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Chemistry of Non-Ionic Detergents 
Part VII. Variations of the Micellar Structure of Some Synthetic Non-Ionic Detergents with Temperature 
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Introduction 

A number of authors (1-7) have studied the 
effects of temperature on the micellar structure 
of non-ionic detergents. According to Balm- 
braet al. (7), using the synthetic compound 
CH3(CH2)n(OCH~CH2)6OH, there was an ex- 
ponential rise of mieellar weight with tempe- 
rature; Kuriyama( 5)has reported a much sligh- 
ter increase using fractionated compounds, 
and there appears to be a certain discrepancy 
between these results. I t  has often been stated 
that  micellar dehydration increases with 
temperature, although recent results of Elwor- 
thy and Mac/arlane (8) indicate otherwise; at 
the cloud point there is a separation into 
detergent rich and detergent poor phases. 

Probably the use of commercial detergents 
having a distribution of ethylene oxide chain 
lengths can confuse the picture of tempera- 
ture effects; for this reason we have studied 
synthetic compounds of the hexadecyl series, 
CH3(CH2)ls(OCH~CH2)zOH where x = 7,8, 
and 9. (Abbreviated to Hn7, Hns, and Hn9. ) 
Also, this sequence of compounds allows a 

s tudy of the alteration of hydrophobic/hydro- 
philic balance on the temperature effects to 
be made. 

Experimental 
Materials 

3, 6, 9, 12, 15, 18, 21, heptaoxatricosane-l:23 diol 
(octaoxyethylene glycol ns). This was prepared by the 
method previously described for nonaoxyethylene 
glycol (9) from sodium (57.5 g.), triethylene glycol 
(1500 g.), and fl,fl dichlorodiethyl ether (179 g.). The 
product (160 g.) had b. p. 216 ~ (0.01 mm), nD 2~ 
-- 1.4661. Found, C, 51.8%; H, 9.2; ethylene oxide, 
95.0% . Calculated for ClsH3~09, C, 51.9%; I-I, 9.3%; 
ethylene oxide, 95.1~ . 

3, 6, 9, 12, 15, 18, 21, 24 octaoxatetracontane-l-01 
(octaoxyethylene glycol monohexadecyl ether, Hns). 
Prepared from sodium (1.18 g.), oetaoxyethylene glycol 
(75 g.), and hexadecyl bromide (16.3) g.. After working 
up the reaction mixture as described by Elworthy and 
Mac/arlane (9), the product was chromatographed, 
then crystallised from ether and from acetone. I t  had 
m. p. 41.5~ Found, C, 64.2%; H, 11.1; ethylene 
oxide, 59.2% . Calculated for C3~He609, C, 64.6%; 
H, ll,1 ; ethylene oxide, 59.2% . The starting materials 
for the syntheses were all redistilled twice before use 
and had physical constants agreeing with the best 
literature figures. 
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The preparat ion and properties of septaoxyethylene 
glycol monohexadecyl ether (HnT) (10) and  of nonaoxy- 
ethylene glycol monohexadecyl ether (Hn~) (9) have 
been reported. 

Water  for l ight-scattering measurements  was twice 
distilled from permanganate .  

Light-Scattering Measurements 

The appara tus  described by  Elworthy and Mclntosh 7 
( l l )  was used. Immedia te ly  after an  extensive cali- 
brat ion with Ludox solutions, the  turb id i ty  of A.R. 6 
benzene was found to be 27.2 + 0.4 • 10 -5 cm -1. 
A check on the  calibration at  the  t ime of this  work gave 5 
27.3 + 0.3 • 10 -5 cm -~, indicating t h a t  there was no 
change in calibration constant  with  time. Solutions (C'CL~ 

"T.TL" were made dustfree by filtering through Millipore disks 
(mean pore size 0.45 /~). 

Concentrations were checked interferometrically 3 
after filtration. Temperature  control in l ight-scattering 
measurements  was to + 0.1 ~ using a thermometer  2 
calibrated by  the  N.P.L. 

1 

0 Specific Re]ractive Index Increments (dn/dc), Viscosities, 
and Vapour Pressures 

Were measured as described previously (9, 10). 
Temperature  control of these measurements  was to 

+ 0.01% 

Densities 

As displacement experiments are difficult due to 
the  lack of a liquid in which the  detergents are in- 
soluble, the  densities were calculated from the  molar 
volumes of the  glycols and  of hexadecane, neglecting 
the  molar volume of hydrogen. As a check on this  
method the  densities of Hns at  45 ~ and Hn 9 at  45 ~ 
and 53.5 ~ were measured directly in a 1 ml. pycno- 
meter, giving 0.950 for Hn3, and 0.968 and  0.954 g./ml. 
respectively for Hng. The densities calculated from 
molar volumes were 0.952, 0.968, and  0.954 g./ml. 
respectively. The densities found for the  glycols were: 

Temperature 15 20 25 30 35 45 
dr4, nTg./ml. 1.13 1.127 1.123 1.119 
dr4, nsg. /ml.  1.170 1.168 1.153 1.137 

Temperature  45 50 53.5 57.5 
dta, ngg./ml. 1.148 1.135 1.132 1.131 

The densities determined for hexadecane agreed to 
0.0002 g./ml, with l i terature values (12). 

o o A oo 

"---"-"0-~00 ~ o O ~ i  H 

3 

2 

12 I~; 16 18 2 ~ 6 IO 
(c -CL ) x 103 

Fig. 1. Variation of (c --  cl) {T --  T1) with concentration. 
A, Hnv, 15 ~ 13, HaT, 17.5 ~ C, Hn~, 45 ~ D, Hag, 50 ~ 
E, Hng, 53.5 ~ F, Hng, 57.5 ~ G, Has, 15 ~ H, Hns, 25 ~ 
I, Hns, 35 ~ J,  Hn~, 37.4 ~ K, Has, 39.3 ~ L, Hn~, 44.3 ~ 

Results 

The light-scattering results arc shown in 
Fig. 1 as plots of ( c - c l ) / ( T - T 1 )  against 
(c - %) where c is concentration in g./ml., and 
T is turbidity. B a l m b r a  et al. (7) obtained breaks 
in c vs. T plots having the appearance of cri- 
tical micelle concentrations (cmc), but occur- 
ring at concentrations much greater than the 

Table 1 
Results from Light-Scattering 

Temp. M • 10 -5 m Z ~ dn/dc B • 104 cl • 103 

Hn 7 

Hns 

Hn9 

15 0.90 164 1.03 0.002 0.1361 0.42 0.20 
17.5 1.14 207 1.03 0.002 0.135 s 1.46 0.20 
20 1.37" 249 1.00 0.012 0.1350 0.84 0.36 
25 3.27 594 ~ 1.07 0.015 0.1350 0.30 

15 1.31 220 1.04 0.010 0.1331 2.42 0.20 
25 1.43 240 1.01 0.008 0.1312 2.43 0.20 
35 1.61 271 1.04 0.019 0.1305 1.56 0.25 
37.4 3.98 668 1.11 0.002 0.1304 --0.04 0.40 
39.3 6.02 1010 1.12 0.022 0.1300 --0.09 0.45 
44.3 16.7 2800 1.17 0.007 0.1294 --0.11 0.50 

25 1.40 219 1.03 0.016 0.1353 3.28 0.20 
45 1.76 243 1.03 0 0.1324 1.95 0.20 
50 3.50 549 1.09 0.010 0.1323 --0.14 0.40 
53.5 6.41 1000 1.11 0.008 0.132 o --0.17 0.52 
57.5 8.80 1380 1.14 0.013 0.1310 --0.50 0.60 

m ~ number  of monomers in micelles, Z = dissymmetry at  45 ~ ~ = depolarisation, B ~ second virial coefficient. 
*) Da t a  recalculated from reference (10), using c t ~ 0.36 • 10 -3 g./ml. 
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cmc. This concentration, cz, probably repre- 
sents a second association limit, cl, and the 
turbidi ty at this concentration, T 1, were 
determined from large scale graphs of c 
against T at low concentrations. The light- 
scattering results are summarised in Table 1, 
along with relevant data on Hn~ and H n  9. 

The micellar weights were calculated from 
(13) 

H ( c - - c z ) l ( T - -  m,) = l IMP(O)  -~ 2Bc (1) 

where P (0) is the particle scattering factor, 
and H is the optical constant, H = 32 zano2 
(dn/dc)2/3 • 44, the symbols having their 
usual significance. 

Micellar weights given in Table 1 have been 
corrected for depolarisation and dissym- 
metry;  they  increase with increase of tem- 
perature. For H n  s and H n  9 the increase is 
small at low temperatures, but  rapid at higher 
ones. A plot of log M vs. temperature shows 
this effect clearly (Fig. 5). At the higher tem- 
peratures small dissymmetries are present; 
there is a decrease of second virial coefficients 
as temperature increases. 

The viscosity results are given in Fig. 2, as 
plots of ~]sp/C against c where ~]sP is the speci- 
fic viscosity. The change of the intercepts of 
these plots, (7), with temperature is similar to 
the change of log. M with temperature 
(Fig. 3); both sets of results show that  there 
appears to be a threshold temperature, Ta, 

10 A 
�9 " c -  B.. 

0 

8o I /; 
7 0  

40 ! 

30 

2010 ~ / K  L 

M 
i i J 

1 2 3 
c �9 lO 2 

Fig. 2. Reduced viscosity against  concentrat ion for: 
Top g raph :  A, Hng, 45 ~ . B, Hng, 35 ~ . C, Hn~, 15 ~ . 
Main g raph :  I) ,  Hns, 65 ~ E, Hng, 59.8 ~ F, Hns, 45 ~ 
G, Hn 9, 55 ~ . H,  Hns, 40 ~ �9 I,  Hns, 38 ~ . J ,  Hng, 50k. 

K, Hns, 35 ~ L, Hns, 25 ~ M, Hns, 15 ~ 

above which viscosity intercepts and mole- 
cular weights rise exponentially. 

7'75, 
i 

1.50 �9 

1 "25 
log [q] 

l,O 

0'75 

0 " 5 0  '- 

0 . 2 5  , , , , , , , 

10 20 30 40 50 60 70 
Tamp ere ture 

Fig. 3. Changes in log (intrinsic viscosity) wi th  tem- 
pera ture  for HnT, Hns, and  Tin 9 

The vapour pressure results are given in 
Fig. 4 as plots of vapour pressure (am. Hg.) 
against concentration, a, (g. water/g, deter- 
gent). As previously reported(8), it is easy to 

8 

6 

preY~176 / 2 '  

/ / / /  
,t///S ~176 

F 

0.4 0.8 1'2 
O 

Fig. 4. Vapour  pressures against  concentrat ion,  a, 
(g. water/g,  detergent)  for: A, Hns, 45 ~ B, Hng, 45 ~ 
C, Hns, 35 ~ �9 D, Hns, 25 ~ �9 E, HnT, 15 ~ �9 F, Hns, 15 ~ 

extrapolate graphs of a/x against x to x = 1, 
where x is the relative vapour pressure. At 
the point the vapour pressure is indistingui- 
shable from that  of pure water, within ex- 
perimental error, and here sufficient water 
is present to fully hydrate the polyoxyethy- 
lena chains, giving micelles. The concentra- 
tion at x = 1 has been shown (8) to give a mea- 
sure of micellar hydration, agreeing well 
with values calculated from viscosity results. 
The hydration calculated from the vapour 
pressure results is given in Table 2 as W,.p. 
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Below the threshold temperature, there is 
no physical reason for the micelles being 
asymmetric, and we calculated W~i~. from 
the viscosity results, using 

[?]] : Y (V 2 -Jr W 1 Vl O) [2] 

where v is Simha's (14) shape factor, V2 ~ specific 
volume of solute, and V~ ~ specific volume of solvent. 

Table 2 
Hydrations from Viscosity and Vapour Pressure 

Results 

Hn~ 
Temperature 15 20 25 30 

IV] 3.20 2 . 9 1  9 .70  29.9 
Wv.p. (g./g.) 0.29 0.28 0.44 0.52 
Wvis. (g./g.) 0.24 0.18 

Hn3 
Temperature 15 25 35 38 40 45 

[~] 3.60 3 . 8 8  4.20 5.96 8 .50  22.0 
Wv.v. (g./g-) 0.50 0.58 0.66 0.75 
Wvis. (g./g.) 0.42 0.52 0.64 

Hn9 
Temperature 25 35 45 50 55 59.8 65 

[~] 4.29 4.50 4.69 6.03 10.1 18.7 34.9 
Wv.p. (g./g.) 0.65 0.83 
Wvis. (g./g.) 0.72 0.77 0.83 

Results for Hn7 at 20, 25, and 30 and for Hn 9 at 
25 are taken from Elworthy and Mac/arlane (8). 

Mac/arlane (15a) has calculated the limits of 
error in the determination of Wvis. to be -4-5 
- 1 5 % ,  and d= 10% for the determination of 
Wv.p.. Considering these limits of error, there 
is reasonable agreement between the values 
of W found by  the two methods. Plots of the 
average value of W were linear against tem- 
perature, with equations 

Hn 7 W = 0.10O + 0.014 T 
Hns W = 0.315 + 0.0097 T 
Hng W = 0.500 + 0.0075 T 

where T is in ~ 
Cloud points were constant in the region 

1 • 10 -a to 4 X 10 -3 g/ml., being 55 ~ for 
HnT, and 75 ~ for Hn 9. 

Discussion 

Structure o/Micelles below T h. 
From Fig. 3, the threshold temperature 

for Hn:, Hns, and Hn 9 are 22.0, 36.3, and 
47.9 ~ respectively. 

There is a slow increase of micellar weight 
with temperature in this region. The visco- 
sity intercepts are small, close to the Ein- 
stein value 2.5 for unhydrated spheres. Both 
viscosity and vapour pressure results indicate 
that  hydration increases with temperature. 

This somewhat surprising result will be dis- 
cussed later. We can gain some insight into 
what occurs in this low temperature region 
by  calculating the micellar dimensions, from 
m, W, M, and the densities of detergent and 
water. Letting the micelle have a fluid inte- 
rior, with liquid hcxadecane in the centre, 
the results are given Table 3, where r m = mi- 
cellar radius, % = radius of hydrocarbon re- 
gion, and r e = radius of polyoxythelene re- 
gion. 

Table 3 
Dimensions of Various Micellar Regions 

Deter- Tempe- V x 10 -5 (A) 3 r,, (A) r h ( s  r e (A)  
gent rature 

Hn: 15 2.03 36,4 26.7 9.7 
17.5 2.61 39,6 28.9 10.7 
20 3.25 42,7 30.7 12.0 

Hns 15 3.23 42,6 29.4 13.1 
25 3.76 44.8 30.4 14.4 
35 4.52 47.6 31.7 15.9 

Hn9 25 3.93 45.4 29.5 15.9 
45 5.48 50.8 31.9 18.9 

The radial length of the micelle occupied 
by  the polyoxyethylene chain increases with 
temperature. At normal temperatures, it is 
considered that  this chain may have the form 
of an expanding spiral, or a similar arrange- 
ment in which the length occupied is conside- 
rably less than the extended length. Table 3 
shows that  the chain becomes more extended 
as the temperature is raised. This increased 
radius of the micelle would give a means for 
trapping more water in the mesh of polyoxy- 
ethylene chains. 

Structure o/Micelles at T h 
From the linear parts of Fig. 5 below Th, 

values of M at Tl~ were determined, and the 
properties of the micelles at this tempera- 
ture calculated. 

6'3 

6I  

5"7 
IogM 

5'5 

wn8 o 

- // /~ 
/ / 

53 / '  J_ 

51 

49 , L , 
15 25 35 .~5 55 65 

Temperature 

Fig. 5. Variation in log (mieellar weight) with tempera- 
ture for HnT, Hns, and Hn~ 

2* 
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Table 4 
Properties of Micelles at Th 

Hn7 Hns Hn9 

M • 10 .5  1.61 1.63 1.81 
m 292 274 284 
W (g./g.) 0.40 0.67 0.86 
V x l0 -5 (/~)a 3.90 4.62 5.74 
r m (A) 45.3 48.0 51.6 
r h @) 32.4 31.8 32.3 
r e (A) 12.9 16.2 19.3 
re/no et. o. 1.85 2.02 2.14 

I t  is extremely interesting to note tha t  
within the limits of experimental error, at 
the threshold temperature, the number of 
monomers in the micelle is the same for each 
detergent. The micellar volume, 4, is greatest 
for Hng,  as this is the most heavily hydra- 
ted detergent. 

In calculating the volume of the hydro- 
carbon core of the micelles we have assumed 
tha t  this interior is fluid, r e can be seen to be 
greater at T h than at lower temperatures, 
but the polyoxyethylene chain is still not 
fully extended. (Extended lengths 26, 30, 
and 34 A from molecular models). The radial 
length per ethylene oxide unit  increases with 
detergent chain length. 

We may investigate a second model of the 
micelles. T a y l o r  (17) gives for calculation the 
end to end length of hydrocarbon chains, L, 

(, + 
L 2=a~n "l--cos \ l - - a ]  [3] 

where a = C - C  bond length, n = number of 
links in the chain, 0 = supplement of valency 
angle, and a is the average value of the cosine 
of the angle of rotation for one rotation. :For 
hexadecane we obtain L = 13.8 z~. The ends 
of the hydrocarbon chains cannot all be in the 
micelle centre, so we assume a space must be 
present there, its surface being covered by the 
ends of 283 monomers (mean value) each 
with cross-sectional area 16 A z [crystallo- 
graphic area of hydrocarbon chain (22)]. The 
radius of this space is thus 19 A, and the 
radius of the hydrocarbon region 19 + 13.8 = 
32.8 _~. Both models give roughly the same 
radii for the hydrocarbon portion, in spite of 
the crudity of the models. 

Unfortunately we cannot calculate the 
lengths of the polyoxyethylene chains from 
equation (3), due to the lack of knowledge 
of rotational energy barriers. However, we 
can obtain an approximation by calculating 
for a hydrocarbon chain of the same number 
of linkages as the polyoxyethylene chain (the 
ether bond angle is close to the C - C  angle, 

and the bond distance is 1.42 A (18). The re- 
sults are given below: 

Temperature 22 ~ 36.3 ~ 47.9 ~ 
L (A) 17.2 17.8 18.4 
L (a = 0) (A) 10.2 10.9 11.5 
r e (/~) 12.9 16.2 19.3 

The lengths of the polyoxyethylene chains 
are too small when calculated for freely rotat- 
ing bonds. B u n u  (19) and H o l m e s  state tha t  
the presence of ether linkages in hydrocarbon 
chains greatly increases the flexibility. For 
HuT, the value of r e falls between the two 
cases investigated, while for H n  s and Hng,  r e 
is close to the value of L for an equivalent 
hydrocarbon chain in the presence of restric- 
ted rotation. I t  seems possible that  the pro- 
gressively increasing hydration as the series 
is ascended may increase the interactions bet- 
ween chain and solvent, and increase the ex- 
tension of the chain. 

As the temperature is raised above T k the 
micellar growth becomes extremely rapid, 
and asymmetry develops. The state of the 
micelles at T a may represent a critical con- 
dition. Geometrical factors may be present, 
the number of monomers present in the mi- 
celles being the maximum number which can 
be packed into a spherical shape. Addition of 
further monomers would tend to upset the 
sphericity. M a c / a r l a n e  (15b)has shown tha t  
the parts of the polyoxyethylene chain closest 
to the surface of the hydrocarbon regions are 
very closely packed (at normal temperatures) 
and tha t  they may effectively prevent water 
from coming into contact with tha t  region. 
However, there is a general extension of the 
chains as temperature rises, together with an 
increase of the area of the hydrocarbon re- 
gion (m increases). Both these effects may 
lessen the protecting effect of the innermost 
parts of the polyoxyethylene chains. I t  is pos- 
sible to visualise a state of affairs where water 
may come into contact with the surface of the 
hydrocarbon region, giving a sudden increase 
of interracial tension at some points on 
the hydrocarbon/polyoxyethylene boundary, 
which would have a contracting effect, and 
cause the micelle to elongate. This situation is 
a speculative one, but does provide a basis 
for understanding the sudden growth of mole- 
cular weight at a particular temperature. 

Struc ture  o / M i c e l l e s  above T a 

From Fig. 5, there is a sharp increase of M 
above Ta, followed by a slower rise; for H n  s 
and H n  9 log M is linear with temperature in 
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this second region. (37.4- 44.3 ~ for Hns ,  and 
50-57.5  ~ for Hn9). From a plot of log (7) 
against log M, which was linear, the slopes 
of the graphs are 0.90 and 1.07 for H n  s and 
H n  9 respectively. S i m h a ' s  shape factors can 
be generalised, in the region of v of interest 
to : 

Oblate ellipsoids; v = 1.45 + 0.661b/a [4a] 
Prolate ellipsoids; v = const. + eonst.' a/b ~.2-*.~ [4hi 

Tanford 200 gives for flexibly coiled mole- 
cules. 

[~1] = const." MU 2 . [4e] 

For the ellipsoidal models the axial ratio is 
proportional to molecular weight, so we 
should obtain from log [#] - l o g  M plots a 
slope of l for oblate ellipsoids, 1.2-1.5 for pro- 
late ellipsoids, and 0.5 for flexible coils in 
poor solvents, where B = 0 or is negative. 
The slopes found here indicate that  the 
micelles resemble oblate ellipsoids more than 
any other model shape. We have assumed 
tha t  W has a constant value in the above 
treatment  (see equation [2]) and this is rough- 
ly correct over the small temperature range 
studied, but if we calculate v using the W va- 
lues in Table 2, the slopes of log ~ against log 
M plots are 0.85 and 0.88 for H n  s and Tin 9 
respectively, still indicating tha t  the oblate 
model fits the particle best. Calculations of 
the micellar dimensions in this region of tem- 
perature are given in Table 5, using the ob- 
late model. 

Table 5 
Micellar Dimensions at Higher Temperatures 

T ~ b/a V • 108 a b 

Hn8 37.4 3.12 2.5 1.14 48 120 
39.3 4.37 4.5 1.74 45 203 
44.3 10.9 14.2 4.98 44 620 

Hng 50.0 3.13 2.5 1.12 47 118 
53.5 4.62 4.8 1.71 43 209 
57.5 7.22 8.7 3.93 47 414 

The length of the short semi axis is reason- 
ably constant, considering tha t  three sets of 
experimental data are combined in these cal- 
culations, and is only a few/~ shorter than 
the fully extended monomer lengths, giving 
the idea the extension of the peg chain may 
proceed rapidly above T h. There is thus a very 
rapid growth of disk shaped particles, which, 
with further increase in temperature, pre- 
sumably continues until the micelles become 
of giant size and are macroscopically visible. 

Presumably at the cloud point the micelles 
have grown so large that  a second phase is 
formed. This second phase should contain the 
majority of the detergent, which has been 
found experimentally (24). 

I t  is interesting to examine the steeply ri- 
sing part of the curve in Fig. 5, up to 37.4 ~ 
for H n  8 and 50 ~ for H n  9. Using points inter- 
polated from Figs. 3 and 5, the slope of the 
log [7] - log M graph are 0.45 and 0.50 for 
H n  s and H n  9 respectively. These calculations 
are tentative, but they do suggest tha t  the 
micelles resemble coils in this region, rather 
than other models. In this region the mieel- 
les have not yet  become very asymmetric, 
and consist of a hydrocarbon core surround- 
ed by reasonably flexible polyoxyethylene 
chains. Provided that  this type of structure 
remains spherical it somewhat resembles 
a coiled molecule. An increase in the mole- 
cular weight, of, say, a polystyrene molecule 
in solution, means that  the total volume of 
solution pervaded by the molecule increases 
spherically about the centre of mass. Howe- 
ver an increase in micellar weight is subject 
to the condition tha t  all the hydrocarbon 
chains must remain in the micellar centre, 
and so we expect molecular expansion to 
occur only in two dimensions. The results 
show that  this appears to be the case, in that  
the micelles take the oblate shape. 

Other Considerations 

By treating the vapour pressure results as 
sorption isotherms from plots of a against x, 
using the standard relationships (21) the dif- 
ferential partial molar enthalpies (A/7) and 
entropies (AS-) of hydration were determined 
for H n  s. (AH in kcal. mole -1, A S i n  cal. 
mole -1 dog.-1). 

Table 6 
Thermodynamic Properties for Hn8 

0.4 1.5 1.8 2.8 5.7 10.2 
0.45 1.2 1.4 2.3 4.6 7.6 
0.50 1.3 1.3 2.3 4.5 7.8 

The positive values of AS found indicate 
that  a mixing process is predominating over 
any specific arrangement of water molecules 
around the polyoxyethylene chains, and the 
increase of AS with temperature shows that  
the mixing is greater at higher temperatures, 
which fits in with the increase of hydration 
with temperature found earlier. Examination 
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of other  papers describing micellar hydra-  
t ion of  non-ionic detergents  reveals no direct  
exper imental  evidence tha t  a decrease of 
hydra t ion  with increasing t empera tu re  oc- 
curs. The present  work indicates t h a t  the 
reverse is consistent  with the  extension of  
the po lyoxye thy lene  chains with tempera-  
ture  recorded here. 

Second virial coefficients for spherical par-  
ticles are calculated on the  basis of  the  ex- 
cluded volume (20b) (Table 7). The agreement  
between these values and  the  exper imenta l  
ones (Table 1) is no t  good~). 

Table 7 
Calculated Second Virial Coefficients, B • 104 

Temperature 15 ~ 20 ~ 25 ~ 35 ~ 40 ~ 

Hn~ 0.56 0.43 
Hn 8 0.45 0.44 0.42 
Hng 0.48 0.43 

The contr ibut ion to the chemical potent ial  
of  the solvent, l% given by  the excluded vol- 
ume should remain  approx imate ly  constant .  
At  low tempera tures  B (experimental)  is 
greater  t h a n  B (calculated), and hence other  
factors  mus t  contr ibute  to the non-ideali ty.  

The der ivat ion of  the relationship bet-  
ween B and excluded volume assumes t h a t  
A H m i x  is cons tan t  as concent ra t ion  is chan-  
ged, making  a cons tan t  contr ibut ion to #1, 
and  this assumpt ion  m a y  not  be correct. The 
decrease in B with increasing tempera tu re  
mus t  also be accounted  for;  it has been shown 
t h a t  the po lyoxye thy lene  chains s t ra ighten 
with increasing temperature .  

Longuet-Higgins  (23) states t ha t  an exten-  
ded chainis in a more ordered state  t han  a coiled 
one. The process of  extension m a y  provide  a 
lowering of  the en t ropy  of  the sys tem which 
opposes the  effects of  excluded volume and 
A H m i x ,  and  which predominates  at  higher 
t empera tures  to give a negat ive second virial 
coefficient. The mieellar s t ructure  with its 
hyd roca rbon  region, and  its region of mixing 
between water  and  po lyoxye thy lene  chains, 
is a complex one, and  only a qual i ta t ive  dis- 
cussion of  the t h e r m o d y n a m i c  propert ies has 
been a t t empted .  

The t empera tu re  at  which B = 0 corre- 
sponds roughly  to T a e g .  H n  s, B = 0 at  

1) Interpretation of viscosity results to find the 
dimensions of the micelles considered as unhydrated 
rods, and calculation of B from these data, gives worse 
agreement with experimental results than the values 
reported in table 7. 

37 ~ T a = 36.3 ~ Hng, B = 0 at  49 o, Ta = 
48.9 ~ I t  is considered tha t  a balance of  
factors makes B = 0 at  this tempera ture .  I t  
should also be noted  t h a t  the cloud points  
are about  30 o above Ta for all detergents,  so 
phase separat ion does not  occur a t  B = 0, 
bu t  at  a considerably higher tempera ture .  

A clcnowlegement 

We t h a n k  Mr. C. B.  Macfarlane for samples 
of  Hn~ and H n  9. 

Summary 

Three synthetic non-ionic detergents, 

CH3(CH~)Is(OCtI~CH2)xOH, 

where x = 7, 8, and 9. ie. HnT, Ha8 and Ha9 have been 
studied in aqueous solution by light-scattering, 
viscosity, and vapour pressure techniques. The micellar 
weights and intrinsic viscosities increased as tem- 
perature increased, the rise becoming very rapid above 
threshold temperatures (Th) of 22 ~ 36.3 ~ and 47.9 ~ 
for the three detergents respectively. Micellar hydrations 
determined by the vapour pressure method agreed with 
those calculated from viscosity intercepts in the region 
below Th, where the micelles appeared to be spherical, 
and hydration was found to increase with temperature. 
At Th, micelles of the different detergents contained 
the same number of monomers. Above Th the micelles 
became asymmetric, fitting the oblate ellipsoidal model 
best. The structure of the micelles was discussed, as 
was the decrease of second virial coefficient with 
temperature. 

Zusammen/assung 

Drei synthetische nichtionische Detergentien, 

CH~(CH2)ls(OCHzCI-I2)zOH 

mit x = 7, 8, 9 (Hnv, Hn~ und Hng) wurden in w~riger 
LSsung durch Bestimmung yon Lichtstreuung, Visko- 
sitar und Dampfdrucktechnik untersucht. Die Micell- 
gewichte und die Intrinsic-Viskosit~iten wurden mit 
steigender Temperatur grSl~er Der Anstieg wird sehr 
rasch oberhalb der Temperaturschwellen (Th) yon 22 ~ 
36,3 ~ und 47,9 ~ fiir diese drei Detergentien. Micellare 
tIydratation aus Dampfdruckmessungen stimmt mit 
den aus den Viskosit~tsabschnitten im Bereich unter 
Th, wo die Micellen kugelig zu sein scheinen, iiberein, 
und die Hydratation steigt mit der Temperatur. Bei 
Th enthalten die Micellen der verschiedenen Deter- 
gentien die gleiche Zahl an lgonomeren. Oberhalb T h 
werden sic asymmetrisch, wobei ein abgeflachtes Ellip- 
soid am besten paBt. Die Strukturen der Micellen wur- 
den diskutiert ebenso wie die Abnahme des zweiten 
Virialkoeffizienten mit der Temperatur. 
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Chemistry of  Non-Ionic  Detergents 
Part VIII. Critical Micelle Concentrations and Thermodynamics of Micellisation of Synthetic Detergents containing 

Introduction 

Although some surface tension data have 
been reported for ethylene oxide condensates 
of trideeanol (1, 2), few studies have been 
made of non-ionic detergents containing 
branched hydrocarbon chains. The tridecanol 
condensates gave higher critical micelle 
concentrations than their straight chain 
analogues (2). Surface chemical studies on 
synthetic compounds with straight hydro- 
carbon chains are also limited (3, 4, 5). The 
present paper reports some properties of 
synthetic detergents with branched hydro- 
carbon chains, and also of compounds with 
short, straight chains. As the cmc's of most 
non-ionic detergents are very small, it has 
been impossible to obtain data on the 
monomers; the short chain length compounds 
reported here provide a starting point for 
their study. 

Experimental 
Materials 

Alkyl Bromides: n-propyl-, n-butyl-, n-hexyl- and 
fl, fl' dimethyl ethyl bromides were twice fraetionated 
before use. fl, [t" diethyl ethyl bromide was prepared 
from the parent alcohol by the HBr/H~S04 method (6), 
the product being twice fraetionated. [1, [1' dipropyl 
and [1, fl' dibutyl ethyl bromides were prepared from 
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the disubstituted malonic ester, by decarboxylation, 
esterification, reduction with lithium aluminium 
hydride, bromination, and fractionation. All bromides 
had analysis figures and physical constants in agree- 
ment with calculated or literature values. 

Glycols: hexa-, and nona-oxyethylene glycols were 
prepared as described before (7, 8), having physical 
constants in agreement with those already deter- 
mined (7, 8). 

Detergents: Following the general method (7, 8), 
sodium (1 mole) was dissolved in the required glycol 
(4 moles) at 70-80 ~ with stirring, and the relevant 
bromide (1 mole) added. The mixture was kept stirred, 
and heated to a temperature just below the boiling 
point of the bromide (in the case of the shorter chain 
compounds), or at 130-140 ~ until  neutral (2-12 hours). 
The mixture was cooled to 50 ~ , an equal volume of 
water added, and the detergent extracted with 3 to 
4 portions of hot petroleum ether (b. pt. 60-80~ After 
removal of this solvent, the residue was distilled under 
high vacuum, the low boiling fractions being discarded. 

Distillation alone did not produce sufficiently pure 
compounds, as it appeared that some oxidation products 
were formed during this process. 2 g. of distilled 
detergent was therefore chromatographed on 30 g. 
Mallinckrodt silica gel, containing 20O/o of celite. After 
adsorption on to the column from benzene solution, 
elation with acetone - benzene mixtures containing up 
to 300/0 acetone removed about 0.7 g. of the initial 
column load. Careful elution with a 24: 25:1 acetone: 
benzene:methanol mixture gave 1 g. pure detergent. 
Examination of the initial fraction by I. R. spectro- 
scopy showed the presence of carbonyl containing (3) and 
unsaturated impurities, which were absent from the 
purified detergent. Any unreacted glycol was held- 
firmly on the column. Reaction of hexaoxyethylene 


