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ABSTRACT

The critical micelle’concentrations of sodium decyl and lauryl sulfates
at 2500 have been determined from precise conductance data in water and in
' heavy water. The critical concentrations in heavy water are slightly lower
(by sbout-2.5%). The solubility of sodium lauryl sulfate at 9°C is also only
about 5% lower in heavy water. The conductance of both small ions and
micelles approximately follow Walden's rule. The interpretation of the solu-
bility and the critical concentration data lead to somewhat conflicting esti- -
mates regarding the relative strength of hydrophobic bonding in the ﬁwo media:
the difference in either case appears to be small. It is suggested that this'
- result may be misleading because of compensating effects of dimerization of.

the long-chain ions.
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TNTRODUCTION

Liquid deuterium oxide'(qao) has been frequently used in the past to
study the solvent isotope gffects on various solutes, particularly inorganic
electrolytes and thpse capable of hydrogen bonding or acid-base equilibria.

Recently, there has been some interest in the structuraeaspects of D203'6-

(3) C.G. Svain.and R. F. W. Bader, Tetrahedron 10, 182, 200 (1960). -
(4) C. G.'Swain and E. R..Thornton, J. Am. Chem. Soc. 84, 822 (1962).
(5) P. M. Laughton and R. E. Robertson, Canadian J. Chem. 43, 154 (1965)..

(6) G. Nemethy and H. A.:Scheraga, J. Chem. Phys. k1, 680 (1964).

' L
and in ‘the solubility of non-polar solu’ces.’7 This prompts us to report some

(7) A. Ben-Naim, J. Chem., Phys, 42, 1512 (1965).

" results obtained several yearé ago, which deal with the nature of hydrophobic
bonding of long-chain compounds in D2O, and brings out some of the difficulties
and complications involved. Since D O is often used as a medium for stﬁdyipg .

8-10 ‘ 10-12
biological macromolecules or even living cells. , and since hydrophobic

(8) J. Hermans and H. A. Scheraga, Biochim. Biophys. Acta 36, 534 (1959).'
(9) b. S. Berns, Bioqhemisfry 2, 1377 (1963). |
. (10) A. Hattori, H, L. Crespi and J I. Katz, Biochemistry 4, 1213 (1965).
(11) J'.. J. Katz, Amer, .S'cientist 48, sk (1960).
(12) H. F. DaBoll, H..L. Crespi and J. J. Katz, Biotechnol, Bioeng. L, 281

(1962).

bonding is important in most of these systems, the perturbation of hydrophobic

: . -
bonding in changing the medium from ordinary weater to Ibo.as reve%%ed by

. . Some
solubility and micellization effects may be of mswe general interest.



This work was originally done in the hope that QBO might prove to be a
dlscrlmlnatlng probe for the solvent-structure aspects of hydrophobic uondlng.
HéO and D O are extremely closely matched in all properties except those most
sensitive to structure.' Thus the surface tension and the dielectric constant
:of D20 are lover than those of ordinary water at 25°C by 0.05% and 0.5% only,
and it was felt thaf aﬂy interfaciél energy effects end ‘the éleétrical inter-"
actions involved in monomer-micelle equilibria should be extremely similar in
the two media. On' the other hand, the higher viscosity of deuterium oxidé (23%
~ higher than water at 25°C), the higher heat capacity (12% higher) and the L
‘higher temperature of maximum density (11.2°C compared.to 4°¢ for Water),6
suggest thqt deuterium oxide is substantiaily more structured than ordinary
" water at room temperatures. ‘Indeed, deuterium dkide has been compared to
ordinary water at a lower temperature.ll It waé expected, therefore, that the
processes like micélle formation in which water structure is widely held to
play a predominant role13 wiil be materially affected., However, it seems
that "A number of competitive processes are iﬁvolved,‘involving water-water:
interactions as well as waterféolute or water-interfﬁée interactions. Since
all of these-change when.one goes from Héo to DO, a straightforward'predic-~pf\

2
14
tion does not seem easy."

'(13) E. D. Goddard, C. A. J. Hoeve and G. C. Benson, J. Phys. Chem, 61 593
(1957); P. MukerJee and A. Ray, ibid. 67,. 190 (1963).

(14) .H..S. Frank, Persopal communicgtion, 1958.

EXPERIMENTAL
Materials

' The semple of sodium leuryl sulfete (NeIS) was that of reference (15).



(15) K. J. Mysels,and L. H. .Pfihcen, J. Phys. Chem. 63, 1696 (1959).

For sodium decyysulfate, the samples used for Héo and DEO were different but“

they were prepared from the same batch of decyl alcohol in the same mannerl6

(16) K. J. Mysels and P. Kepauan, J. Golloid Sci, 16, 481 (1961).

and their conductivities below the crltlcal micelle concentratlon (c.m c.)

o in Héo were in good agreement.§6 Similarly good agreement (w1th1n about O. l%)

was found for DéO also,

The-D20 used had an isotopic composition of~99.5+% of deuterium.

Conductance Measurements
The apparatus is described in reference (15). A dilution cell with a

doughnut-shaped conductance path, described previously (17) was used.

(17) %K. J. Mysels, .J. Phys. Chem., 65, 1081 (1961).

'Solubility Measurements18

(18) H. G. Méyers, M..S. Thesis, University of Southern California, 1959. -

«
1]

After long equi;ibration with the solid, the supernatant'sqlution was
filtered and its concentration determined by a specg;photometric anslysis °

19

using methylene blue.

'(19) P. Mukerjee, Anal. Chem., 28, 870 (1956).




.- - RESULTS
The c.m.c.'s were determined from ‘the specific conductance data. It =~ =+
is customéry fo plot these data against the concentration and to determine .
the c.m.c. from the intersecfion of the two straight lines deséribing the
data below and abdve the c.m.c., neglectiné the region of cufvature close

to the c.m.c.20 Our conductance data of high relative precision (~ 0.02%)

(20) E. D. Goddard and C. C. Benson, Canad. Jour. Chem., 35, 986 (1957).

showed evidencg of slight curvéfufe in regions well separated from the

c.m.Cc. Since we were primarily interested in the small change in the q.m.c.'f
between.Heo and DEO, it seemed appropriate to use data over the same con-

" centration range for both media, fit the best straight lines by least

sqﬁéfes méthodé; and obtain the c.méc. from the calculated intersectioﬁ

point. The precision of the relativé'félues of the c.m.c. w;s estimated

t0 be about 0.5%. However, the slopes, particularly sbove the c.m.c.,

were of greater uncertainty, because of the small concentration.range‘

" covered.

Table I records the sl‘opes aﬁd intercepts of the equation} =+ PC
where){, is the specific qonduc1;af1ce , ¢ the molar concentration and 0{ and ﬁ .
' afe constahts‘determined 5y least square fits over concentration ranges. | .
(in moles/l'iter)b of 1.8 - 2.8 (xlo-g') and 3.8 -4.5 (x 10"2) for NaDS ar.ld.

3.1 - 6.8 (x 10'3) and 10.2 - 11.6 (x 10'3) for NaLS. The c.m.c. values
obtained are also indicated. The c.m.c. decreases by 2.7% and 2.4% for
. NaIS and NaDS respectively, on passing from'HEO to D20.

| The dilference in the c.m.c.'s, though small, is quite real. This is
illust;ated in Figure I and II where deviation plots for specific coﬁductance

data are shown near the c.m.c. region., The deviation functions were so

bhosep,aS'to‘bring the data below the c.m.c. on the same line and the  lower



-6
‘portion of this line is'not‘Shown. Above the‘c.m.c., the conductaﬁce data
show a consistent difference'between the two solVents’for both syétems.
" The.c.m.c's are marked By arrovs .

Thc c.m.c. is not one single concentration but a range of concentra~
tions,As'ﬁay be seen ffom the graphs, howe&er, the difference between the
conccntrations corrésponding to the same changes are essenfially constant
" throughout the fange. A ﬁore objective and quantitative criterion is
given by the concentraticn of ﬁicelies at the point'selected aé the c.m.c.

which cén'be generaliy obtained from precise data in the transition region.21

(21) R. J. Williams, J. N. Phillips and K. J. Mysels, Trans..Faraday Soc.,
51, 728 (1955). .

Thus, in our case Figure I and 2 show that the .deviation of %, i.e. &, af.
the c.m.c., from the Knexpected in the absence of micellisation,is very

nearly the same for H O and D O. - The @*/dc above the c.m.c. is a measure
of conductance of micelles. The fraction that is micellized at the c.m.cs
calculated on this basis is 2.4% and 2.3% for H,0 and Dzo'for NaDS and 3.4%

and 3.3% for H20 and D O for NalS. This close asgreement suppurls the
> _ : .
relative values of the c.m.C.’
The solubilities of NaLS were determined 'at 9. O C. The values were
3 + -3
Te 31F 0.05 (x 10° ) in HéO and 6 97 £ 0.07 (x 10°7) in D .0, a ratio of
1. nq ~ .02,

DISCUSSION

. Conductance Values

The equivalent conductance (A) of inorganic ions like Na' or Cl® in

D0 and HéQ do not follow Walden's rule exactly. Ay values (at infinite

dilution) in H,o gnd D,O are in the ratio of 1.20 for K* and Ne™ and 1.216
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for C1~ at 25°c.22 compared to the fluidity ratio of 1.23. The difference

. (22) L. G. Longsworth and D. A. Mac Innes, J. Am. Chem. Soc., 59, 1666 (1937).

(23) ?. C. )Harday and R. L.. Cottlngton, J. Res. Nat. Bur. Stands., L2, 573"
194k9). - .

"~ is not lafge; however. The ratio of the equivalent conduetances for NeLS
“and forANaDS et.compafable concentrations below the c.m.c. are l.22t 5.01.
The same retio is shown by the B (= d@*/dc) values (belo& the c.m.c.) quoted
in Tegble I, which give an average measure of A in the cpncentrafion rahge ‘
;coyered;
The B values above the c.m.c. can be taken to a goed approximation as
a measure of the conductance of micelles. THeseAare in the ratio l;éét 0.0k
and 1252004 ‘ .
| ~ for NaLS and Na DS in Héo and D20, and are not far from the fluldlty ratios.
The ccmparatlvely large uncertalntles appear to be due to the presence of
‘some curvature in the #-c data above the c.m.c. and- the relatively narrow

- range of concentrations available for direct comparison. The data for NaLS

in D20 were somewhat more extensive that those in H O for the same sample.

2
- If the much more exten31ve data for other hlghly similar samples of NalS
20,2k _
in H0 Q”z are used for comparison, the ratio of micellar conductances

'(2h) K. J. Mysels and c; I Dulin, J. Colloid. Sei., 10, 461 (1955).

come closer to the fluidity ratio. Thus, to the extent the structursl
aspects and electrical interactions of hicelles are reflected in theif.'
'conductance, the difference between Héo and D 0 is small. .
Charg‘,Effects and Free Energles ef Transfer

\ .
The solubllitles of ;norganlc electrolytes in D20 have been extensively .

studied.25 It is found that anhydrous l;i.electrolyteS'are less soluble in -~



TABLE I

. Constants for the Fjuation K = « + Bc
and the C.M.C. Data

.. ' 28)1(0‘{05 .m.c;ﬁ x 10 .l ébg’vi ioﬁlc B x 10 moiérg.i:{ter

NeLS in H,0  0.0800 -  0.6589 . 3.4663 ,.' 0.24%2  8.27 x 1073
NS in D0 . 0.0785 . = 0.5399 2.8664 0.1936 - 8.05 x 1073
| NeDS in H0' 0.4 . 0.6161 11.627  0.2887 3.32 x 1072

: : g -2
NaDS in DO 0.756 - - 0.5047 9.676 0.2306 3.25 x 10



o] _ . .
D20 by 2 to 20% at 25 C., Most of the salts are highly soluble, so that
it is difficult to disentangle the effects due to differences in activity
coefficients and purely 1on-solvent interactions. which appear at 1nf1n1te a

dilution. However, Greyson has recently studled the transfer free energies

(25) R. D Eddy and A w‘ iy Menzles, J. Phys Chem., Ly, 207 (1940), see also
A. H. Kimball "Bibliography of Research on Heavy Hydrogen Compounds
McGraw Hill, New Ybrk (1949). :

f
(AG) of some alkall metal chlorides from H,0 to D 0 in relatlvely dllute

2
solutlons (O lM) using 1on-exchange membrane potentlal measurements., The

(26) J. Greyson, 'J. Phys. Chem., 66, 2218 (l962);

estimated AG values at 9°C. from his enthalpy and entropy data are 130,
. + o+ * + i '

160, 200 and 200 calories/mole for Ii , Na , K , and Cs* chlorides. In
our case, AG, claculated by assuming that NalS behaves as a l:1 electrolyte
.with similar activity coefficients .in HéO and D20, is 60 ¥ 20 calories/mole.
Clearly, differences in ion-solvent interactions alone are mors than suf- -
ficient to explain the solublllty difference and the chain contrlbutlon to -
| e "
AG of NalS, if any, i to be negatlve; the chain being stabilized in
D;0. ‘

For the interpretatibn of monomer-micelle equilibria, the ion-solvent -
interactions are irrelevant, since all charges presumably remain in.contact.
with water. This does not preclude some influence of short range forces
involving the.solvant molecules at the highly charged micelle surface where
1nter10n1c 1nteract10ns are very strong. The difference in the free energy”
of micelle formation pcr monomer (AG ), between H20 and D O, calculated for

the mass action model, neglecting dlmerlzatrcn and assuming a TO% binding

< : ?
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. . 1
of the counterions, is about 25 calories/mole for both{dalS and NaDS, AG  be-
‘ ' 28

ing more negative in D20.27. The more elaborate theory of Overbeek and Stigter,

(27) P. Mukerjee, J, Phys. Cﬁem:, 66, 2218 .(1962).

(28) J. Th. Overbeek and D. Stigter, Rec. Trav. Chim., 12,_1263_(1956).

- assuming the same size for the micelle, gives about 30 calories/mole for NalS.
If all nonlelectrostatic interactions involved in the micelles in Héo and

. . L
D50 are assumed to be the same, the AG calculastions '‘indicate that the chain

is destabilized in Dy0, i.@. it has a greater hydrophobic character in D,0,

but the difference is\small.

Hydrophobic Interactions

The interpretation of.the solubility and the c.m.c. values are
éohflicting, although the over-all solvent isotope effects on the long
chains seems to be small. In the absence of any reliable theoretical
framework, it is interesting to compare théée effects with the relatiyely
scanty results available for non-ionic solutes. Some solubility ratios
Setween HéO and DQQ, receg?ly‘dgtermined are, '0.92 for argon, at 25°C7,

2 .
_1.00 for He above 50°C., 9 and 0.98, 1,04, 1.07, and 1,10 for CH3F, CH3Cl;

(29) E. F. Stephan, W. E Berry and R. W. Fink, U. S. At,. Energy Comm1881on,
BM1- 1587, 1962, Chem. Abs., 57, 14485 (1962)

CH3Br, CH I at 29.h°C.LL There is a slight overall trend towards higher
ratios with increasing molecular size. Guseva and Parnov have recently
determined the solubilities of some hydrocarbons, .n-heptane, toluene, and

' cyclohexane, at relatively high temperatures.30 The ratios between H20

and D0 are sbout 1,10 - 1.12 between



e sl At 3T

< g 11

.0 . : .
80-100 C., decreasing slightly with rising temperature. Reasonable extrap-

. olations of these values to room temperatures would give'ratios of about

.1.11-1,20. For large chains in our case, even larger factors may be reason-.
ably expected.

A p0551ble explanatlon of the discrepancy between our results and

these very rough expectatlons is met the c.m.c. Or the saturated solutlon

may not truly reflect’ the monomer-micelle equilibrium or the.monomer-solid

31;32

equilibrium because of pre-c.m.c. association, in particular, dimerisation.

(30) A. N. Guseva and E. I. Parnov,.Radiokhimiya 5, 507 (1964 ), Chem. Abs. .
606 1174 (1964). The solubility ratios quoted in this paper for -
25°C. from the literature appear to be due to a misinterpretation
and are in fact ratios of solubilities of H20 and D 0 in hydrocarbon
solvents.

(31) F. Franks and H. T..Smith, J. Phys. Chem., 68, 3581 (196k).

(32) P. Mukerjee, J. Phys. Chem., in press.

Since dimerisation depends primarily on the hydnophobic interactions be-
tween the chains, if the hydrophobic character oé the chains is stronger

in D20,'dimerisation‘should increese, rZsulting in an apparent increaee

in the solubility or the c.m.c. and thus compensating, in part, the expected

32

deocreanse.
ff{ axra «?o-(‘e.

We conclude, meweever, that the differencesin hydrophobic interactions
between H20 and Dp0 are unlikely to be very great, but they may be substan=-
tlally greater that the small differences estimated from solubility or
c.n.c. data neglecting dimerization. Slmpler equlibria, such as the

distribution of monomers between phases or monomer-dimer equilibria, must

be studied befdre'more definitive statements can be made.
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LEGENDS FOR FIGURES

Figure 1. - Plot of deviati&n function of specific conductance for

| NaIS at 25°C. .
0 - in D, 0, &R = X(exp.) - 0.05399& .
A'-inHeO oK = Y((exp)/l220-0.05399&+00129x10uv

Figure 2., -- Plot of deglatlon function -of specific conductance for
NaDS at 25 °C.

0 - in D20 A% = Rlexp.) - 0.05047C
4 - in 5o, by = x(exp ) / 1221 - 0.050k7¢ + o. 11;5 x 107 -k
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