
for the de te rmina t ion  of water-soluble acid. The 
acetic acid was titrated with sodium hydroxide solu- 
tion to the phenolphthalein end-point. The molecular 
weight of gossypol-aeetic acid calculated from these 
data is 577 and that of gossypo] 517. 

Standards of Purity 
From these results the following standards of purity 

are suggested. Gossypol prepared by the improved pro- 
cedure should consist of small, pale yellow, rod-like 
crystals free from extraneous material. Total volatile 
matter, including moisture, xylene, and other solvents, 
should not exceed 2% by weight. A 1-g. portion of 
the sample should dissolve in 20 ml. of ether, and no 
more than a trace of insoluble material should remain ; 
when diluted to 100 ml., the solution should be pale 
yellow in color. The water-soluble acid extracted from 
the ether solution should be neutralized with one drop 
of N/10 sodium hydroxide solution. Total gossypol 
determined by alkalimetric titration may vary from 
98 to 102% and by spectrophotometric measurement 
from 98.5 to 100.7%. The molecular weight of gossy- 
pol calculated from alkalimetric titration data should 
be approximately 518 and that of gossypol-aeetie acid 
approximately 578. 

Summary 
Methods of dissociating the gossypol-aeetic acid com- 

plex prepared from the butanone extract of defatted 
cottonseed flakes and methods of recrystallizing gossy- 
pol were studied. The study led to the development of 
an improved rapid procedure for the purification of 
gossypol. 

In this procedure gossypol-aeetic acid is dissociated 

with aqueous sodium hydroxide  containing sodium 
hydrosulfite ; the gossypol is precipitated with hydro- 
chloric acid, extracted with ether, and recrystallized 
from a mixture of ether and xylenc. Two crystalliza- 
tions by this procedure gave gossypol free from acetic 
acid and of a high degree of purity. Gossypol-acetic 
acid of a high degree of puri ty was prepared by a 
modification of this procedure. 

The degree of purity of the gossypol prepared by 
the improved procedure was determined by a number 
of tests, which are described. Spectral and titration 
curves for pure gossypol are presented, and standards 
of purity are suggested. 

The molecular weight of gossypol and gossypol- 
acetic acid prepared by the procedures described is 
approximately 518 and 578, respectively. 
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Structure and Aggregation in 
Surface Active Agents 1 
H. B. KLEVENS 2,3 

Dilute Solutions of 

t~ XTENSIVE data have been published regarding 
the effect of structure of surface active agents 
on vamous properties such as detergency, bac- 

teriostatic action, etc. These involve very dilute solu- 
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tions, the concentrations of which are usually well 
below the critical micelle concentration (CMC). We 
shall be chiefly concerned in this report with solutions 
of somewhat higher concentrations and the manner 
in which structure of the surface active agents affects 
aggregation, i.e., mice]le formation. In addition, these 
data are discussed in the light of recent concepts of 
micelle structure. Data presented below are taken in 
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par t  f rom the l i terature and in pa r t  f rom our un- 
published work. These unpubl ished CMC values have 
been obtained by  the dye t i t ra t ion method (1, 12, 
24), by  refract ion (25), and by  conductivity meas- 
urements.  Those data which have no definite litera- 
ture reference have not been reported previously and 
have been determined in order to either check con- 
t radic tory values found in the l i terature  or to par-  
t ially supplement  the reported values when necessary. 

The number  of carbon atoms in normal  s t ra ight  
chain colloidal electrolytes of one par t icular  class is 
known to be a determining factor  in the value of the 
CMC (1, 16, 21, 28). Recently it has been shown 
that  the CMC decreases logari thmical ly with the in- 
crease in the number  of carbon atoms in those f a t ty  
acid soaps having between eight and 14 carbon atoms 
(25). F o r  various eationics and anionics the CMC 
data have been shown to be satisfied by  an equation 
(25) which may  be simplified and rewri t ten in the 
following manner  : 

log CMC = A - -  BN 

where N = number  of carbon atoms in the chain, 

B = an empirical constant (may be taken to 
be log 2 with suffieient accuracy) ,  

and A = a constant for  the par t icular  t empera ture  
and homologous series, which may  be de- 
termined f rom a known value of CMC for 
one member  of the series. 

For  a nmnber  of different homologs the values of 
A (the intercept)  in Table I are seen to va ry  consid- 
erably whereas B (the slope) is approximate ly  equal 
to log 2 (0.301). The CMC values used to obtain A 
and B were the best values reported in the l i terature  
or were determined by  refract ion and /o r  dye t i trat ion.  

The different values of A suggest that  even though 
the CMC is dependent  on the num ber  of carbon atoms 
in the chain for  any one homologous series, various 
types of colloidal electrolytes can not be compared in 
this manner.  However  if the length of the various 
paraffin-ehain salts are compared, it is possible to 
obtain a relationship between the various surface ac- 
tive agents. Table I I  shows the CMC values, and 
chain lengths, computed using an extended zig-zag 
form for  this comparison. Bond distances and bond 
angles collected by  Paul ing (34) are used in caleula- 

TABLE I 

Values of A and B for  Var ious  Anionic  and C at ion i c  
Surface  Active Agents  

K fa t ty  acids soaps ...... 
K fa t ty  acids soaps ...... 
Alkane sulfonates  ........ 
Alkane sulfonates  ........ 
Alkyl sulfates  .............. 
Alkyl ammonium 

chlorides .................. 
Alkyl t r imethyl  am- 

mon ium bromides .... 

Temp. 
(~ 

25 
45 
4o 
5o 
45 

45 

A 

1.92-- 
2'.03 
1.59 
1.63 
1.42 

1.79 

1.77 

B 

0.292 
0.294 
0.294 
0.295 

0.296 

0.292 

Method 

dyea, n b 
n 
cond, e, u 
cond., n 
dye, n 

cond. 

cond. 

Ref. 

1, 25 
25 
25, 49 
25, 49 
This  work  

35 

60 44 

CMC values determined by adyo t i t r a t i on ;  b re f rac t ion ;  e conduct ivi ty .  

tions of overall lengths of these colloidal electrolytes. 
Included are the s t raight  chain f a t ty  acid soaps, the 
s t raight  chain alkyl sulfonates and alkyl sulfates, 
all anionic, and the cationic detergents, alkyl ammo- 
nium chlorides. The various colloidal electrolytes are 
matched as to chain length of their  surface active 
group. The chain length is measured f rom the hy- 
drogen of the ul t imate carbon to the charged atom 
at the hydrophil ic end of the paraffin chain. Thus a 
C,~ f a t ty  acid, a C,~ sulfonate, a C~ sulfate, and a 
C, 2 ammonium chloride belong to the C~: family. 
When these s t raight  chain soaps and detergents are 
grouped in this manner ,  it is seen that  the CMC is 
essentially independent  of the nature  of the non- 
colloidal electrolyte ion and is a function pr imar i ly  
of the length of the surfaee active ion. 

The effect of the length of the surfaee active ion 
on CMC at 35~ is indicated in Fig. 1. Each group 
of compounds falls within a CMC region which is 
well within experimental  error  differences in methods 
of CMC determination. The equation of this curve 
can be represented by :  

log CMC ~ 2.26 -- 0.231 L 

where L is the overall length of the surface active ion 
in A. 

The data in Tables I I  and I I I  confirm the opinion 
of Har t l ey  (15) that  the CMC depends only on the 
length of the colloidal electrolyte chain and is not 
markedly  dependent  on the nature  of the counter ion. 
This is, of course, only t rue  in the case of uni-univa- 
lent systems as can be seen f rom a comparison of the 
Chic  values of 0.00023-0.00044M for the uni-univalent  
octadeeyltr imethyl  ammonium salts and about  0.0001 
for  the oxalate salt. Lot termoser  and Pfisehel (28) 

T A B L E  [I 

The Change in  Cri t ical  Micelle Concentra t ion of Var ious  Anionic  and Cationic Soaps and Detergents  Wi th  
Leng th  of the Lipophi l ic  Po r t ion  of the ~d[olecule 

L e n g t h  ( ~ )  CMC 
Type of detergent  Lipophi l lc  of l ipophi l ic  (moles per  Method Temp. Ref. 

g roup  g roup  l i ter )  o C. 

Fa t ty  acid ........................................... 
Sulfonates  .......................................... 
Sulfates  .............................................. 
Amine  tIC1 ......................................... 

Fa t ty  acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SnIfonates .......................................... 
Sulfates  .............................................. 
Amine HC1 ........................................ 

Fa t ty  acid .......................................... 
Sulfonates  .......................................... 
Sulfa tes  .............................................. 
Amine  HC1 ......................................... 

Fa t ty  acid ........................................... 
Sulfonates  .......................................... 
Sulfates  .............................................. 
Amine  HC1 ....................... .................. 

n - C n O -  
n-C~oSO- 
n-CoOSO- 
n -C loNH + 

n-CiaO-  
n-CI_oSO- 
n - C ~ O S 0 -  
n-C~2NH+ 

n-C~50- 
n -CI~S0-  
n -C , sOSO-  
n - C ~ N H +  

n-C1~O- 
n-O16SO- 
n-C~5OSO- 
n-OI~NH+ 

15.3 
15.8 
15.6 
15.1 

17.8 
18.3 
18.1 
17.6 

20.4 
20.9 
20.7 
20.2 

22.9 
23.4 
23.3 
22.7 

0.050 
0.041 
0,052 
0.048 

0 . 0 1 2  

0.010 
0.013 
0.014 

0.0034 
0.0030 
0.0033 
0.0031 

0.00095 
0.0009o 
0.00085 
0.00085 

d y e  a 
n b 
talc.  e 

dye 
n 
tale. 
n 

eale. 
n 
ealc. 
n 

ealc. 
n 
cale. 
n 

25 
25 
25 
25 

25 
30 
30 
30 

45 
45 
45 
40 

55 
55 
55 
55 

This work  
25 

25 

This  work  
25 

25 

25 

25 

25 

This work  

C'MC values determined by adye t i t r a t ion ;  b re f rac f ien ;  ecateMation hy use of an empir ica l  equat ion (25)  s ince no da ta  on odd carbon atom 
alkyl sulfa tes  are  avai lable.  
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O ]  I t I I t 1 I I I 
I 
[ 7 " X ~  O K  FATTY ACID SALTS / 
I ~ IIN'~ ALKANE SULFONATES 

" ' ~  13 N~. ALKYL SULFATES - -  

L A " " ~  ~ - 

- 2 4  ~ 

1 I ] 1 I I I l ~ 
11 13 15 17 19 21 

LENGTH IN 

FIO.  1. E f f e c t  o f  c h a i n  l e n g t h  o n  c r i t i c a l  m i c e l l e  c o n c e n t r a -  
t i o n s .  A l l  v a l u e s  a r e  f o r  3 5 ~  

have reported correspondingly smaller CMC values 
for  the divalent Cn and Zn than for  the univalent  
Na, K and H salts of the alkylsulfates. Within  a 
par t icular  chain length group it is to be expected that  
differences in the degree of average ionization of the 
molecules making up the mieelle would affect the 
CMC value. 

T A B L E  I l I  

Effect of Counter  Ion on Cri t ical  Micelle Concentrat ion 
(Moles per L i t e r )  

Detergent  I CMC 

])odecanoates 
Sodium ... . . . . . . . . . . . . . . . . . . . . .  0.026 
Po tas s ium ................. ".'. .." '.'.'.'.'.'.'.'. / 0.0255 
Cesium ............................ i ........ 0 . 0 2 5  

Dodecylammonium 
C h l o r i d e  ................................. ~, 
B r o m i d e  ................................... 
Acetate .................................... 
Ni t ra te  ..................................... 

Dodecy l0yr id in ium 
C h l o r i d e  ................................... 
Bromide  .................................. 

Octadecylammonium 
C h l o r i d e  ................................... 
Acetate ..................................... 

0 c tadecyl t r imethylammonium 
C h l o r i d e  ................................... 
0 x a l a t e  ..................................... 
]~romate .................................. 
Ybrmate  ................................... 
Ni t ra te  ..................................... 

0.014 
0.012 
0.0151 
0.0115 

0.015 
0.016 

0.00055 
0.00040 

0 .00034 
0.0001 
0 . 0 0 0 3 1  
0.00044 
0.00023 

Temp. 
(~ 

/ 25 
25 
25 

30 
30 
25 
25 

25 
25 

60 
60 

25 
25 
2 5  
25 
25 

dye a 
dye  
dye 

d y e  
d y e  
cond. b 
cond. 

d y e  
d y e  

e o n d .  
e o n d .  

cond .  
e o n d .  
eond .  
cond .  
e o n d .  

Ref. 

This  work 
Th is work 
This work 

This work 
T h i s w o r k  

39 
35 

This  work 
This  work  

3 5  
35 

CMO values  de~ermined by a dye t i t r a t i on ;  l) conduct iv i ty ,  

According to the Debye-Hiiekel theory, one would 
expect the energy of repulsion to be proport ional  to 
the total charges squared. However  it has been re- 
cently shown by  Debye (3) that  in these colloidal 
electrolyte systems, this energy is proport ional  to 
about  the 3/2 power of the charge. Cushman, Brady,  
and McBain (2) have shown that  when the counter  
ion becomes very large, the CMC decreases. Thus the 
CMC values of benzyl t r imethylammonium and mor- 
pholine dodecanoate are about  0.010-0.015N as com- 
pared  with a value of 0.025 for the potassium salt. 
These differences may  be due to minor differences 
in the degree of ionization of the micelles for  it has 
been observed that  the presence of small amounts of 

unionized additives will markedly  decrease the CMC 
whereas the use of an ionized additive of an equiva- 
lent chain length and same charge will result  in little 
change (24). 

Substitutions in the I-Iydrophilic Portion 
of the Molecule 

The CMC data in Table I V  show the effect of sub- 
sti tution of methyl  or other groups for the hydrogens 
in the hydrophil ic region (within one or at most two 
carbons f rom the charged atoms) of various cationic 
detergents. The data in Table I as well as other pub-  

" lished data (see Table V I ) ,  ref. 25) indicate tha t  for 
each decrease in chain length of the surface active 
ion by  one carbon, the CMC would be doubled. Ex- 
cept for  a small increase, substi tut ion of a small 
group in the region of the hydrophil ic  port ion of the 
molecule has no effect on the CMC. In  these substi- 
tuted detergents, as well as in the s t raight  chain ones, 
the CMC seems to depend solely on the chain length 
of the hydrophobic group. The introduction of three 
methyls or one or more hydroxyethyls  (37), or a 
pyr id in ium group (15) in place of the amine hydro- 
gens, thus is seen to exert  little or no influence on 
nlicelle formation.  I t  is possible that  the large degree 
of disorder in the micelles of these eationies [as is 
evidenced by their  larger  intermicellar  spacing (9) 
and solubilizing power] as compared with the anionics 
may negate the influence of the branched chain. I t  is 
to be noted that  the length of the group substi tuted 
in the region of the charged head of the paraffin 
chain salt and the relative lengths of the substi tut ion 
and the paraffin chain are factors  involved in micelle 
formation. Thus although the substi tution of one or 
more hydroxyethyl  groups in the dodecylammonium 
chloride results in a slight decrease in the CMC (37), 
the substi tution with 2,3-dihydroxypropyl  groups in 
the C1~ compound is accompanied by  a decided modi- 
fication of the colloidal character  as is indicated by  
the absence of a well defined critical micelle point  
(37). On the other hand, substi tution with 2,3-dihy- 
droxypropy]  groups in the C~6 compound has no effect 
on CMC nor on the conductivity characteristics of 
these detergents (37). 

As the length of the side chain increases, it is to be 
expected that  a change in the CMC will take place. 
F rom the surface t e n s i o n - - c o n c e n t r a t i o n  curves of 
the very interesting positional isomers (with respect 
to position in the alkyl chain of the - - O S O  3- group)  
p repared  by  Dreger,  Keim, Miles, Shedlovsky, and 
Ross (4), the following can be quali tat ively advanced:  

1. ] f  the two isomers (i.e. those compounds in 
which the sulfate group is in the 2 position) are 
compared, it is seen that  the two-fold rule holds, 
for in those cases where the chain length is in- 
creased b y  two carbon atoms, the CMC is re- 
duced to approximate ly  one-fourth its p rev ious  
value. 

2. I f  the sulfate group is on the center carbon in 
the chain, an increase in length by  addition of 
one carbon at each end will result, as expected, 
in more than  a two-fold decrease in CMC but  
not as much as a four-fold decrease which would 
occur if both carbon atoms had been added at 
one end of the alkyl chain. The actual decrease 
appears  to be approximate ly  2.5-fold. 
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TABLE IV 

C h a n g e  in  Cri t ica l  Micelle Concen t ra t ion  of Cat ionic  D e t e r g e n t s  Yv'ith Subs t i t u t ion  in  the 
Reg ion  of the  Hydroph i l i c  Group  

77 

CMC 
D e te rgen t  ( moles pe r  l i t e r )  ~Iethod Temp.  ( ~ C.)  Ref .  

n - C s - N H s C 1  ..................................................................................... 
n - C s - N  (CHa)  sB r ............................................................................ 

n -Clo-NHsC1 .................................................................................... 
n - C w - N  (CHa)aC1 ............................................................................ 
n - C l o - N  (Clqs)  aBr  ........................................................................... I 

n-C~z-NH3C1 ................................................................................... 
n - C l z - N  (CHa)  8C1 ........................................................................... 
n - C ~ - N  ( CI-Is ) a]~r .......................................................................... 
n - C ~ - P y r - C l f  ................................................................................ 

n - C 1 r N t t a C 1  ................................................................................... 
n - C ~ - N  (CHs)  8C1 ............................................................................ 
n - 0 1 , - P y r - C 1  .................................................................................. 

n - C ~ = N H s C I  ................................................................................... 
n - C l r N  (CH3)  aBr  ........................................................................... 
n - C I ~ - N  (Ct~3) 8C1 ............................................................................ 
n -C~a-N (CHs)  u ( C2I-I40 H )  C1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
n-C16-N (CHa)  (C~H40~I)  eC1 .......................................................... 
n - C ~ - N  (C~_H~O H )  sC1 ..................................................................... 
n - C ~ r P y r - C 1  .................................................................................. 
n - C ~ - - P y r - B r  ................................................................................. 

0 .175;  0.20 
0.137 

0.048 ; 0.042 
0.065 
0.065 

0.014 
0.016 ; 0.020 
0.016 
0.015 

0.0031 
0.0040 ; 0 .0036 
0.0036 

0.00085 
0.O010 
0.0013 ; 0 ,0014  
0.0012 
0.0010 
0.0010 
0.0009 
0.0008 

n a ; cond.  b 
cond. 

n ; cond.  
dye  c 
cond. 

n 
dye : t e n d .  
cond.  
n 

n 
n ~ dye 
calcfl  

n 
cond. 
cond. 
eond. 
t end .  
cond.  
t end .  
t r ans ,  e 

25 
25 

25 
25 
25 

30 
30 
25 
30 

40 
40 
40 

55 
60 
30 
30 
30 
30 
30 
30 

Th i s  w o r k ;  38 
44  

T h i s  w o r k ;  38 
Th i s  w o r k  
Th i s  w o r k  

T h i s  w o r k  
T h i s  w o r k ;  36 

44  
Th i s  w o r k  

Th i s  w o r k  
T h i s  w o r k  

25 
44 
37 ; 36 
37 
37 
37 
15 
13 

CMC va lues  de t e rmined  by a r e f rac t ion  ; bconduc t iv i t y ;  e dye t i t r a t ion  ; dempi r i ca l  ru le ;  e t ranspor~  n u m b e r ,  f P y r  --~ p y r i d i n i u m .  

3. For  one alkyl chain length, there is an increase 
in CMC as the sulfate group is moved f rom the 
terminal  position. 

Somewhat more quant i ta t ive data on the effect of 
position of charged group in the alkyl chain can be 
seen in the comparison of the data in Table V, pa r t  
of which have been repor ted by  Winsor (48). The 
comparison with the s t ra ight  chain sulfates [heading 
marked CMC(2)]  having the same length of alkyl 
chain as the longer port ion of the branched sulfates 
indicates that  a branching  of more than  one car- 
bon atom in length at a position four  atoms removed 
f rom the ionic charge is necessary before the CMC 
is affected. 

T A B L E  V 

Effect  of Pos i t ion  of - S e n N a  Group  of n -Te [ r adecane  Sod ium Sul fa tes  on 
Cri t ica l  Micelle Concen t ra t ions  (Moles p e r  L i t e r  )< 10 a) 

Pos i t ion  of 
- S O ~ N a  

- 1  
--2 
- 3  
- 4  
- 5  
- 6  
- 7  

Tetradecane 
su l fa tes  

, C~O ( 1 )  

1.65 
3.26 
4.52 
5.76 
7.95 

12.3 
15.8 

S t r a i g h t c h a i n  su l fa tes  

C~IC (2)  No. C a toms 

1.65 14 
3.30 13 
5.8 12 

12.0 11 
2"5.0 10 
52.0 9 

100.0 8 

C M C ( 2 )  
cMc(1) 

1.0 
1,01 
1.28 
2.09 
3.14 
4.23 
6,22 

Similar effects have been observed in the branched 
dialkylsulfosuccinates. Three of these detergents, with 
a reported pur i ty  of 98-99 _+ 1%, 1-2% is p robab ly  
water, have been obtained f rom Dr. J .  K. Dixon, 
American Cyanamid Co. The  effect of position of the 
charged group in these detergents on CMC is seen 
f rom the data in Table VI  to be similar to that  of 
the n-tetradeeaue sodium sulfates. The CMC values 
have been obtained f rom refract ion measurements  at 
35~ using the procedure described previously (25). 
The length of these branched molecules is taken as 
the distance between the charged head and the atom 
far thes t  f rom it in the hydrophobic chain. These 
CMC values are compared with those of the s t raight  
chain surface active agents of the same class. 

T A B L E  V I  

Cri t ica l  Micelle Concen t ra t ions  of a Ser ies  of D i a l k y l d i m e t h y l a m m o n i u m  
Chlor ides  and  of Some  Aerosols (D ia lky I  Sod ium Su l fosucc ina t e s )  

Dia lky l  sod ium su l fosucc ina tes  

C MCa C M O ( 1 ) ~  

b is - (4-methyl -2-amyl)  ...... I 0.042 ] 0 .048 ] 
b is - (2-e thylhexyl)  ............ ~ 0.0041 [ 0 .0051 ] 
b is - (n-octy l )  ..................... I 0.000651 0.0007 

S t r a i g h t  chain 
su l fa tes  

I 
CMC (1)  

(CsH17) 2 (CHa)  2NCI ........................ ] O.--~.02~- 
( C l o H z ~ ) z ( C H s ) z N C 1  .................... :.,] 0 .0020 
(CsH17) (C12H~5) (CHa)2NC1 ........... ] 0 .0018 
(C12Hez)2 (CHs)  ~NC1 ....................... , 0 .00018 

o-257-~7 I - - W - -  - -  
0.041 10 
0.010 12 

C M C ( 2 )  
O]',[C ( 1 )  

3.5 
8.1 

14.3 

D i a l k y l d i m e t h y l a m m o n i u m  chlor ides  S t r a i g h t  cha in  am- 
m o n i u m  chlorides CMO (2)  

C M C ( 1 )  
I C M r  ) ] N o . C  a~oms 

0.065 I 108 
0.020 12 
0.020 12 

5 
33 
11 

110 

C1VLC va lues  d e t e r m i n e d  by adye t i t r a t ion  ( cour t e sy  of J .  K.  D i x o n )  ; 
bre~ra,ctio,n ( th is  w o r k ) ;  r  ( 3 6 ) .  

Substitution in the Hydrophobic Portion 
of the Molecule 

There are two ways in which the character  of the 
hydrophobic port ion of the molecule may  be changed. 
The first would involve in ter rupt ion  in the chain it- 
self by  replacing one or more C to C single bonds by  
a double bond, or b y  replacing a number  of C atoms 
by  aromatic  groups of various sizes. The second class 
is the addition of a side group at  some point in the 
alkyl chain. This substi tut ion might  involve a) polar  
groups, b) alkyl groups, and c) aryl  groups. 

a) Effect of unsaturation on CMC. Various CMC 
values have been reported in the l i terature  for  so- 
dium and potassium oleate which ranged f rom 0.23M 
as determined by  viscosity (19) to one of 0.0007 to 
0.0012M (1). Ekwall  (5) could find no definite value 
f rom conductivi ty studies, and Ralston et al. (37) 
noted that  unsatura t ion causes little or no change in 
CMC when compared to sa tura ted  compounds of the 
same chain length. I t  is probable  tha t  the initial 
discrepancies in reported values are due to marked 
differences in the samples used as well as in the meth- 
ods used for  the determinations. 

A sample of potassium oleate (cis Cls:) was pre- 
pared  in this l abora tory  b y  neutral izat ion of an oleic 
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acid which has been shown to be 97-98% oIcic acid 
by  unsatura t ion  tests and spectroscopic measurements  
(40). No fa t ty  acids of higher degree of unsa tura t ion  
were present  in this mixture,  and the only impur i ty  
was some sa tura ted  f a t t y  acids of approximate ly  the 
same chain length. The CMC of this soap determined 
by  refract ion and  by  spectral  changes of dye solutions 
is found to be 0.0008N and 0.0009-0.0010N, respec- 
tively, at 25~ F rom repor ted studies of the CMC 
of soap mixtures  (24) the value of CMC would not 
be changed by  the presence of as little as 3% satu- 
ra ted f a t t y  acid soap of shorter chain lengths and 
would be decreased about  5% in the presence of 
higher molecular weight soaps. F u r t h e r  potassium 
oleate and potassium elaidate ( t rans Cls:), p repa red  
f rom 97% oleic acid a and 93% elaidic acid (7% satu- 
ra ted) ,  followed by  recrystall ization have CMC val- 
ues of 0.0010 and 0.0015 at 50~ The data  for  the 
unsa tura ted  and the corresponding sa tura ted  com- 
pounds are collected in Table VI I .  

I t  is evident f rom these results that  the presence of 
unsatura t ion causes a slight but  definite increase in the 
CMC as compared with other soaps having the same 
number  of C atoms. A similar small bu t  definite dif- 
ference in CMC has also been noted in the compari-  
son of potassium abietate 4 with a value of 0.012M 
and potassium dehydroabietate  4 with one of 0.027M. 
Fur ther ,  potassium dilinoleate, a dimer of linoleate 
p repared  by  the Eas tern  Regional Research Labora-  
tories, is found to have a CMC of 0.00025M. I t  is 
worth noting that  the marked differences in solubil- 
i ty between the sa tura ted  and unsa tura ted  soaps does 
not car ry  over to their  association properties,  i.e., in 
the format ion of micelles. 

b) Alkyl-aryl systems. Although very large amounts 
of detergents of this type, the alkyl benzene sulfonates 
for  example, have been produced commercially, no 
extensive data have been reported for these systems. 
Paquette,  Lingafelter ,  and Ta r t a r  (33) have compared 
the CMC of n-octyl and n-dodecyl benzene sulfonate 
(values 0.15N and 0.0012N respectively at 60~ with 
the corresponding alkyl sulfonates and repor t  that  the 
presence of the benzene ring in the chain is equivalent 
to about 3.5 C atoms. I t  is apparen t  that  the bulk of 
the benzene ring in the vicinity of the charged head of 
the detergent has only a minor  effect on the value of 
the CMC. When the length of the benzene ring, about  
2.65A, is compared with that  of 3.5 C atoms, about  
4.35A, there is apparen t  some enhancement of the 
effect of the benzene group in the chain. This effect 
is even more apparen t  when one considers the CMC 
value of 0.061N (determined by  the spectral  dye 
method, 50~ of a mixture  of sodium tri isopropyl-  
benzene sulfonates (41). This value is considerably 
below one found for  a corresponding s t raight  chain 
alkyl sulfonate of the same chain length which would 
have a CMC of about  0.8N. 

e) Polar substitution in the chain. The effect of 
substi tution of polar  groups for hydrogen in the par-  
affin chain results in nlarked increase in solubility of 
the colloidal electrolytes and for  these systems much 
higher CMC values are found. Gregory and Ta r t a r  
(7) repor t  a CMC value of 0.0075N for  potassium 
9,10-dihydroxystearate (acid m. pt. ---- 131.6~ in 
0.001N K O H  as compared with one of about 0.0005N 

3Supplied by Dr.  Daniel  Swern of the Eas te rn  Regional Resea r ,h  
Laborator ies  of the U.S.D.A. 

4Prepared f rom corresponding acids supplied by Dr.  R. S. George, 
:Hercules Powder  Co. 

for potassium stearate as determined conductimetri-  
cally at 60~ A prepara t ion  of 9,10-dihydroxystearate 
obtained by repeated recrystall ization of the acid, ~ 
m. pt. 130.2-130.5~ followed by  neutralization and 
fu r the r  reerystall ization has a CMC of 0.0080N at 
a p H  ~ 9.5. This value was determined by  refrac-  
tion and compares with a s imilarly obtained value of 
0.0004sN for potassium stearate. Another  9,10-dihy- 
droxystearic acid, s m .  pt. 94.2-94.4~ has been neu- 
tralized as was its higher melt ing point isomer, and 
its CMC is found to be 0.011N. The various results 
obtained in these measurements  are compared in Ta- 
ble V I I  with those found in the l i terature.  

CMC data on a purified ricinoleate (12-hydroxy-9- 
octadecenoic acid) and its isomer, ricinelaidate, are 
included in Table VI I .  Methyl ricinoleate 6 and ricin- 

- elaidic acid 6 were purified as follows. T h e  ester was 
fract ional ly  distilled under  vacuo in a micro Pod- 
bielniak column of about 50 theoretical plates. The 
center cut a f ter  two distillations was saponified with 
alcoholic K O H  and the result ing compound was re- 
crystallized a number  of times and then dried in 
vacuo. The acid was recrystall ized f rom alcohol, neu- 
tralized, recrystall ized twice, and vacuum dried. The 
CMC values for  the ricinoleate and its isomer, ricin- 
elaidate, are seen to fall  between the oleate and the 
dihydroxystearate  values. 

The more polar the compound becomes, the greater  
would be its solubility in polar  solvents, and it is ex- 
pected that  the CMC value correspondingly would be 
higher. Thus it would be expected that  the CMC val- 
ues would be as follows: sa tura ted  compound < one 
with one C ~ C  ~ one with one - - O H  ~ one with 
one C ~ -  C and one - - O H  and ~ one with two - - O H  
groups. The somewhat meager  data available at the 
present  time suppor t  this concept, bu t  it is very 
likely tha t  the effect of position of these polar  sub- 
stitutions would play an equally marked  role in mi- 
celle formation. 

Recently a very interesting amino acid, N-dodecyl- 
fl-alanine (C12H2~NHCH2CH2COOH), has been made 
available. 7 In  common with all amino acids it is pos- 
sible to obtain both cationic and anionic derivatives 
of this compound. The acid was careful ly recrystal-  
lized a number  of times f rom various mixtures  of 
alcohol, acetone, and dioxane until  it crystallized as 
minute colorless crystals. These were then either neu- 
tralized with hydrochloric acid or potassium hydrox- 
ide. The anionic detergent p repared  f rom this amino 
acid, potassium N-dodeeyl-fl-alaninate, is seen to have 
a CMC of 0.0026N and 0.0030N at 35 ~ and 50~ 
respectively. This is only slightly higher than  the 
CMC of the f a t ty  acid soap of the same chain length, 
the palmitate,  which is 0.0022N at 50~ The cationic 
amine hydroehloride, C12H25N (HC1) HCH2CH~COOH , 
is seen to have a CMC value of 0.010N, which is lower 
than that  of 0.014N for  the dodeeyl ammonium chlo- 
ride. The polar - -CH2CH~COOH group on the nitro~ 
gen decreases slightly the CMC of this detergent  in 
the same direction that  the - -CH2CH2OH group does 
as the data in Table IV  indicate. 

Shape and Size of Micelles 

Various models have been proposed for  mieelle 
structures. McBain (29) has postulated two kinds of 

SSupplied by Dr.  Daniel  Swern of the Eas te rn  Regional  Research 
Laborator ies  of the U.S.D.A. 

SSupplied by Dr. J .  Nichols, Interchemical  Corp., New York, N. Y. 
7Supplied by the B. i~. Goodrich Chemical Co., Cleveland, Ohio. 
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T A B L E  V I I  

Effect. of U n s a t u r a t i o n  and  P o l a r  Subs t i t u t ion  on Cr i t i ca l  :Micelle Concen t r a t i on  

79 

P o t a s s i u m  soap ] 

S t e a r a t e  ( sa td .  C~s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
S t e a r a t e  ( s a t &  C~s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Oleate  (e@-C~s =) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Oleate  (c~-Cls=) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Oleate  (c/s-C~s=) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Oleate  (cls-C~s =) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
E l a i d a t e  ( t ra  ns-Cls = ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Abie ta te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Dehyd roab i e t a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
9 , 10 -n ihyd roxys t e . a r a t e  ( 1 3 1 . 6 ~  ac id)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
9 , 1 0 - D i h y d r o x y s t e a r a t e  ( 1 3 0 . 2 - 1 3 0 . 5 ~  ac id)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
9 , 1 0 - D i h y d r o x y s t e a r a t e  ( 9 4 . 2 - 9 4 . 4 ~  ac id )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R ic ino lea t e  ( 1 2 - O t t  oleate)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R i c ine l a ida t e  (12-0I - I  e l a ida t e )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
N-dodecyl-/~-alaninate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
N-dodecyl -~-a lanina te  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
P a l m i t a t e  ( sa td .  Cj6) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

N-dodee:vl-~]-alanine hydroch lo r ide  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
nodeey l  a m m o n i u m  chlor ide  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

CMC 
(moles p e r  l i t e r )  Temp.  (~  :Method Ref.  

0 .0004~ 
0 . 0 0 0 5  
0 . 0 0 0 8  

0 . 0 0 0 9 - 0 . 0 0 1 0  
0 . 0 0 1 2  

0 . 0 0 1 2 - 0 . 0 0 1 4  
0 . 0 0 1 5  
0 .012  
0 . 0 2 7  
0 . 0 0 7 5  
0 . 0 0 8 0  
0 . 0 1 1  
0 . 0 0 3 6  
0 . 0 0 5 5  
0 . 0 0 2 6  
0 . 0 0 3 0  
0 . 0 0 2 2  

0 . 0 1 0  
0 . 0 1 4  

55 
60 
25 
25 
50 
50 
50 
25 
25 
60 
55 
55 
55 
55 
35 
50 
50 

30 
30 

n a 
cond. b 

dye e 
11 
dye 
Ii 
dye 
dye 
eond. 
lq 

Ii 
n 
]2 

ii 

n 
11 

CM:C values  de t e rmined  by a r e f r a c t i o n ;  bconduct iv i ty ;  Cdye t i t r a t ion .  

This  w o r k  
7 

Th i s  w o r k  
This  w o r k  
Th i s  w o r k  
Th i s  w o r k  
Th i s  w o r k  
Th i s  w o r k  
Th i s  w o r k  

7 
Th i s  w o r k  
Th i s  w o r k  
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micelles, ionic spherical and neutral  lamellar, and has 
had much support  for  the latter type of mieelle f rom 
the x-ray work of Stauff (46), Hess (18), and more 
recently Harkins, Mattoon, and Corrin (9). Har t ley  
has proposed only one type of micelle, a spherical one 
(14). An ellipsoid of rotation has been proposed by  
Hughes (23) as an interpretat ion of his x-ray data 
on solubilization and by Mfieller (32) f rom work on 
association phenomena. Mattoon subsequently pro- 
posed a two-layer sandwich mieelle as another possi- 
ble model (31). Vetter  (47) has supported the idea 
of the spherical micelle of Har t ley  based on con- 
ductivity and diffusion measurements with sodium 
di(2-ethylhexyl)sulfosuceinate .  He mentioned two 
critical zones, one at  about 0.025-0.030M, which is in 
the region of the CMC [0.050M as determined by 
refraction (27) and 0.055M determined by the dye 
method],  and the other at about 0.13M. Harkins  (10) 
recently has proposed a cylindrical model for  a mi- 
celle which agrees with the x-ray data for the M-band 
(equivalent to twice the length of the soap mole- 
cule). He also mentions a second critical concentra- 

t ion ,  about 0.3N for potassium myristate, where, 
because of the concentration effects, the mieelles lose 
some of their freedom of motion and the x-ray band 
which indicates distances between mieelles begins to 
appear. Hart ley,  Collie, and Samis (13) previously 
advanced the same idea of part ial  loss of free motion 
in at tempting to show that  the use of the Debye- 
Hiickel theory would introduce a very  large uncer- 
ta inty when applied to micelles, 40A in diameter, car- 
rying enormous charges of about 30, and with their  
mean distance apart,  center to center, of only about 
58s as occurs in a 0.5N C~6 soap solution. The quasi- 
ellipsoid (cross between a cylinder and an oblate 
spheroid) is the most recent model for  the ionic mi- 
celle proposed by  Harkins (11), which is postulated 
because of the improbabili ty of an extensive hydro- 
carbon-water interface necessary in the previous mod- 
els proposed by this author. 

Recently Sehulman and Riley (42) and Schulman 
and Fr iend  (43), by  means of x-ray and light scat- 
tering investigations of oil-water disperse systems, 
conclude that  a hydrocarbon-swollen spherical micelle 
is a bet ter  s t ructure for aggregated soap molecules 
than the lamellar or the cylindrical form. Fur ther ,  
McBain (30) has emphasized the presence of small 
spherical micelles present at low soap concentrations 

(as in the region of the CMC). If one accepts the 
idea of a spherical mieelle swollen with solubilized 
hydrocarbon, removal of this hydrocarbon will result 
in some collapsing of the micelle. The micelle must 
be considered as a dynamic system with individual 
soap molecules probably a part of the aggregate and 
a free electrolyte at different times, and thus, in col- 
lapsing, the number of soap molecules per micelle 
will be less than in the swollen micelle. This is in 
accord with the calculations of Mattoon, Stearns, and 
Harkins (31),  from x-ray measurements which  indi- 
cate an increase in the number of soap molecules per 
micelle upon the addition of hydrocarbons. Recent 
light scattering measurements by Debye and Hagen 
(3) indicate that there are about 150 detergent mole- 
cules per mieelle in the hydrocarbon swollen mieelles 
of dodeeyltrimethyl ammonium bromide-benzene with 
or without added potassium bromide. Ultracentrifu- 
gal studies, now in progress, will show whether these 
last mentioned results are correct. An analysis of 
their data leads these authors (3) to suggest a spheri- 
cal model for the swollen micelles similar to one pro- 
posed previously (26).  It is unlikely that a spherical 
model for the hydrocarbon-free mieelle postulated by 
Hartley (14) and supported by Vetter (44) can be 
accepted, primarily because of the difficulty of trying 
to correlate micelle thicknesses (DM) as determined 
by x-ray sudies with the packing of the hydrocarbon 
tails of the soap monomers in the mieelle center nec- 
essary for the concept of a spherical model. The col- 
lapsed, hydrocarbon-free micelle may be assumed to 
have the general form of an oblate or a prolate sphe- 
roid, or a cylinder, or, what is more likely, some 
indeterminate, intermediate shape. This model will 
probably vary with type and chain length of deter- 
gent, with temperature, and with the presence of va- 
rious additives such as electrolytes, polar and apolar 
compounds. It is not as yet known whether the pos- 
sible degree of order within the mieelle can be a 
further factor which will affect the micellar shape 
and size. Dodecyl ammonium chloride has a large 
degree of disorder as is evidenced by its large intra- 
mieellar spacing (DM) and its large solubilizing power 
(moles oil dissolved per mole soap) (26) when com- 
pared with potassium dodecanoate and tetradecanoate 
which have much smaller values of D~  and solubiliz- 
ing power for apolar compounds. The micelle of the 
C~2 cationic is supposed to be an aggregate of some 
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50-60 molecules according to light scattering meas- 
urements  (3) whereas free diffusion studies indicate 
some 30-35 (6) and diffusion in an electrical field, 
using a trace of Sudan IV  as an indicator shows about  
140-150 molecules of potassium dodecanoate per  mi- 
celle, each micelle having an effective charge of about  
20 (22). 

I t  is not too difficult to picture or build a model of 
a soap micelle containing some 150 molecules, using a 
spheroid as a model, bu t  this would be essentially 
impossible for  an aggregate of 25-30 molecules. This 
la t ter  number  would allow only 12-15 (roughly 4 x 3 
or 4 x 4) molecules per  layer  in the two-layer micelle, 
and in any form postulated there would have to be 
some order in the a r rangement  of the hydrocarbon 
tails to account for  the short spacing pa t te rn  (about  
5.0-5.5•) found in x-ray studies on these systems. 

In  conjunction with swollen micelles the question 
of the possible penetrat ion of apolar  additives into 
the palisade layer  may  have an impor tan t  bear ing 
on the size of these micelles. Benzene is the only 
hydrocarbon which appears  addit ively to swell the 
micelle, as x - r a y  studies indicate. The addition of 
small amounts of long chain methylalkylamides,  ni- 
triles, and hydrocarbons to a lkylammonium chloride 
solutions results in slight decreases in CMC values 
coupled with marked  lowering of the conductivi ty 
(38) and indicates a possible penetrat ion of these 
addit ives into the palisade layer. This penetrat ion is 
of such a magni tude that  i t  results in a change of 
the effective charge on the micelle surface as is seen 
by  the marked decrease in the conductivity in these 
solutions. 

This problem of assigning a definite size and shape 
to micelles appears  to be slightly p remature  at the 
present  time. In  addition to the fact  that  the struc- 
ture of the soap monomer, the presence of various 
additives, and the t empera ture  are factors which in- 
fluence association and the type of aggregate which 
may  be formed, it is also seen tha t  the various meth- 
ods of determination do not appear  as yet to yield 
concordant results. 

Summary 
Critical micellc concentrations (CMC) are shown 

to depend on chain length. All s t ra ight  chain satu- 
rated surface active agents of equal ion length have 
approximate ly  the same CMC. Thus a C~ fa t ty  acid 
soap, a C12 sulfonate, a C,1 sulfate, and a C,2 am- 
monium chloride have CMC values of 0.010-0.014M. 
Values of CMC are not changed to any  extent by  
substi tut ion near  the hydrophil ic head of one, two, 
or three groups, even as large as hydroxyethyl ,  in 
place of the amine hydrogens in the cationic deter- 
gents. However  substi tution with d ihydroxypropyl  
groups has a marked effect on association in C12 but  
not in the C~ series, indicating that  the relative 
lengths of the two chains must  be considered as an 
impor tant  factor  in association. This is well illus- 
t ra ted  in the dialkylsulfosuccinate series, and in a tet- 
radecane sulfate series in which the - -S 04Na  group 
was progressively moved down the chain, par t icu lar ly  
when the branched chain compounds are compared 
with the corresponding s t raight  chain detergents of 
length equal to the maximum length f rom the charged 
head to the ul t imate carbon atom. In t roduct ion of 
double bonds causes a small bu t  definite increase in 
CMC whereas polar  substi tution in the chain results 

in a marked increase in CMC. Possible micelle struc- 
tures are discussed in the light of these association 
phenomena, and it is concluded that  the assignment 
of a definite size and shape to micelles appears  at 
the present  t ime to be slightly premature .  However  
if one includes the concept of relative order-disorder 
in the micelle as one of the factors, in addition to 
chain length, type of detergent,  and environment,  
which are impor tan t  in micelle structure,  it is pos- 
sible to explain par t ia l ly  the apparen t  marked dif- 
ferences which have been repor ted for  micelles of 
different surface active agents. 
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