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and cyclic peroxides decreases the noneonjugated cis 
double bonds. In  fact, in fraction 2 (Figure 3), the 
absorption at 913 em -1 arising from nonconjugated 
cis double bonds is considerably less than in fract ion 
1 (Fig. 3). I t  is presumed that, as mentioned above, 
fract ion 2 contains the changed substance of fraction 
1. Therefore, the separation of fraction 1 and fract ion 
2 is not good. 

I f  part i t ion chromatography is used to separate 
peroxide cones, monomeric dihydroperoxide cones can 
be isolated, as shown in this paper. But  part i t ion chro- 
matography cannot be used to obtain unchanged 
monomeric dihydroperoxide cones from the autoxi- 
dized sample, because the amt of the dihydroperoxides 
is small. In  fact, the monomeric dihydroperoxide 
cones found in this paper  were not found previously 
(5). 
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Abstract 
A series of sodium alkylthio- and alkoxyalkyl 

sulfates was prepared to determine the effect of 
the presence, position and nature  of the hetero- 
atom on the critical micelle concentration (CMC), 
the surface activity and detergency of a surfac- 
tant.  All of the compounds were linear and con- 
tained a total of 16 carbon atoms. Hexadecyl-1- 
sulfate was used as the reference compound. 

Insertion of either a sulfur or oxygen atom into 
the hydrocarbon chain raised the CMC. In the 
oxygen series, the apparent  t rend was to a higher 
CMC as the oxygen atom was moved fur ther  away 
from the sulfate group whereas no t rend was ob- 
served in the thioether series. 

The surface activity of hexadecyl-l-sulfate was 
higher than either the ether or thioether series. 
The fur ther  the heteroatom from the sulfate 
group, the lower was the surface activity. This 
t rend was more pronounced in the oxyether series. 

All hetero-substituted compounds were gener- 
ally inferior  to hexadecyl sulfate in detergency. 

Hydra t ion  of the oxygen atom in the oxyethers, 
but  not the sulfur  atom in the thioethers is pro- 
posed as the explanation for the observed trends. 

Introduction 

T H E  ~'~[AXII~[U~ P E R F O R ~ A N C E  O f  a surfactant  mole- 
cule is at tained at or near  the critical micelle con- 

centration (CMC) (1). At  this concentration, the 
addition of fresh surfactant  increases only the con- 
centration of surfactant  molecules in mieellar form 
and not as discrete monomolecular species. The CMC 
of a surfaetant  solution is dependent, to a degree, on 
the solution's environment (e.g., temperature,  ionic 
strength, etc.) but  pr imari ly on the s t ructure  of the 
surfaetant.  In a homologous series the CMC decreases 
with an increase in the length of the hydrophobic por- 

tion of the molecule (2), the CMC increases with 
branching on the chain (3,4) or if the hydrophilie 
group is moved toward the center of the chain (5) ; 
increases with polar substitution or unsaturat ion on 
the hydrophobe (2) and finally is influenced to a lesser 
extent by the nature  of the hydrophilic group (2). 

As t Ia r t l ey  indicated (4),  only the single surfac- 
tant  molecules are surface active and thus micelle for- 
mation competes with surface activity. He postulated 
that  if the amphipathie proper ty  of the ion could be 
preserved and at the same tinle micelle formation in- 
hibited, a greater  surface response (in his case, inter- 
facial tension) could be attained. He prepared and 
determined the CMC and interracial tension of solu- 
tions of various suIfonated dialkyl esters of dihydric 
phenols and compared these values to those of a sul- 
fonated alkyl ester of para-cresol. The former could 
not fit into the micelle as easily as the :latter and thus 
had higher CMC values, but the latter, relatively 
straight  chain compounds, had greater surface activ- 
ity. Thus, although Har t Iey  was able to inhibit micel- 
lization, he was unable at the same time, to preserve 
the amphipathic proper ty  of the ions. 

This research was an at tempt  to inhibit micelliza- 
tion but  not change the surface activity of the unsub- 
sti tuted molecule. We expected to accomplish this by 
the insertion of either a sulfur  or oxygen atom between 
two methylene groups on the carbon chain. 

Sodium hexadecyl-l-sulfate was chosen as the un- 
substituted compound, the model for  the series. All 
of the compounds prepared resembled sodium hexa- 
decyl-l-sulfate insofar as they were sodium salts of the 
sulfuric esters of linear p r imary  alcohols containing 
]6 carbon atoms but  differed from the model by the 
presence of a sulfur  or oxygen heteroatom inserted in 
the hydrophobe chain. The position of the heteroatom 
was also varied to determine the effect of its position 
on the CMC, the surface activity and the cotton de- 
tergency of the surfactants. 
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RBr + NaO(CH2)nOH '-RO(CH2)nOH 0 

1 " 

i )  SO 3.0P(OBu) 3 RS - + Br(CH2) n COR' 

2) NaOH 

RO(CH2)nOSO3Na 1) S03.0P(OBu) 3 

2) NaOH 

RS(CH2)nCH2OSO3Na 

R = CH3(CH2)4-, n = 10; 

R = CH3(CH2)11-, n = 3; 

R = CH3(CH2)3-,  n = 12; R = CH3(CH2)9-, n = 6 

R = CH3(CH2)11-,  n = 4; R = CH3(CH2)I 3,  n = 2 

FIG. 1. Synthesis of alkoxyalkyl sulfates. 

Experimental 
The preparation of the alcohols will be the subject 

of another publication. The sulfates were prepared by 
a modified method of Turbak and Livingston (11). 

A solution of sulfur trioxide and tributyl phosphate 
was prepared by the addition of 80 g (1 mole) of sul- 
fur  dioxide to 266 g (1 mole) of tributyl phosphate 
in 400 ml of methylene chloride at 0-5C. 

3-Oxaheptadeeanol-1 (15 g, 0.058 mole) dissolved 
in 50 nil of methylene chloride was added to 42.9 g 
(0.058 mole) of the sulfnr trioxide phosphate complex 
at 10-15C. Stirring was continued for 10 min and 
then the mixture was neutralized with 50% sodium 
hydroxide solution. The mixture was extracted with 
a 50:50 water isopropyl alcohol mixture and then the 
aqueous layer re-extracted with petroleum ether. The 
aqueous layer was concentrated on a steam bath and 
the sulfate precipitated by the addition of acetone, 
filtered, and, after drying, recrysta]lized from absolute 
ethanol. Sodium-3-oxaheptadecyl-l-sulfate (I) 11.0 
g, 53% was recovered. 

Results and Discussion 
The detailed synthesis of the alcohols from which 

the sulfates were prepared will be the subject of an- 
other publication. The general method of preparation 
and the compounds prepared are outlined in Figures 
1 and 2. All of the sulfates were recrystallized from 
ethanol until satisfactory puri ty was indicated by ele- 
mental analyses. A more exacting criterion of puri ty 
(minima in the surface tension curves) showed that 
the sulfates still contained small amounts of impur- 
ities. 

Melting Points of Alcohols 
Evidence that crystalline packing (6) is affected by 

the presence and position of the heteroatom in the 
carbon chain is shown in Figure 3--a comparison of 
the melting points of the alcohols from which the sul- 
fates were prepared. In both the oxygen and sulfur 
series the hetero-substituted alcohol has a lower melt- 
ing point than the unsubstituted model, 1-hexadecanol. 
As the heteroatom is located a greater distance from 
the primary hydroxyl group, the melting point of the 
molecule becomes lower indicating that the attractive 
forces between molecules in the crystal have been de- 
creased. A much greater effect is seen for the oxyaleo- 
hols than for the thiaalcohols. Although the cause 
(polarity of the heteroatom, sterie inhibition to pack- 
ing, etc.) of the vast difference in melting points be- 
tween the sulfur and oxygen series is not clear, it ob- 
viously must be due to some difference in the molecule 
caused by the heteroatom. 

Critical Micelle Concentration 
The aggregation of surface active molecules into 

micelles occurs because it lowers the total free energy 
of the surfactant solution. Mieelle growth continues 
until the energy factors favoring micellization are 

0 
I I  

RS(CH2)nCOR' 

J LIAI H4 

RS(CH2)nCH20H 

R = CH3(CH2)9- ,  n = 5 

R = C H 3 ( C H 2 ) I 3 - ,  n = 1 

Fro. 2. Synthesis of alkylthloalkyl sulfates. 

overcome by those opposing micellization. Among the 
factors favoring micellization are the cohesive force 
between water molecules which tend to "force" the 
hydrophobie part of the surfactant out of solution, 
and the weak attractive forces between the hydro- 
carbon chains of the surfactant in the micelle. Factors 
opposing micellization are the electrostatie repulsion 
of charged hydrophilic groups and the decrease in 
entropy of the surfactant molecules caused by aggre- 
gation (7). 

Although there is disagreement concerning the exact 
shape of a micelle, in aqueous systems, the polar, hy- 
drophilic portion of the surfaetant is ahvays consid- 
ered to be located on the periphery of the micelle and 
the nonpolar lipophilic portion in the inside of the 
mieelle. Since micellization and micelle growth :is de- 
pendent on an energy balance, any change in inter- 
molecular forces due either to the structure or the 
polarity of the hydrophobe will influence the CMC. 
For instance, if the attractive forces between the car- 
bon chains are decreased and if all else is equal, the 
CMC will be increased. In like manner, if a polar 
moiety is forced into the nonpolar medium of the mi- 
celle interior, the CMC should also be increased. 

The CMC of the various sulfates was determined by 
measuring the change in specific conductance of the 
sulfate with concentration. 

The data, as summarized in Table II, indicate that 
the CMC is affected significantly by the presence of 
the oxygen atom. The presence of the sulfur atom, 
however, has practically no effect on the CMC. In the 
oxyether series the position of the oxygen atom in the 
chain exerts a pronounced effect on the CMC of the 
sulfate. The greater the separation of the hetero 
oxygen atom from the sulfate group, the higher is the 
CMC. 

One explanation of this raising of the CMC can be 
attributed to a decrease in the attractive forces be- 
tween the hydrocarbon chains. Since the attractive 
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forces promote micellization, any  decrease in them 
would be reflected in a higher CMC. One piece of evi- 
dence in favor  of this explanation is tha t  the melt ing 
points of the oxyalcohols lower in the same trend as 
the CMC's increase. I f  the melt ing point lowering is 
due to a reduction in the at t ract ive forces, so then 
could be the increase in the CMC's. 

Another  possible cause of this phenomenon may  be 
the hydrat ion of the heteroatom. I f  the heteroatom is 
hydrated,  the water  of hydrat ion would either have 
to be removed or else brought  into the interior of the 
micelle. In  both extremes energy would have to be ex- 
pended, either to remove the water  or else to overcome 
an unfavorable  packing situation which would be 
created if the water  were brought  into the micelle. In  
either case micellization would be inhibited. Evidence 
in suppor t  of this explanation is the relative degree to 
which organo-bound sul fur  and oxygen atoms are 
hydrated.  Hydra t i on  of the oxygen atom in organic 
molecules renders low molecular weight alcohols and 
other oxygenated compounds water  soluble. On the 
other hand, sulfur  atoms are not hydra ted  and thus 
diethyl sulfide is insoluble in water  whereas diethyl 
e ther  has appreciable water  solubility. Thus, if  hydra-  
tion of the heteroatom causes an increase in the CMC 
its effect should be more pronounced in the oxygen 
ser ies--as  it is. 

S u r f a c e  A c t i v i t y  

The surface act ivi ty or the degree of adsorption of 
the surfactants  was measured by rate of change in sur- 
face tension with concentration (8,9). In  these series 
the surface act ivi ty decreased as the CMC increased. 
As shown in F igure  4, there is an evident reduction in 
surface act ivi ty as the oxygen atom is f a r the r  removed 
f rom the sulfate group as indicated by the decreasing 

T A B L E  I 

Analy t ica l  Da ta  

Compound 

Sodium-3 -oxaheptadecyl- 
1-sulfate ( I )  ................................ 

Sodium-5-oxaheptadeeyl- 
1-sulfate ( I I )  ............................... 

Sodium-7-oxaheptadecyb 
1-sulfate (III) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Sodium-13-oxahept  adeeyl- 
1-sulfate ( IV)  ............................. 

Sodium-3-thiahe~tadecyl-  
1-sulfate (V) ............................... 

S odium-5-thiaheptadecyl-  
1-sulfate ( V I )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Sodium- 7 -thiaheptadecyl- 
1-sulfate ( V I I )  ............................ 

Sodium-12 -thiaheptadecyl- 
1-sulfate ( V I I I )  . . . . . . . . . . . . . . .  

]YIo of 
cortes. 
alcohol 

° C  

29 -30 .5  

26 .5 -27 .5  

25 ° 

L i a u i d  

41 .5 -42 .5  

40 -41 .5  

37 -38  

36 .5-37 .5  

S calm 

8.90 

8.90 

8.90 

8,90 

17.03 

17,03 

17,03 

17.03 

S found 

9.02 

8.72, 8,67 

913, 9.20 

8.93 

17.07, 17.15 

16,84 

17,08. 16,90 

16,88, 16,83 

N o t e :  The carbon and hydrogen  microanalyses  were found to be un- 
rel iable because of incomplete b u r n i n g  of the sulfate.  The su l fu r  anayses 
were found  to be reliable and are cited here in  the absence of the carbon- 
hydrogen analyses,  Elemental  ana!ysis  were carr ied out by the Ana- 
lytical  Research Div i s ion  of Esso Research and  Eng inee r i ng  Com0any. 
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slope of the plot. At  a given concentration, sodium 3- 
oxaheptadecyl- l -snlfate  appears  to b e  adsorbed to 
about the same extent as sodium hexadecyl- l-sulfate 
whereas sodium 13-oxaheptadecyl-1-sulfate is consider- 
ably less adsorbed. For  instance, at a concentration of 
5 × 10 -4 moles/li ter,  the surface tension of sodium 3- 
oxaheptadecyl- l-sulfate  solution is about 38 d y n e s / c m  
while at  the same concentration the sodium 13-oxa- 
heptadeeyl- l -sulfa te  is about 59 dynes/era.  

F igure  5 summarizes the surface tension data on the 
thioether series. Sodium 3-thiaheptadeeyl- l-sulfate in- 
explicably appears  to be less surface active than any  
of the other compounds in the series. The other thio- 
ethers are closer in act ivi ty and degree of adsorption 
than  are the oxyethers. Fo r  instance, at the point of 
widest separation, a 5 × 10 4 molar concentration of 
sodium 5-thiaheptadeeyl-l-sulfate has a surface ten- 
sion of about 42 dynes/era while the sodium 12-thia- 
heptadecyl- l -sulfate  at  the same concentration has a 
surface tension of 53 d y n e s / c m - - a  difference of only 
11 dynes/cm. At  this concentration, the oxygen series 
has a max imum difference of 21 dynes /e ra - -abou t  
twice as much as the thioethers. 

I t  is apparen t  tha t  even in these compounds of very 
similar structure,  the surface act ivi ty is var ied signifi- 
cantly by small changes in s t ructure  jus t  as is the 
CMC. That  the surface act ivi ty should va ry  to such 
a degree is inexplicable solely on the basis of changes 
in intermolecular  forces between the hydrophobie 
chains or sterie hindrance to interracial  packing. I t  
fu r the r  supports  the a rgument  that  the hydrat ion ef- 
fect is the real cause of the difference in the series. The 
fa r ther  removed the two hydra ted  or hydrophil ie  
groups, the shorter  is the effective chain length of the 
hydrophobe and thus the lower is the surface act ivi ty 
(4). 

TABLE II 
Crit ical  1VIicelle Concent ra t ion  and Cotton Detergency 

Cotton 
C 2 ¢ I C a  detergencyb 

Compound Moles / l i t e r  )< l 0  s A Reflectance 

I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I I  ....................................................... 
III ..................................................... 
I V  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

V . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

VI ...................................................... 
V I I  .................................................... 
V I I I  ................................................. 
Sodium hexadeeyl- l -sulfate  ............... 

1.1 [lit. 1.5 ( 1 2 ) ]  
2.9 
3.95 
7,1 
2.95 
0.6 
1.45 
1.15 

0.50 [lit. 0.67 
(12)  0.40 ( 1 3 ) ]  

6.75 
6.30 
5.05 
3.60 
7.45 
7.10 
6,80 
7,45 
7,21 

a The CMC~s were determined from conductance measurements  a t  
25.0C. A cell wi th  a 1.51 cell cons tant  was used in  conjunct ion  w i th  
an RD-16B2  conduc t iv i ty  b r idge  m a n u f a c t u r e d  by I n d u s t r i a l  In s t ru -  
ments  Inc. ,  Cedar Grove,  New 5ersey. 

b Cotton detergency measurements  were made by the  U.S.  Tes t ing  
Company in the Terg-O-Tometer Test w i th  U.S.  Tes t ing  Company s tand-  
ard  soiled cloth. The condi t ions  used were 0 . 0 4 %  act ives in  a s t a n d a r d  
heavy duty  formula t ion  * containi~)g no foam boosters at  130F.  

• Heavy  duty fo rmula t ion  
Actives---20 % 
P h o s p h a t e s - - 4 0  % 
Sodium sulfate----34 % 
Sodium metas i l i ca t e - -5  % 
Carboxymethyl  ce l l u lo se - -1% 
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Cotton Detergency 
The cotton detergency of the sulfates was deter- 

mined with a Terg-O-Tometer  using U.S. Testing 
Company soiled cloth. The cleaning abili ty of the de- 
tergent  is reported in terms of AR, the difference in 
percent reflectance between the washed cloth and the 
original soiled cloth. The greater  the increase in per- 
cent reflectance, the more efficient is the cleaning 
agent. 

A comparison of the relative cotton detergency of 
the various sulfates was made and is outlined in Table 
II .  The thioether sulfates exhibited approximate ly  
the same cotton detergency regardless of the hereto 
sulfur  atom position. They were also equivalent to 
the s tandard,  1-hexadecy] sulfate. 

The oxyethers decreased in cotton detergency per- 
formance with increasing distance of the oxygen atom 
f rom the sulfate group and were inferior to hexadecyl- 
1-sulfate. I t  was noted above that  the CMC's and the 
surface activities of the thioether series were not af- 
fected to near ly  the same degree by the presence and 
position of the sulfur  heteroatom as in the oxyether 
series. In  general, the sulfates which have the lowest 
CMC's were found to be the most surface active and 
to be the most effective cotton detergents. 

A plot of the change in reflectance vs. the surface 
act ivi ty of the sur fac tan t  shows an apparen t  relation- 
ship between the two. There seems to be only a certain 
level of surface act ivi ty needed for cotton detergency 
(as seen in F igure  6) because as the surface act ivi ty 
increases above this level, the change in reflectance 
does not increase. Since solubilization, wett ing abili ty 
and deflocculation (10) all p lay major  roles in cotton 
detergency and since the relationship of these proper-  
ties to heteroatom positions has not yet  been deter- 
mined, a firm conclusion concerning the relationship 
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between surface act ivi ty and detergency cannot yet be 
drawn. 
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A Laboratory Method for 
Products for Detergency 

Testing Laundry 

W. G. SPANGLER, H. D. CROSS, lII, and B. R. SCHAAFSMA, Colgate Palmolive Company, 
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Abstract 
A laboratory  screening test for  fabric deter- 

gency has been developed, which closely parallels 
pract ical  l aundry  operations. Na tura l  airborne 
par t iculate  is used so tha t  the a rgument  for and 
against  carbon soil is eliminated. The oily soil 
consists of synthetic sebum, thereby simulating 
the surface film that  covers the human  integu- 
ment. The part iculate  and f a t t y  mat te r  are com- 
bined into an aqueous suspension and padded 
onto the fabric. Variables can be measured in a 
minimum of t ime because the entire procedure 
is carried out in the laboratory  and is not de- 
pendent  on a panel  of subjects as is the case in 
most pract ical  testing. The procedure for this 
test as generally employed consists of multiple 
washes and measures br ightener  build up and 
redeposition in addition to detergency. Precision 
of the method is ± 0.4% at the 95% confidence 
level. Evaluat ions are made both visually and 
instrumental ly.  

Introduction 
~r - ]~  H E  POWER TO REMOVE SOIL by a colloidal chemical 
I process tha t  is possessed by  certain materials  or 

systems is called de tergency."  (1) A laboratory  test 
that  is designed to measure this phenomenon should 
relate to practical  testing. The most common practice 
today is to wash s tandard  soiled swatches and measure 
the reflectance before and a f te r  washing. These re- 
flectance data  are t ransla ted into soil content or soil 
removal in many  instances. However,  the results ob- 
tained f rom different commercially p repared  arti-  
ficially soiled cloths are not always in agreement  with 
each other (2) and interpretat ions must  be made with 
perspicacity. Since a great  deal of t ime and manpower  
arc being used in tai loring molecules for  soft deter- 
gents, the measurement  of detergency takes on added 
importance.  I t  is for  this reason tha t  this s tudy was 
made. 

The choice of soil to use for detergency measure- 
ments and the method of applicat ion have been the 
subject of m a n y  publications. A total  review of the 


