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Chemical shifts have been determined for the decanolic solutions
with the mole ratio ny,o/nNacy = 26.2 and 5.9 and with constant weight
fraction of decanol (70 9%,). Iiyor the last-mentioned system the reso-
nance line width of the *Nat-counterions was also determined. The
results obtained indicate that the chemical environment of the mole-
cules is relatively independent of the decanol concentration and of the
mole ratio of npg,o/finacy. In the spherical micelles formed in the
systems with ny,o/finacy = 26.2 and 5.9, respectively, a somewhat
different interaction between the molecules seems to exist.

Previous investigations of binary water solutions of association colloids
have shown that interesting information of the structure and physico-
chemical qualities of micellar systems can be obtained by means of high resolu-
tion NMR-spectroscopy.’™ In the present paper an account of the studies
of ternary solutions, which contain decanol as the main component besides
sodium caprylate and water, will be given. These solutions have been carefully
investigated by means of macroscopic methods by Ekwall and coworkers at
the Laboratory for Surface Chemistry, Stockholm.5 The fact that the solvent,
decanol, constitutes a micelle forming component has led to considerable
complications at the interpretation of the PMR results. The chemical shifts
of decanolic solutions with the mole ratio %m,o/fNacy = 26.2 and 5.9 and
with constant weight fraction of decanol (70 9,) have been recorded. For the
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Decanot

Fig. 1. The area of the decanolic solutions
at 30°C. a = region of c.m.c., b = limit for
spherical micelles.

I: Decanol-H,0-solutions;
I1: Solutions with ny,0/fNacy = 26.2;
»

I11: » » = 5.9;
IV: » » const. weight fraction
of decanol.

last-mentioned system the resonance line width of the 23Na*-counterions
was also determined. The examined solutions are shown in the ternary diagram
(Fig. 1), in which the region of the c.m.c. and the expected appearance of
reversed spherical micelles > have been entered.

EXPERIMENTAL

The solutions were prepared and the density determinations were made by the staff
at the Laboratory for Surface Chemistry, Stockholm. The PMR measurements were
carried out at about 30.5°C on a Varian A-60 spectrometer, equipped with a Hewlett
Packard 202 A audio oscillator and a Hewlett Packard 5512 A electronic frequency
counter. In order to let the solutions reach thermal equilibrium, the samples were placed
in the probe at least 10 min before measurements. The temperature in the probe was
regularly recorded. All resonance line positions were measured relative to the intense
CH,-peak of decanol as an internal standard calibrated against chloroform as an external
standard. The reported shifts are average values of 4 separate measurements. The ac-
curacy of the shift determinations can in general be estimated to lie within + 0.2 cps.

The NMR measurements on the 2Nat-counterions were performed by using a Varian
V-4200 B NMR spectrometer equipped with a 12 inch V-4012 A magnet at 22—23°C.
The magnetic field was controlled by a Varian Fieldial. The r.f. field was chosen so as to
avoid saturation. The line width was evaluated directly as the peak to peak distance of
the observed adsorption band derivative, each value being the mean of 2— 3 runs. Experi-
ments with 1.0 M NaBr solutions showed that the magnet inhomogeneity determined
the width of the #*Na*-resonance line (c¢f. Ref. 6), which is equal.to about 0.03 gauss.

CORRECTIONS

The chemical shifts reported are given relative chloroform used as an
external standard. The shift values have been corrected for the bulk suscepti-
bility differences between pure decanol and the solutions.

The only resonance line positions which had to be corrected for the observed
small temperature deviations from 30.5°C were those of the OH-groups. A
temperature coefficient of 0.5 c/sec, °C (cf. Ref. 7) was used for both types of
OH-protons.
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RESULTS

Fig. 2 shows the corrected chemical shifts obtained for the decanol-H,0
solutions at 30.5°C. One signal is observed for the water protons and one for
the alcohol OH-protons, indicating phase separation or that the rate of proton
exchange is very low. In the figure there is also given the average resonance
line position of the exchanging protons, calculated according to the formula
Y000 = PVr—or + (1—pP)vm,0 Where p = the proton fraction = ng_on/
(nr—om + 2mm,0). This is the resonance line position of the OH-protons which
would have been obtained if traces of an acid or base had been present in the
solutions. From Fig. 2 it is evident that the resonance line position of the
water protons is the only one which is shifted to any considerable extent with
an increasing water fraction in the decanol-water solutions. The resonance
line position of pure water is -+ 162.0 cps relative to chloroform at 30.5°C
and at decanol bulk susceptibility. If all of the hydrogen bonds were broken,
the resonance signal would be up-field shifted by an amount of about 220
cps.? Thus the observed shifts indicate that a relatively high degree of hydrogen
bonding exists for the water molecules already at low water fractions and that
this increases with an increasing amount of water. The resonance line position
of the decanol OH-protons is, however, nearly independent of the water pro-
portion of the system, which indicates that the total amount of hydrogen
bonds for the decanol molecules remains constant over the whole concentra-
tion range of water, thus quite in opposition to the water molecules. A pos-
sible explanation of this behaviour is that the water molecules form associa-
tion complexes in such a way that the original decanol structure is left
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rather intact. The observed down-field shift of the water protons should thus
originate only from an increased amount of intermolecular hydrogen bonds.

For the decanolic solutions with sodium caprylate present a rapid exchange
of protons occurs between the decanol OH-groups and the water molecules,
and therefore only an average resonance signal of the exchanging protons is
observed in these solutions. Since only one resonance signal for each kind
of protons is observed within the whole concentration range it is also con-
cluded that a rather rapid exchange of molecules occurs between the micelles
and the intermicellar solution. The observed peak position is thus determined
by the chemical shifts of the micelle-forming molecules and the “free’’ mole-
cules according to the formula »°" = p.»™ 4 (1—p)®, where »™ is the
chemical shift for molecules engaged in micelle formation while »* refers to
molecules dispersed in the intermicellar solution, » being the proton fraction,
4.e. the ratio of protons of a particular kind present in the micelles and the total
amount of protons present of the same kind. At a high relative amount of
micelle-forming molecules, ¢.e. at a low weight fraction of decanol, the average
peak position will therefore almost entirely be determined by the chemical
shifts of the protons present in the micelle molecules and vice versa. For the
solutions with ngo/fnacy = 26.2 (Fig. 3) the chemical shifts agree with those
observed for the pure water-decanol solutions down to a decanol fraction of
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95—96 9,. At further decrease of the decanol content the resonance lines of
«-CH,-NaCy, «-CH,-dec and CH,-dec are shifted very smoothly to various
degrees towards lower applied magnetic fields. From density, viscosity, and
low-angle X-ray measurements 5 we know that a change in the structure of
the decanolic solutions occurs in the concentration range 83—95 9, of decanol.
This indicates that already before the formation of real micelles smaller
aggregates of decanol, sodium caprylate, and water molecules exist and this
explains the smooth change of the slope of the recorded shift curves. (The
c.m.c. value given in the diagram should thus not be regarded as a well-
defined limit for the existence of micelles.’) The obtained down-field shifts,
especially the shift of the «-CH,-decanol protons indicate that the outer CH,-
groups of the carbon chains are exposed to an environment in the micelles
that reduces the screening as compared to that occurring in the intermicellar
solution. The rather large change in the H,0,0H-resonance line position is
due to the fact that at high decanol fractions the shifts are essentially deter-
mined by the decanol OH-resonance line position (142.0 cps) while at low
decanol fractions the water proton signal position predominates (164.8 cps,
see Table 1).

For the solutions with n3,0/%5acy = 5.9 the shift curves exhibit a some-
what different dependence on the decanol concentration (Fig. 4). Down to a
decanol fraction of about 90 9, the shifts of the CH,-protons are relatively
constant. The resonance line position of «-CH,-dec (238.4 cps) corresponds
to that observed in pure decanol, which seems to indicate that in these solu-
tions the water molecules are mainly coupled to the sodium caprylate mole-
cules. For smaller decanol fractions the down-field shifts obtained both for the
«-CH,-NaCy, a-CHy-dec, and to a certain degree also for the CH,-dec protons,
may be interpreted as being due to the formation of micelles. For decanol
fractions below 75 9, i.e. in the region where spherical micelles are supposed
to dominate,’ the «-CH,-NaCy and to a smaller degree the CH,-dec resonance
signals are shifted up-field while the «-CH,-dec resonance line position is
constant again (Fig. 4). This indicates the presence of different types of interac-
tion in the initial and the spherical micelles.

A calculation of the micellar resonance line positions may give a better
information of the molecular interactions in the micelles. However, we must
emphasize that the results obtained from these calculations will be afflicted
by quite a great uncertainty due to the fact that the shifts of the observed
resonance line positions are small and that rather loose assumptions have to
be made about the distribution of molecules between micelles and solvent.
As already mentioned the observed shifts obey the expression

oS = .y 4 (1—ph® = (¥*—1*) p + +»*

If the micelle composition and the relative amounts of free sodium caprylate
and water were approximately constant in the whole concentration range of
the respective system, constant values of »* and ™ would be expected.
Straight lines should thus be obtained, when »°s is plotted against the respec-
tive proton fraction p. In order to simplify the calculations of the different
proton fractions we assume that the micelle compositions are constant from

= 0 (¢.e. from the estimated c¢.m.c. values) up to p = 1, 7.e. 1 mole NaCy/3.6
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moles decanol/26.2 moles HyO and 1 mole NaCy/1.8 moles decanol/5.9 moles
H,0, respectively. The amount of sodium caprylate not engaged in micelle
formation has been calculated from the estimated c.m.c. values, viz. 89 9,
of decanol for the system with %u,0/fN.cy = 26.2 and 86—87 9, of decanol
for that with 7m,o/fNecy = 5.9. For the solutions with #y,o/fixacy = 26.2
good adaption to straight line was obtained in all cases, while the case
N,o/finacy = 5.9 a linear representation of the «-CH,-NaCy, a-CH,-dec and
CH,-dec shifts could only be obtained by way of two straight lines with dif-
ferent slopes intersecting at about 74 9, decanol and corresponding to different
values of (»™—»°). If the above-said assumptions were right, »* should
be constant and the difference in slope would only depend on »™. It should
also follow that the molecular interaction within the first formed micelles
and within the spherical micelles which predominate at low decanol fractions
would not be the same. The extrapolated resonance line positions at p =1
are given in Table 1 as well as those of some other solutions required for a
comparison. For the micelles in the system with n1,0/%Nacy = 26.2 the «-CH,-
dec resonance appears at a field about 4 cps lower than in the case of the
decanol solution saturated with water. This may be taken to indicate that the
group has a lower internal energy and that the water molecules are thermally
stabilized by the formation of a clathrate cage around the outer CH,-groups
of the carbon chains?® of these micelles. The presence of water molecules
which are hydrogen bonded to the carboxylate and hydroxyl groups, would
dispense with the need for sodium counterions at localized sites at the water
core surface. In the system corresponding to nm,o/fNacy = 5.9 the calculated
shifts of the CH,-group protons imply that in the first formed micelles a similar
bonding exists as in the micelles of the previous system. However, in the case
of spherical micelles, the relatively high resonance line positions of the CH,-
dec, «-CH,-dec and «-CH,-NaCy protons (see Table 1) indicate that very few
water molecules are present at the carbon chains. However, due to the low
mole ratios of water to sodium caprylate (5.9, ¢.e. approximately 10 M) and
decanol to caprylate (1.8) it is most probable that on the average, a quite
large amount of the sodium ions are adsorbed at the water core surface since
this would lead both to a smaller disturbance of the water structure and to a
decrease of the repulsion between the negative carboxylate groups. An interest-
ing observation regarding the spherical micelles at nmo/fnacy = 5.9 is that
resonance is obtained at about the same applied magnetic field as with the
mesomorphous F-phase samples,!® which is in equilibrium with these micelles
(Table 1). A different behaviour is, however, observed for the resonance signal
of the exchanging groups. At 30.5°C one observes two signals overlapping each
other, one relatively sharp with resonance at 159.0 cps and one which is very
broadened (the ratio between the relative line widths is about 1/14) but with
resonance at about the same place. An intensity analysis showed that the
sharp signal originates from the protons of the decanol-OH groups and the
broadened one from the water protons. At 20°C one single very broad reso-
nance signal is obtained and at 37°C the same sharp resonance signal as in the
other decanolic solutions. A resonance line broadening will be obtained for
protons, if the nuclear dipole-dipole interaction is not averaged by the thermal
motions of the molecules which is generally the case in solutions at room
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temperature. A calculation of the resonance line position of the water protons
gives the value 163 cps, s.e. the same as in the micellar solution with
nm0/fNacy = 5.9 (see Table 1). Addition of electrolytes generally shifts the
water resonance up-field due to the positive shift contribution from the
disrupture of hydrogen bonds which will be dominating.!,®* For this very
concentrated solution (nmo/ftxacy = 5.9, t.e. approximately 10 M) resonance
at a considerably higher magnetic field should be expected. (Compare the -
chemical shifts of the water protons for the other sodium caprylate solutions
in Table 1). The obtained chemical shift (163 cps) can be interpreted as if the
real ion-concentration is lower, .. the sodium ions and the carboxylate
groups mainly form ion-pairs. However, as the water molecules are few the
negative shift contribution originating from the polarization of those water
molecules which are dipolarly orientated to sodium ions will also cause a lower
chemical shift of the water protons than first expected.!'s'> Hydrogen bonding
to carboxylate and hydroxyl groups combined with a certain degree of dipolar
orientation to the sodium ions might be expected to prevent free rotation of
the water molecules and thus to explain the observed resonance line broaden-
ing of the water proton signal. In the micelle solutions the rapid exchange of
molecules between the solvent decanol and micelles should tend to prevent
such an effect.

For the solutions with constant weight fraction decanol (70 9%,) (Fig. 5)
a calculation shows that the amount of caprylate bound to micelles is approxi-
mately the same (pwacy = 0.76 to 0.76) and from Fig. 1 we can see that
spherical micelles are dominating. The observed small positive shifts of the
a-CH,-dec and «-CH,-NaCy proton resonances with an increasing weight
fraction of sodium caprylate or rather with a decreasing mole ratio of
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Na,0/MNacy May indicate that a relatively smooth change occurs in the molec-
ular interactions. These changes are accompanied by a parallel but stronger
change of the resonance line width of the sodium resonance signal. (For the
solutions with a weight fraction of sodium caprylate smaller than 13 9% the
real line width of the sodium resonance can not be determined due to the broad-
ening caused by the magnetic field inhomogeneities). For 22Na with spin
quantum number I = 3/2 the resonance line width mainly depends on quadru-
pole relaxation. The resonance line width is thus proportional to the inverse
relaxation time 7',"! = const. (¢®)7_, where the constant is determined by the
nuclear properties, (¢%) is the mean square electric field gradient at the nucleus,
and 7, is the correlation time characterizing the random molecular motions.
The observed line width broadening can thus depend both on an increase of
{g* and . A larger (¢*> will be obtained if the sodium ions are partly adsorbed
at the water core surface and this will also lead to a larger z_ as the thermal
amplitudes of the ions will then be attenuated. The observed strong resonance
line broadening for the solution with 7m,offixcy = 5.9 seems therefore to
confirm the assumption that the sodium ions are mainly adsorbed at the water
core surface in the system with ny,o0/fxacy = 5.9.
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