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Abstract 
Brookfield viscosity measurements were made 

on aqueous solutions of surface-active agents con> 
posed of block copolymers of propylene and 
ethylene oxides in which the molecular weights 
of the polymers varied from 1100 to over 15,000. 
The hydrophobie bases were polyoxypropylene 
glycols varying in molecular weight from 940 to 
4000. To these were added varying amounts of 
ethylene oxide so that  the polyoxyethylene hy- 
drophil comprised from 15 to 80% of the sur- 
faetant  total weight. 

This work has materially expanded previous 
viscosity studies of aqueous solutions of nonionie 
surfaetants by using a unique type of hydrophobe, 
two ethylene oxide chains, and far  higher molec- 
ular weights of hydrophobe and of hydrophil,  
up to 280 moles of ethylene oxide. 

The surface-active agents with hydrophobe base 
molecular weights from 940 to 1100, and in which 
the polyoxyethylene sections comprised from 15 
to 80% of the total weight, did not form gels in 
aqueous solution. Some surfactants with a hv- 
drophobe base molecular weight of 1750 to 275'0, 
to which varying amounts of polyoxyethylene were 
added, formed gels in water at a surfaetant  con- 
centration range of 40% to 80%. With a hy- 
drophobe molecular weight of 3250, gels formed 
at from 30% to 90% surfaetant  concentration, 
while with one nonionie derived from a 4000 
molecular weight hydrophobe, a gel formed at 
only 20% polyol concentration. 

Two viscosity maxima were found in some cases, 
as reported oeeasionally for other systems. An 
increase in temperature  from 0C to 50C gen- 
erally reduced the viscosity of systems based on 
hydrophobes of 1175 and lower molecular weights, 
and increased it in systems based on hydrophobes 
of 1750 and higher molecular weights. 

The behavior of these surfaetants in forming 
gels is explained on the basis of hydrogen bond- 
ing, micellar aggregation and water entrapment.  
The moles of water per ethylene oxide group in 
the adduct varied with ti~e hydrophobe base 
weight and with the polyoxyethylene hydrophil,  
and within systems showing maximum viscosities, 
ranged from 0.3 to 17.1, at 25C, which is much 
higher than observed in other nonionies. 

Introduction 

T t t E  VISCOSITY CI-tARACTERISTICS o f  a q u e o u s  s o h l t i o n s  

of nonionic surface-active agents have been de- 
scribed in several publications. Thus, Boedeker re- 
ported on anomaiies in the viscosities of aqueous 
solutions of ethylene oxide adducts of alkyl phenol:; 
(1). SchSnfeldt, at the Third Internat ional  Congress 
of Surface Activity, discussed (2) oxyethylated com- 
mercial lauryl  and oleyl alcohols, and coco and oleyl 
fa t ty  amines, in which the moles of ethylene oxide 

1 Presented at the AOCS l~Ieeting, Cincinnati, October 1965. 

added to the hydrophobe ranged from 5.3 to 30.0. 
Other investigation (3) has shown that the poly- 
oxyethylene glycols themselves do not exhibit unusual 
viscosity inereases or form gels. 

Other studies of a similar nature have been re- 
ported (4). RSseh, in diseussin~ (5) the hydrat ion 
of aqueous solutions of surface-active oxyethylated 
alcohols, argued for the exist:mee (~f 1:1, 1:2 and 1:4 
hydrates of the ether linkages. Most recmatly, El- 
worthy and Macfarlane have intensively studied (6) 
solutions of oxyethylated cetyl alcohol, with part icular  
efforts to apply concepts of mieellar s trueture to their 
fndings.  

Itowever, the viseosity and gelation characteristics 
of one class of commercially available nonionie com- 
pounds were not mentioned, nor have they been de- 
scribed elsewhere in the literature. These are the block 
eopolymers of ethylene and propylene oxides, which 
are sold commercially as Pluronic and Tetronic sur- 
faetants (Wyandotte  Chemicals trademarks).  The 
nonionie surfaetants, which are the subject of this 
investigation, were made by the addition of ethylene 
oxide to a polyoxypropylene glyeol hydrophobe. They 
are identified here by the molecular weight (tool wt) 
of the hydrophobe and by the moles of ethylene oxide 
added. The active agent contents of all are essentially 
100%. Their s tructural  formula, shown in Pig. 1, 
reveals that  the hydrophil  consists of two substantially 
equal chains, separated by the hydrophobe. 

Experimental 
Polyol solutions w e r e  prepared at intervals of 10%, 

by weight, from 10% to 90'if:. All solutions were 
prepared in and measured in 8-oz French square 
wide-mouth bottles. Viscosities were measured in a 
constant temperature water bath at 0C, 25C and 50C 
with the use of a model LVF Brookfield Synchrolectric 
Viscometer. Viscosity measurements were also made 
on the polyols themselves, where possible. The use 
of an ice bath was adequate to maintain the tempera- 
ture at 0C-2C. The water bath temperatures for the 
25C and 50C measurements were maintained within 
~ I C .  Visual observations were made on all systems. 
Several developed two liquid phases on standing and 
no viscosity data were recorded. Mixtures tbat  were 
viscous usually required alternate ehilling and shak- 
ing at room temperature on a laboratory shaker to 
accelerate solution. A few mixtures remained cloudy 
and some, which were rather  viscous, retained t rapped  
air bubbles despite all efforts to remove them. Viscosity 
measurements of non-Newtonian fluids were made at 
two or more spindle speeds and the data averaged. 

I tO[CH2CH20]b  [CH,,CltO],~ [CH.~CIIzO]~,H 
! 
I 
r 

CHa 
a ~ 16.2 
b ~  1.8 

FIG. 1. S t r u c t u r a l  f o r m u l a  of  b lock  e o p o l y m e r s  of  p r o p y l e n e  
a n d  e t h y l e n e  oxides .  
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Resu l t s  

Fixed ttydrophobes, Variable Itydrophil 

The first group of surfaetants  studied were adducts 
of a polyoxypropylene glycol of 940 tool wt, in which 
the ethylene oxide added varied f rom 3.6 to 92.8 
moles. At  25C, no gel regions or viscosity irregulari-  
ties were found. The viscosities of the several adducts 
generally reached maxima, up to 500 centipoises, at 
90% polyol concentrations. 

The second group of surfactants  comprised deriva- 
tives of a polyoxypropylene glycol of 1175 tool wt, in 
which the ethylene oxide content added rm~ged from 
10.4 to 39.7 moles. Apparen t ly  Newtonian liquid 
behavior was observed, as found with the previous 
series. A representat ive viscosity concentration curve 
is shown by the solid line in Fig. 2. All the sur- 
factants  of the first two groups had similar viscosity 
concentration curves, with a viscosity maximum at 
90% polyol concentration. 

A typical  viscosity concentration curve for an ad- 
duct of a polyoxypropylene glycol hydrophobe of 
1750 mol wt, represented by the broken line in Fig. 2, 
revealed a different picture. The data for this group 
of surfactants ,  given in Table I, generally show in- 
creased viscosity values, f rom 50%-90% polyol con- 
centration, over the corresponding surfactants  in the 
previous groups. Ethylene oxide content here ranged 
f rom 5.7 to 139.5 moles. A gel region and a viscosity 
peak were observed with the 25.6 mole ethylene oxide 
adduct. Gel regions, but no second viscosity maximum, 
were also observed with the higher mole ethylene 
oxide adduets. The moles of water  per mole of ethylene 
oxide for this series of compounds ranged f rom 0.4 
to 4.4. 

When the tool wt of the polyoxypropylene glycol 
hydrophobe was increased to 2250, the same anomalous 
behavior was noted. The data are also shown in 
Table I. Gel formation was found, embracing the 53.5 
mole ethylene oxide adduct  on through the 193.2 mole 
adduct. The nonionic containing 11.4 moles of ethylene 
oxide exhibited two viscosity maxima despite the 
absence of gel formation. The ratio of moles of water  
per  ethylene oxide group ranged f rom 0.3 to 7.2, a 
substantial ly widened range, even without attention 
to the 13.4 ratio apply ing  at the second viscosity 
maximmn. A typical  viscosity concentration curve 
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FIG. 2. Viscosity-concentration curves of propylene and 
ethylene oxide block copolymers, 250. 

T A B L E  I 

Viscosi t ies  of E thy lene  Oxide  Adducts  of Polyoxypropylene  Glycol Bases  
of the I n d i c a t e d  ~Iolecular  We igh t s  

Second max 
Molar  

EO Max Cone, r a t io  Molar  
5loles vise.,  wt I t s O /  Vise. Cone, ra t io  

wt HsO/ 
cp % EO ep % EO 

Me] wt  1750  
5.7 380  90 2.2 

17.1 1 5 , 0 0 0  a 70 3.5 
25 .6  3 4 , 0 0 0  a 80 1.6 Gel 60 4.2 
37 .7  Gel 9 0 - 6 0  0 . 6 - 3 . 4  
49.2  Gel 9 0 - 5 0  0 . 5 - 4 . 4  

139 .5  Gel 9 0 - 5 0  0 . 4 - 8 . 1  

~Io! w t  2 2 5 0  
11.4 1 .530  80 3.3 6 ,050  50 13.4  
53.5  Gel 8 0 - 4 0  1 . 2 - 7 . 2  

119 .2  Gel 9 0 - 4 0  0 . 4 - 5 . 2  
193 .2  Gel 9 0 - 4 0  0 . 3 - 4 . 6  

3Iol wt  2 7 5 0  
16 .6  Gel 8 0 - 7 0  2 . 9 - 5 . 0  6 , 0 0 0  50 11.7  
49,1 Gel 8 0 - 4 0  1 . 4 - 8 . 3  
84.1 Gel 9 0 - 3 0  0 . 5 - 1 0 . 0  

2 4 4 . 2  Gel 9 0 - 3 0  0 . 3 - 7 . 2  

5Iol wt 3 2 5 0  
12.3 Gel 8 0 - 7 0  4,3-7,;"; ] 5 ,760  50 17,1 
37 .7  Gel 9 0 - 3 0  0 .8--16.9  
63 .6  Gel 9 0 - 3 0  0 , 6 - 1 2 . 3  
75 Gel 9 0 - 3 0  0 . 5 - 1 1 . 3  

2 7 9 . 6  Gel 9 0 - 3 0  0 . 3 - 7 . 0  

Mol wt 4 0 0 0  
16,1 Gel 8 0 - 5 0  4 , 1 - 1 6 . 3  
30.5  Gel 9 0 - 8 0  1 . 1 - 2 . 4  Gel 50 9.7 
48 .9  Gel 9 0 - 3 0  0 . 8 - 1 6 . 3  

273  Gel 9 0 - 2 0  0 . 4 - 1 3 . 0  

a i~Ieasured in non -Newton ian  flow region.  

for this group of surfactants  is shown by the solid 
line in Fig. 3, which also depicts the gel region. 

An increase in the tool wt of the polyoxypropylene 
glycol hydrophobe to 2750 showed progressive results, 
as listed in Table I. Adducts  ranged fronl 16.6 to 
244.2 moles of ethylene oxide. The 16.6 mole adduct  
showed gel, and a viscosity maximunl, at different 
concentration ranges. Gel formation occurred over the 
entire range of ethylene oxide adducts. A typical  
viscosity concentration curve for this group of sur- 
factants  is similar to the solid line shown in Fig. 3. 

With an increase in hydrophobe tool wt to 3250, 
the same phenomena were repeated, as listed in Table 
I. A viscosity maximum and gel region are shown 
by the 12.3 mole ethylene oxide adduct, and gel 
regions are shown by all the nonionies, ranging f rom 
12.3 to 279.6 moles of ethylene oxide added. Accom- 
panying  the increasing mol wt of this series of nonionic 
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FIG. 3. Viscosity-concentration curves of propylene and 
ethylene oxide block copolymers, 25C. 
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surfactants ,  the moles of water per ethylene oxide 
unit  exhibit a much wider range than before, vary ing  
here f rom 0.3 to 17.1. A typical  curve for this group 
of surfactants  is shown by the broken line in Fig. 3. 

The highest mol wt hydrophobe studied was poly- 
oxypropylene glycol 4000. The data are listed in 
Table I. The ethylene oxide content ranged f rom 
16.1 to 273 moles, and all nonionics yielded gels over 
the very wide concentration ranges or two separated 
ranges. The 30.5 mole ethylene oxide adduct  showed 
the lat ter  and both gels were beyond the capacity of 
the instrument.  Very broad molecular ratios of water  
to ethylene oxide prevail  throughout  this series. The 
typical  viscosity concentration curve for this group 
of surfactants  resembles very closely the broken line 
shown in Fig. 3. 

l~ixed H y d r o p h i l ,  Variable  Hydrophobe 

I t  is instructive to compare the effect of hydrophobe 
tool wt on consistency, for systems having poly- 
oxyethylene chains of substantial ly equal length. This 
may  be done by the aid of Fig. 4, wherein these chains 
vary  only within the range of 15.6 to 16.5 moles of 
ethylene oxide. 

Wi th  the hydrophobe of 1175 mol wt, a Newtonian 
gel-free fluid, shown by the solid line in Fig. 4, is 
obtained. Maximum viscosity of 2280 eps is reached 
at 90 wt % polyol. With  a hydrophobe of ahnost 
double the weight, 2050, viscosities increase rap id ly  
to a max imum of 8000 centiposis at a 70 wt % polyol 
concentration, as shown by the small-dash line. A 
fur ther  doubling of the hydrophobe tool wt to 4000 
results in a gel region between 50 and 80 wt % polyol 
and in a two-phase system at lower concentrations. 
This polyol is represented by the large-dash line in 
Fig. 4. 

Effect  of Temperature 

More interesting infornmtion can be obtained by 
a comparison of the viscosity propert ies as a function 
of temperature ,  at the lower concentration range< 
An examination of data at 0C, 25C and 50C for sur- 
faetants  derived f rom polyoxypropylene glycol hy- 
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FIG. 5. Viscosity-concentration curves as a function of 
temperature, polyoxypropylene glycol 1175 plus 39.7 moles 
ethylene oxide. 

drophobes of 940 and 1175 mol wt, reveals that  the 
viscosity tends to decrease with a rise in temperature.  
Typical  curves, shown in Fig. 5, are for a poly- 
oxypropylene glycol of 1175 tool wt, to which 39.7 
moles of ethylene oxide are added. 

The decrease in viscosity at 50C is more marked 
at the higher pol.vol concentrations. However, with 
those surfactants  having a polyoxypropylene glycol 
real wt of 1750, the reverse behavior is noted; namely, 
the viscosity rises with an increase in temperature.  
This same plmnomenon is also true of nonionics de- 
rived f rom the higher molecular weight polyoxy- 
propylene glycols. This is i l lustrated in Fig'. 6 where 
typical  curves are shown for a polyoxypropylene 
glycol of 1750 tool wt, to which 17.1 moles of ethylene 
oxide are added. 
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The difference in viscosity between the 50C and the 
lower temperatures is readily apparent.  One can also 
note two viscosity maxima at 50C. 

The difference in viscosity behavior as a fmlction 
of temperature  between the two groups of polyols is 
also apparent  from Table II. This lists the viscosities, 
in eentipoises, of the solutions of two polyols each 
of which contains approximately 25 wt ~ ethylene 
oxide. Viscosities of aqueous solutions of the polyol 
with the hydrophobe tool wt of 1175 decrease as the 
temperature  increases, while the opposite effect is 
noted with solutions of the polyol having a hydrophobe 
of 2050 mol wt. 

A comparison is also made in Table II  between 
two other polyols which are also similar in ethylene 
oxide content. These surfactants are more hydrophilie 
than the previous pair, in that  they each contain ap- 
proximately 50 wt % of ethylene oxide. The sante 
marked difference in behavior is noted. Solutions 
of the polyols derived from a polyoxypropylene glycol 
of 940 tool wt decrease in viscosity as the tenlperature 
rises, while with the polyols derived from the poly- 
oxypropylene glycol 1750, just tbe opposite effect is 
dear ly  apparent.  

D i s c u s s i o n  

In the areas of maximum viscosity shown by aqueous 
solutions of polyoxypropylene-polyoxyethylene block 
eopolymers, the ratios of moles of water per ethylene 
oxide group exhibit a nmeh wider range, 0.3-17.1, 
and are generally higher than those shown by oxy- 
ethylated surfaetants studied by others. This wide 
range must relate, in part ,  to the unusual character 
of the polyoxypropylene glycol hydrophobe which, 
first, is nmeh higher in molecular weight than the 
hydrophobe of other types of nonionies and, secondly, 
may in its own right immobilize water, independently 
of the oxyethylene chain, by hydrogen bonding. 

I t  is noteworthy that  gel formation occurs at 25C 
even where the surfaetant  contains more than 200 
moles of ethylene oxide, or over 100 moles per block. 
With oxyethylated nonyl phenol, on the other hand, 
gel formation is reported (4) to stop short of a 40 

T A B L E  I I  

Var i a t ion  of Viscosities~ of S n r f a e t a n t  Solut ions wi th  Tempera ture  

Nonionic  V~rt. 
block % OC 25C 50C 

eopolymer Polyol 

Polyoxypropylene glycol, 
1175 mol wt  4- 10.4 E .0 .  

( 2 5 %  E.O.) 

Polyoxypropylene glycol, 
2 0 5 0 m o l w t  ~ 1 6 . 5 E . O .  

( 2 5 %  E.O,) 

Polyoxypropylene glycol, 
940 moI wt  ~- 21.6 lg.O. 

(50% E.o.) 

Polyoxypropylene glycol. 
1 7 5 0 m o l w t  1 - 3 7 . 7 E . 0 .  

(50% E.O.) 

10 8 8 b 
20 15 10 )' 
30 28 15 b 
40 63 23 b 
50 150 45 50 
60 320 88 55 

10 14 7 b 
20 16 13 b) 
30 39 28 b 
40 90 202 550 
50 254 765 1030 
60 1270 3140 5450 

10 10 8 e 5 
20 23 9 c 8 
30 30 14 c 13 
40 70 25 18 
50 163 45 25 
60 390 95 45 

10 11 5 4 
20 23 9 15 
30 45 22 37 
40 104 141 560 
50 382 2062 ~ 
60 d a a 

a All values  in centipoises. 
b Two-phase system. 
e Cloudy. 
d Gel. 

mole ethylene oxide adduet. Tile former is due, it 
is thought, to an inability to form mieelles as closely 
packed as in other oxyethylated nonionies. The struc- 
tural  formula of this type of nonionie surfaetant,  as 
shown in Fig. 1, exhibits a hydrophobe lying between 
two equal bydrophils, whereas nonionies eonlmonly en- 
eomltered, such as the oxyethylated fa t ty  alcohols 
and alkyl phenols, have only one hydrophilie chain. 
This difference in structure suggests that  a loose 
mieellar s tructure is obtained with this class of non- 
ionics, and that  gel formation would more readily 
involve entrapment  of water in addition to water due 
to hydrogen bonding. The physical entrapment  of 
free water has been previously suggested by Green- 
wald and Brown (3) in a s tudy on the viscosity of 
aqueous solutions of oxyethylated alkyl aryl  nonionies. 

I t  is interesting to note that two viscosity maxima 
were obtained in each group of surfactants, start ing 
with the 1750 tool wt polyoxypropylene glycol hy- 
drophobe, through the maxinmm of 4000 tool wt. 
Similar viscosity anomalies with other nonionies have 
been reported by other workers. We are unable to 
account for this phenomenon. 

As the tenlperature of the nonionie solution rises, 
it is believed that  the hydrophil  is part ial ly dehydrated 
and mieellar aggregation increases. These observed 
changes in the viscosity proper ty  of the surfaetant  of 
1750 and higher tool wt hydrophobe strongly suggest 
increased micellar aggregation. I t  has been pre- 
viously reported that the critical micelle concentra- 
tion of a polyoxypropylene-polyoxyetbylene block 
eopolymer derived from a 1750 tool wt hydrophobe 
increases as the temperature increases, below its cloud 
point (7). The formation of larger aggregates by 
the higher tool wt hydrophobes which would then 
entrap additional water, leading in turn  to more 
viscous solutions and gels as the temperature increases, 
is suggested. However, it is not understood why this 
same phenomenon does not occur with the lower molec- 
ular weight homologs. 

There is a need to describe more thoroughly the 
transitional phenomena and different states observed 
between Newtonian liquid and "unmeasurable" gel 
behavior. A detailed study (8) of parts  of systems 
based on tile 1750 tool wt hydrophobe has established 
many sharply defined phase boundaries in a true 
solut~ility sense, and new phenomena were observed. 
Mapping of the thermodynamically correct phase 
relationships obviously provides a far  stronger base 
from which to undertake to formulate concepts of 
molecular constitution. Fu ture  efforts will be directed 
to the investigation of systems in this manner. There 
have been only a few publications of this type, one 
being that of Weston (9). 

A C K N O W L E D G ~ I E N T  

Labora to ry  measurements  determined by L. Adams. R. Brown and 
T. Kalis.  
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