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Abstract: 23Na nuclear quadrupole relaxation and shielding were studied for aqueous surfactant systems in order to get in-
formation on the mode of interaction between alkali ions and aggregates of anionic amphiphiles. For aqueous solutions of so-
dium octanoate and sodium octyl sulfate, data can be analyzed in terms of a simple two-site model. In this way information
is obtained on the association process, i.e., critical micelle concentration, premicellar aggregation, and changes in the degree
of counterion association, as well as on the interactions of the micellarly bound counterions. Several derived parameters are
markedly different in the two cases suggesting that the mode of counterion binding may be different for octanoate and octyl
sulfate micelles. This difference is discussed and it is tentatively proposed to be due to hydrogen-bond interactions between
the water of counterion hydration and carboxylate. From 23Na relaxation times and chemical shifts, it is found that counter-
ion binding in aqueous sodium cholate solutions changes much more gradually with concentration than in solutions of simple
soaps. The continuous transition from normal to reversed micelles in the systems sodium cholate-decanol-water and sodium
desoxycholate-decanol-water is found, from relaxation and chemical shift data, not to be accompanied by any marked
changes in counterion binding. On the other hand, drastic changes in counterion binding take place at the highest decanol
contents, probably reflecting an increasing fraction of nonassociated amphiphile. As a complement to the 2Na NMR studies
some experiments using #>Rb and !33Cs NMR were performed. The water isotope effect on the 133Cs chemical shift supports
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conclusions drawn from 22Na NMR studies that the alkali ions are, in general, hydrated when bound to micelles.

The self-association of amphiphilic molecules in aqueous
solution to small complexes, micellar aggregates of differ-
ent size and shape, and various types of liquid crystalline
phases is presently the subject of intense research.! An elu-
cidation of the interactions involved in the formation of ag-
gregates of amphiphilic molecules is of considerable theo-
retical and technical interest and is also of great importance
for the understanding of the function of many biological
systems.? For example, the structural similarities between
lamellar soap-water liquid crystals and various types of bio-
logical membranes is often emphasized.? In connection with
the sodium-potassium pump and some other important bio-
logical processes an understanding of the interaction be-
tween alkali ions and biological membrane surfaces is of
great significance.

Many experimental observations, concerned with, e.g.,
chemical activity,® translational mobility,> transference
numbers,® nuclear quadrupole relaxation,” and nuclear
shielding,® have shown that, in systems composed of water
and an ionic amphiphile, a fraction of the counterions is
more or less firmly attached to the amphiphilic aggregates.
Whereas this “counterion binding” as a phenomenon is well
documented, the details of the interactions involved are not
well understood. Counterion binding is often considered to
be an essentially nonspecific attraction of the counterions
into the potential trough due to the charged amphiphilic
end groups. However, several observations suggest that
quite specific interactions may be involved. So, for example,
micellar shape®'? and phase equilibria!' may vary drasti-
cally with the counterion. Further, counterion binding to
premicellar aggregates has been found to depend greatly on
the surfactant end group.'? In the present work, concerned
with NMR studies of alkali ion binding to micellar aggre-
gates, direct evidence for specific interactions between alka-
li ions and surfactant end groups is presented. The experi-
mental parameters used are NMR longitudinal and
transverse relaxation rates and NMR chemical shifts.
While alkali ion quadrupole relaxation has been used for
some years to study counterion binding in surfactant sys-
tems,'3'# it has only recently been observed that nuclear
shielding of the counterion changes at micelle formation.?

Mainly 22Na NMR was utilized in the present study; some
complementary experiments using ®3Rb and '33Cs NMR
were also performed.

In addition to simple alkali soaps, bile salts were included
in the investigation. It is now well established that these
salts aggregate in aqueous systems and that they form
mixed micelles with lecithin and cholesterol.'® The biologi-
cal significance of these micelles has motivated many stud-
ies aimed at an elucidation of their size and structure. Com-
pared to simple detergents the self-association of the bile
salts is very complex. Thus the formation of typical micelles
is very gradual and is preceded by the formation of various
small aggregates.!¢-'9 The alkali ion concentrations found
in biological systems make it reasonable to assume that
there is a significant binding of alkali ions to bile salt aggre-
gates. This counterion binding should affect self-association
equilibria and solubilization phenomena. In order to get an
insight into the interaction between alkali ions and bile salt
micelles, studies by NMR methods have been started. Part
of the present study is concerned with the binding of sodium
ions to cholate and desoxycholate micelles. The effect of
solubilization of decanol was also investigated, with particu-
lar attention to the change in counterion binding occurring
at the continuous transitions from normal to reversed mi-
celles in bile salt-decanol-water systems.?? The mixed mi-
celles formed in the presence of cholesterol or lecithin are
being studied and the results from this study will be re-
ported separately.

Experimental Section

Sodium octyl sulfate was bought from Merck AG and sodium
octanoate from The British Drug Houses Ltd., Poole, England.
These salts were used without further purification. Cholic acid was
obtained from Fluka AG, Buchs, Switzerland, decanol from The
British Drug Houses, and heavy water (with 99.8% isotopic enrich-
ment) from Norsk Hydro, Norway.

Sodium cholate and sodium desoxycholate were kind gifts from
Docent Krister Fontell, who also prepared several of the samples.
The purity of these salts as well as their preparation have been de-
scribed by Dr. Fontell previously.!® The cesium and rubidium cho-
lates were prepared by neutralization of cholic acid in absolute eth-
anol using ethanolic solutions of cesium and rubidium hydroxides,
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Figure 1, 23Na longitudinal relaxation rates, R, (sec™!), at 24° for
aqueous solutions of sodium octyl sulfate (®) and sodium octanoate
() as a function of the inverse soap molality.

respectively. The products obtained were recrystallized twice from
ethanol, and their purity was tested by nonaqueous titration with
perchloric acid in acetic acid using Crystal Violet as indicator. The
obtained equivalent weights were, for both salts, within 1% of the
correct value.

Solutions of sodium octyl sulfate were studied freshly prepared
in order to avoid hydrolysis. In the case of sodium octanoate and
sodium cholate the pH of some of the solutions was determined
and was found to be high enough so that no appreciable amount of
the protonated salts was present. Furthermore, no dependence of
23Na longitudinal relaxation time on pH was found in a wide
range around that used in the experiments.

The spin-lattice relaxation times, T|, were measured on a Bruk-
er BK-322s spectrometer at the resonance frequency 23.81 MHz.
The pulse sequence used was 180°-¢-90° and the logarithm of the
difference between the equilibrium magnetization and the magnet-
ization following the 90° pulse was plotted as a function of time to
obtain T. For the actual recording of the magnetization following
the 90° pulse, a “box-car” integrator was used. Each point on the
plot used to determine T, was the visual average of at least 50 sep-
arate measurements and each reported value is the average of at
least three separate determinations. The accuracy of the obtained
relaxation times is estimated to be about +5%. The sample temper-
atures were 24 + 2°,

A Varian V-4200 wideline NMR spectrometer equipped with a
12-in. magnet was used for the measurements of the 23Na and
133Cs chemical shifts and for all the line width measurements.

The 85Rb NMR signals were recorded as the derivatives of the
absorption mode signals at the resonance frequency 5.776 MHz
with a modulation frequency of 20 Hz. The peak-to-peak modula-
tion field amplitude was always less than one-fourth of the mea-
sured peak-to-peak line width. The radio-frequency field ampli-
tude was chosen sufficiently low so that it caused a saturation
broadening of less than 1%. The field inhomogeneity was found to
be about 2 uT. The 23Na line widths and the 22Na and '33Cs chem-
ical shifts were recorded using the side-band technique with a
modulation frequency of 400 Hz. The resonance frequency used
was 15.82 MHz for sodium and 7.845 MHz for cesium, and the
frequencies were stabilized within 1 Hz with crystal oscillator cir-
cuits. To improve the homogeneity and stability of the magnetic
field, we employed homogeneity coils (Varian VK-3532) and a
home-build superstabilizer. This gave a magnetic field inhomo-
geneity of about 0.7 uT. The 23Na line widths were taken as the
half-height signal widths directly from the spectra and were cor-
rected for magnetic field inhomogeneity.

The determination of the chemical shifts was performed by the
use of an external reference in a 5-mm tube coaxially inserted in
the 12-mm sample tube.

The references used were a saturated aqueous solution of
NaNO;j for 22Na and a 2 m CsCl solution for 133Cs. These solu-
tions have such great shifts that no distorting overlap occurs be-
tween the sample and reference signals. From the recorded spectra
the shifts were measured as the distance between the centers of the
reference and sample signals. These shifts were then converted into
shifts relative to infinitely dilute ions in aqueous solution.

For each sample, to compensate for slight unavoidable drift in
the magnetic field, the spectrum was swept up- and downfield an
equal number of times. The reported values, which are averages of
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Figure 2, 3Na longitudinal relaxation rates, Ry (sec™!), and #*Na
NMR chemical shifts, 8 (ppm), for aqueous sodium cholate solutions,
plotted as a function of the inverse cholate molality. The shifts are
given relative to sodium ions at infinite dilution in water. A positive 3 is
a shift to higher applied field. The insert includes longitudinal relaxa-
tion rates for the high concentration region. Here also for comparison
some transverse relaxation rates are given (@).

at least ten separate determinations, are estimated to have an ac-
curacy of better than +0.1 ppm. (For the decanol-rich solutions
the precision may be slightly lower.) A positive chemical shift cor-
responds to a shift to higher field. In all the measurements on the
wide line spectrometer the sample temperature was 26 % 2°.

No correction of our chemical shift data for differences in mac-
roscopic magnetic susceptibility between sample and reference so-
lutions was made. The work by Bloor and Kidd?! and by Temple-
man and van Geet22 shows that even for extreme concentration dif-
ferences between aqueous solutions the appropriate correction does
not exceed our experimental error. We have found that it is only in
the case of the data in Figure 5 that a significant correction should
exist. Although the main features of the plots in Figure 5 are unaf-
fected, an appropriate susceptibility correction may make the shift
less dependent on decanol content at low decanol concentrations
whereas the downfield shift at high decanol contents may become
slightly more pronounced.

Results

For aqueous solutions of sodium n-octanoate, sodium n-
octyl sulfate, and sodium cholate the 2*Na longitudinal re-
laxation time (7)) was studied as a function of soap con-
centration. The experimental data are given in Figure 1 for
sodium octanoate and sodium octyl sulfate and in Figure 2
for sodium cholate. Also, for sodium cholate, line width
studies giving the transverse relaxation time (T,) were per-
formed. Within experimental error T and T, were equal at
all concentrations. In order to make possible a comparison
with a simple model of micelle formation (see below) the re-
sults are presented as plots of relaxation rate vs. the inverse
surfactant concentration.

For the same systems, the chemical shift of the 2*Na
NMR signal was determined. The chemical shift data are
plotted as a function of inverse salt concentration in Figure
3 for sodium octanoate and sodium octyl sulfate and in Fig-
ure 2 for sodium cholate. The shifts, §, are given relative to
an infinitely dilute aqueous solution of sodium ion.

A positive chemical shift denotes a shift to higher applied
field. The shifts were obtained with a saturated sodium ni-
trate solution as reference, but were converted to the shift
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Figure 3, 2*Na NMR chemical shifts, 4 (ppm), at 26° for aqueous solu-
tions of sodium octyl sulfate (A) and sodium octanoate (0), as a func-
tion of the inverse soap molality. The shifts are given relative to sodium
ions at infinite dilution in water. A positive shift is to higher applied
field.
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Figure 4. 3Na longitudinal, R, (sec™'), and transverse, R2 (sec™'), re-
laxation rates for solutions containing sodium cholate (A and A) or
desoxycholate (O and @), decanol, and water as a function of the
weight percentage of decanol. The salt to water weight ratios were kept
constant at 1.22 and 1.00 for cholate and desoxycholate, respectively.
Filled symbols give R, values and open symbols R, values.

scale mentioned, from studies of the shift between the satu-
rated sodium nitrate solution and solutions with different
concentrations of sodium chloride.

The phase diagrams?® of the three-component systems
sodium cholate-decanol-water and sodium desoxycholate-
decanol-water show as an interesting feature, an amor-
phous liquid isotropic phase extending all the way from the
water corner to the decanol corner. It has been shown2° that
the solutions are molecule-disperse at the higher water and
decanol concentrations, respectively. However, in the rest of
the phase region, various types of aggregates exist with a
continuous transition from a region with normal micelles to
one with micelles of the reversed type. In order to elucidate
the changes in counterion binding accompanying the
changes in aggregation, 22°Na NMR studies were per-
formed. In Figure 4 23Na relaxation rates are given as a
function of weight percentage of decanol at a constant ratio
of salt to water for the two systems mentioned. Both the
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Figure 5, 2)Na (0) and '3*Cs (O0) NMR chemical shifts, § (ppm), at
26° for solutions composed of sodium or cesium cholate, decanol, and
water plotted against the decanol concentration. The molar ratios of
cholate to water were kept constant at 0.0511 in both cases. (This is the
same molar ratio as used for the 23Na relaxation studies represented in
Figure 4.) The weight-percentage scale is valid for the case of sodium
cholate whereas the mole fraction scale applies to both systems.
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Figure 6, '33Cs NMR chemical shifts, 8 (ppm), at 26° for aqueous cesi-
um cholate solutions as a function of the inverse cholate molality. The
shifts are given relative to cesium ions at infinite dilution in water.
Shifts to higher field are positive.

longitudinal (R;) and the transverse (R;) relaxation rates
are given. R, was obtained from the line width of the ab-
sorption NMR signal with a correction for the magnetic
field inhomogeneity. In the case of slow relaxation, R, is
more reliable than R, because of the effect of magnetic
field inhomogeneity, whereas the reverse is true in the case
of very rapid relaxation. 23Na chemical shift data for the
system sodium cholate-decanol-water are given in Figure 5
as a function of the decanol concentration.

As a complement to the 23Na studies, limited #5Rb and
133Cs  NMR studies were performed. For 8°Rb
the transverse relaxation rate was determined from the line
width of the absorption mode derivative spectra whereas for
133Cs chemical shift measurements were performed. 8°Rb
relaxation rates obtained for the rubidium cholate-decanol-
water system are given in Table I and some experiments
with octyl sulfate solutions are described below. The con-
centration dependence of the '33Cs chemical shift of aque-
ous cesium cholate solutions is presented in Figure 6. In
Figure 5 '33Cs chemical shifts are given as a function of the
decanol concentration for the system cesium cholate-deca-
nol-water.
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Table [. **Rb and **Na Relaxation Rates, Ropgd, and Ratios Rgpsd/R, @ for Some Rubidium Cholate and Sodium Cholate Solutions

Rbt Nat
Sample composition, mol % .
P postion. m 2 Relaxation rate, Ratio Relaxation rate, Ratio
Cholate Water Decanol Rz,obsd (sec™) Rz,obsd/Rz,o Rx,obsd(sec—l) Rl,ObSd/Rl,o
0.74 99.26 0 1.95 30.7 1.66
1.15 98.85 0 2.13 42.0 2.27
2.67 97.33 0 1,965 4.27 80.1 4.32
4.19 82.03 13.78 6,590 14.3 187 10.1
2.56 48.56 48.98 11,600 25.1 300 16.2

4The R,'s are relaxation rates of rubidium and sodium ions in dilute aqueous solutions. The values used are R, , = 460 sec ™ and R, , =

18.5 sec™ for Rb* and Nat, respectively.

Table II. Effect of Substitution of D,O for H,0 on **Na
Longitudinal Relaxation Rate, R, for Samples Composed of
Sodium Cholate, Decanol, and Water

Relaxation rates,

Sample composition, mol % R, (sec™)
Ratio?
Sodium H,O or With With R"Dzo/
cholate  Decanol D,0 D,0 H,0O R, H,0
3.3 0 96.7 133 110 1.24 £ 0.03
4.2 13.6 82.0 248 214 1.22+0.03
2.5 49.0 48.5 319 282 1.22 +0.03

aQbtained after a correction described in the text.

The water isotope effect was studied with 23Na in the
case of relaxation rates and with '33Cs in the case of chemi-
cal shifts. The ratio of the longitudinal relaxation rate for
solutions containing DO to those containing H,O was
found to be 1.22-1.24 for three samples in different parts of
the sodium cholate-decanol-water system (Table II). In
obtaining these values, a linear correction was applied for
the dilution of D,0O, which arose from the deuteron ex-
change with decanol and cholate hydroxyls.

It has been noted in previous work?324 that for the halide
ions and at least the heavier ions, exchange of D0 for H,O
in aqueous alkali halide solution markedly changes the nu-
clear shielding. In order to examine if this effect prevails
also in micellar solutions, the '33Cs chemical shifts of aque-
ous solutions of cesium n-dodecanocate were measured. It
was found that even at high concentrations no significant
reduction of the water isotope effect below the value ob-
served for cesium chloride solutions occurs. So, for example,
for a 1.5 M cesium dodecanoate solution the chemical shift
was found to be 0.85 ppm higher with DO as solvent than
with H»O. Similar observations have been made with aque-
ous solutions of n-dodecyltrimethylammonium chloride
using 35CI NMR.%3

Discussion

Relaxation. The relaxation of both 23Na and #Rb nuclei
in solution is generally dominated by time-modulated inter-
actions between the nuclear electric quadrupole moments
and electric field gradients at the nuclei. Previous
studies”:2026-28 provide the basis for a general interpreta-
tion of the quadrupole relaxation of counterions in surfac-
tant systems. It may be demonstrated”'9.27 by studying the
frequency dependence of the relaxation time or by compar-
ing the longitudinal (7)) and transverse (7,) relaxation
times that extreme narrowing conditions normally apply.
As can be seen from Figures 2 and 4 the equality of T and
T, is demonstrated to hold, within the experimental error,
over a wide range of relaxation rates for some of the sys-
tems considered in this treatment. Under conditions of ex-
treme narrowing the relaxation rates may be written?®

11 i(e%Q)z 21 + 3 1

T, =T, %0\ 7 /T(a-Dn"

Here I is the spin quantum number which is 3 for 23Na
and % for ®Rb, eQ the nuclear electric quadrupole mo-
ment, and eq the largest component of the electric field gra-
dient tensor being modulated by the molecular motion.
(The gradient, assumed to have cylindrical symmetry, is
taken in its principal axes system.) r. is the time constant of
the variation of the field gradient. In those cases where line
width was measured, T, was obtained either from 7,~! =
mAv)yy or from To~' = w/3Avy,, where Ay, is the line
width at half-height of the absorption peak and Avp, the
peak-to-peak line width of the absorption mode derivative
signal.

In cases where the nuclei studied undergo rapid (com-
pared to relaxation) exchange between different sites hav-
ing different relaxation rates, the resulting longitudinal or
transverse relaxation rates are given by

Rosa = 2_PiR; (2)

where p; is the fraction of nuclei in site / and R; is the in-
trinsic longitudinal or transverse relaxation rate of site i.
Previous studies”!%:!427 of the temperature dependence of
the relaxation rate and of the counterion isotope effect have
demonstrated that counterion exchange is rapid compared
to relaxation and that eq 2 can be assumed to apply for the
systems studied here.

It will be assumed that for counterions in micellar solu-
tions only two binding sites have to be considered; i.e., the
counterions are either free or attached to the micelles. Fur-
ther we assume as a first approximation that the ratio of
counterions to surfactant ions in the micelles is independent
of concentration and that the pseudo-phase separation
model of micelle formation applies. It may be shown,”’
that, with these assumptions, for concentrations below the
critical micelle concentration (cmc) one obtains the relation

Ropea = Ry (33)

which should be approximately independent of soap concen-
tration. Above the cme

B+ cmc

Robsd = Rf + B(Rm - Rg) - C,

(Ry = RY) (3D)

Here Rf and Ry, are the intrinsic relaxation rates of free
and micellarly bound counterions, respectively, 8 is the
ratio of counterions to surfactant ions in the micelles, and
C. is the total surfactant concentration.

According to eq 3 we expect, for the simple model consid-
ered, to obtain two straight lines intersecting at the critical
micelle concentration if the relaxation rate is plotted
against the inverse soap concentration. As can be inferred
from Figure 1, R obsa Of 23Na for sodium octanoate and so-
dium octyl sulfate solutions follows the predicted behavior
over a wide concentration range around the cmc. From the
intersection points of the two straight lines the cmc’s are ob-
tained as 0.37 m for sodium octanoate and as 0.14 m for so-
dium octyl sulfate. These values are in good agreement with
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cmc determinations by means of other methods.>3? In the
case of sodium octanoate there appears to be a marked in-
crease in R at concentrations considerably below the cmc.
The increase in R, appears to start in the concentration re-
gion where the onset of formation of smaller complexes has
been inferred from other experimental quantities (see ref 5
and literature cited therein). No corresponding increase is
observed in the case of sodium octyl sulfate. This indication
that sodium ions bind to premicellar complexes in the case
of octanoate but not in the case of octyl sulfate is in agree-
ment with recent observations'? of differences in counterion
binding to premicellar aggregates between surfactants with
different end groups. It should be noted, however, that an
inapplicability of the pseudo-phase separation model may
give rise to some curvature in the plots around the cmec. De-
viations from the behavior predicted, corresponding to an
enforced quadrupole interaction, occur also in the high con-
centration region (which was not studied in detail), i.e.,
above about 1.2 m for sodium octanoate and 0.8 m for sodi-
um octyl sulfate. These slope alterations in the plots may be
due to increases in 8 and/or Rm. For sodium octanoate the
enhanced relaxation starts at about the same concentration
as that at which self-diffusion data have demonstrated an
increase in the ratio of counterions to surfactant ions in the
micelles.?

From the slopes or intercepts of the straight lines above
the cmc in Figure 1, 3(Rm — Rg) is obtained (using Rr
values extrapolated to the cmc) as 28 sec™! for sodium octa-
noate and as 20 sec™! for sodium octyl sulfate. If we assume
B = 0.6 (cf. ref 5 and references therein) we get Ry, = 66
sec™! for sodium octanoate and Ry, = 52 sec™! for sodium
octyl sulfate. For the ratio of R, to R, the 23Na relaxation
rate at infinite dilution in water, we obtain 3.48 and 2.77
for sodium octanoate and sodium octyl sulfate, respectively.
(Rm/ Ry is given by ¢m?rem/qo’7c0 where the subscripts on
q and 7. are as above.)

85Rb transverse relaxation rates for aqueous rubidium
octanoate solutions are given in ref 7 and using the same
procedure as above we obtain R/ Ro = 3.46.

In order to obtain information on the relative binding af-
finities of alkali ions to octyl sulfate micelles and to obtain
an estimate of Ry/Ry for 83Rb* the following experiments
were performed. For a 0.5 M sodium octyl sulfate solution
the effect on the 23Na longitudinal relaxation of adding
LiCl, NaCl, or RbCl (to a final concentration of 0.5 M)
was investigated. 7| was found to increase from 29.3 msec
to 31.0, 33.0, and 35.5 msec on addition of LiCl, NaCl, and
RbCI, respectively. If these differences can be referred sole-
ly to competitive binding of the different alkali ions it is
clear that according to eq 2 (cf. also ref 31) the affinities of
binding to the micelles are in the sequence Rb™ > Na* >
Li*. For the solution containing 0.5 M sodium octyl sulfate
and 0.5 M RbCI the 85Rb transverse relaxation rate was de-
termined to be 1580 sec™!, and we obtained for this solution
Robsa/Ro = 1.9 for 2’Na and Rousa/Ro = 3.5 for 85Rb.
This indicates that in the case of octyl sulfate micelles
Rm/Ro is considerably greater for Rb* than for Nat¥.
Rum/Ry for Rb* bound to octyl sulfate micelles was esti-
mated as 7.0 assuming that the total concentration of bound
counterions is the same for the solution containing sodium
octyl sulfate and NaCl as for that containing sodium octyl
sulfate and RbCI. Although this value of R/ Ry is approxi-
mate there is no doubt that R,/Ro is greater for Rb™
bound to octyl sulfate micelles than for Rb* bound to octa-
noate micelles.

In order to understand the relaxation rates of the micel-
larly bound counterions we must identify the motion caus-
ing relaxation. From a recent investigation?® of this prob-
lem it appears that the absence of changes in relaxation rate
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at phase transitions,3? as well as some other observations,
strongly indicates that a local motion, and not a motion over
the micellar dimensions, is causing relaxation. For a num-
ber of cases the relaxation rate has been found to increase
by ca. 20% on substitution of D,O for H,O. This is the
same change as observed for nonassociated hydrated ions33
and corresponds to the isotope effect in water viscosity and
water translational diffusion.?* It is reasonable to assume
then that the motion causing relaxation is somehow con-
nected with the motion of the water molecules. The alkali
ions in micellar solutions can be assumed to be hydrated (cf.
ref 13 and the chemical shift data presented above). One
motional process which may give a rationalization of coun-
terion relaxation data in surfactant systems is the exchange
of the hydrated counterion between the micellar surface
and the intermicellar solution.?®

The difference in behavior of R/ Ro between octanoate
and octyl sulfate micelles indicates that there may be a
marked difference in the mode of interaction between coun-
terion and surfactant end group in the two cases. Muker-
jee?? has proposed that, for carboxylate end groups, hydro-
gen bonding between the surfactant end group and the
water of counterion hydration should be important, whereas
this mechanism should not be significant for alkyl sulfates
with their low basicities. For octyl sulfate micelles then,
simple electrostatic interactions should explain counterion
binding and we expect affinities to increase with decreasing
radius of the hydrated alkali ion. Furthermore, since in the
relaxation mechanism considered above the field gradients
decrease rapidly with increasing distance between bound
counterion and surfactant end group,?® we expect a consid-
erably greater relative change in the field gradient on bind-
ing to the micelles of the more weakly hydrated Rb* ion
than with Na*. Thus we expect R,/ Ry to be considerably
greater for Rb* than for Na* for nonspecific electrostatic
binding. It appears that our results on relative affinities, as
well as on the relaxation rates, are in agreement with the
predicted behavior for octyl sulfate micelles.

The observations that, for octancate micelles Ryn/Rp has
approximately the same value for Rb* and Na* and that
R, is greater for Na* bound to octanoate micelles than
when it is bound to octyl sulfate micelles, are consistent
with the proposal that, in addition to electrostatic effects,
hydrogen bonding effects are significant in the case of octa-
noate micelles. Hydrogen bonding should be more effective
in the case of the more strongly polarizing sodium ion.
Since the motion causing relaxation involves the motion of
the water molecules, the greater Ry, in the case of octa-
noate micelles for Na™, is in line with a reduced mobility of
the water molecules as a result of hydrogen bonding to the
soap end group.

The model proposed above for the relaxation process and
for the interactions involved in the counterion binding to
micelles appears to get further support from the data pre-
sented recently by Robb and Smith.3¢ A further demonstra-
tion of the difference in interaction mechanism between the
two cases is provided by the chemical shift data which will
be discussed below.

From the 23Na longitudinal and transverse relaxation
rates presented in Figure 2, it is apparent that cholate mi-
celles behave quite differently from the simple soap micelles
considered so far. The fact that, for sodium cholate solu-
tions, changes in counterion relaxation rate are more grad-
uval, implies that the aggregation process is more complex
involving complexes of different size and structure. If the
plot in Figure 2 is analyzed in terms of the simple model
considered above, we obtain for the cme 0.10 m and, fur-
thermore, there appears to be a marked change in counter-
ion binding at ca. 0.41 m. The cmc value obtained agrees
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closely with the concentration at which aggregates of micel-
lar dimensions appear to form according to investigations
using other methods.'-'® The enhanced counterion binding
observed at 0.41 m strongly indicates a change in the micel-
lar structure, which is also proposed in studies using other
experimental techniques.'®-'?

For the aggregates which start to form at about 0.1 m the
quantity (R, — Ry) is obtained as above to be 15 sec™! for
the cholate micelles. The fact that this value is markedly
lower than that for octanoate micelles, where the same
polar end groups occur, can probably be referred to a con-
siderably lower degree of counterion association. This is ex-
pected since bile salt micelles, as a result of the detergent
molecular structure, should have considerably larger areas
per carboxylate group than normal detergent micelles.
Making the unexamined assumption that Ry, is the same in
the two cases we obtain for cholate 8 = ca. 0.3.

Fontell?? has demonstrated that in the three-component
systems sodium cholate-decanol-water and sodium desoxy-
cholate-decanol-water there is a continuous transition from
normal to reversed micelles. The transition appears to occur
at a decanol concentration of about 50% by weight, whereas
above about 90% by weight of decanol, micelles do not
form.2% As can be seen in Figure 4 the 23Na transverse and
longitudinal relaxation rates are, except for the highest de-
canol contents, only moderately dependent on decanol con-
centration. These results have some interesting implications
concerning the counterion binding and the relaxation mech-
anism. First, while small slope alterations in Figure 4 may
be present in the range 45-50% decanol by weight, there
appear to be no major changes in counterion binding at the
transition from normal to reversed micelles. On the other
hand, drastic changes take place at the transition from re-
versed micellar to molecule-disperse decanolic solutions.
This is explainable in terms of a model with hydrated coun-
terions in the water cores of the reversed micelles. As long
as the reversed micelles exist, the sodium ions can retain
binding and hydration properties similar to those in solu-
tions containing normal micelles, but as the reversed mi-
celles break down the counterions probably become partial-
ly dehydrated and therefore interact more strongly with the
amphiphilic anions forming some type of ion pairs. This pic-
ture explains the weak dependence of relaxation rate on de-
canol concentration in the micellar region and an extensive
hydration of the sodium ions is also implied by the experi-
ments concerned with the water isotope effect (Table II).

Also for an understanding of the relaxation mechanism
the data presented in Figure 4 are significant. The observa-
tion that the relaxation rate remains nearly unchanged,
even on drastic changes in aggregate curvature and size as
well as in viscosity,2? tends to exclude a motion over the di-
mensions of the aggregates (micellar rotation and lateral
diffusion of counterions or amphiphile) as a possible relaxa-
tion mechanism. Instead a local motion, for which some
other arguments are given in ref 28, is strongly proposed as
the cause of relaxation. The observed water isotope effect
suggests this local motion to involve the displacement of
water molecules. The transverse and longitudinal relaxation
times are the same, within experimental error, even at very
high decanol contents, implying that the correlation time is
always considerably less than 1078 sec.

The 85Rb relaxation rates given in Table I show a behav-
ior similar to the 23Na relaxation rates. A comparison be-
tween 83Rb and 23Na of the relative relaxation rates, Robsd/
Ry, is also made in Table I. In decanol-free solutions Rgpsq/
Ry is approximately the same for the two counterions and
since this was also found for octanocate micelles the mode of
counterion binding is proposedly the same in these two
cases. As decanol is added Robsq/Ro of Rb* becomes con-

siderably greater than that of Na*. This can probably be
referred to differences in hydration properties between the
two ions. Thus the more strongly hydrated sodium ion is ex-
pected to be influenced to a quite small extent by environ-
mental changes, whereas, for Rb*, decanol addition may
cause a partial dehydration.

Shielding. As a complement to our quadrupole relaxation
studies, investigations on the same systems of the counter-
ion chemical shifts were performed. It was recently discov-
ered that the counterion nuclear shielding starts to change
at the critical micelle concentration® and that the method,
therefore, should be useful in exploring ion interactions in
amphiphilic systems. In comparison to the quadrupole re-
laxation rates, which depend also on microdynamic proper-
ties, the chemical shifts should contain information more
directly related to the mode of interaction. However, where-
as the theory of quadrupole relaxation is quite well devel-
oped, understanding of the chemical shifts of alkali and ha-
lide ions is, even for simple solutions, very incomplete. From
an experimental point of view, however, the dependence of,
especially the 23Na chemical shifts, on environmental
changes has been fairly extensively studied. Bloor and
Kidd37 showed from theoretical estimates that, for sodium
ions in solution, the shift is dominated by paramagnetic ef-
fects. Therefore, it is reasonable to interpret 23Na chemical
shifts in terms of an overlap of the outer p orbitals of the so-
dium ion with the outer s and p orbitals of surrounding sol-
vent molecules or ions. This interpretation advanced by
Bloor and Kidd was supported by their own investigations
on the solvent dependence of the shielding.?” Also the more
extensive studies on the solvent effect presented by Popov et
al.38-40 showed a very good correlation between 23Na chem-
ical shift and solvent electron donor ability. Alkali ion
chemical shifts in the presence of other ions have been stud-
ied for a number of aqueous solutions,?'?241:42 The effect
of a large number of anions on the chemical shift of the al-
kali ions in water was found to be explainable in a way
analogous to the solvent effect, i.e., that the more strongly
electron-donating is the anion the greater is the downfield
shift observed.?!?2 Since a considerable paramagnetic con-
tribution to the shift is due to the water molecules it is im-
portant to take into account also the modification of this
term arising from the presence of other species in the solu-
tion.

Although a quantitative interpretation of our 23Na and
133Cs chemical shift data is impossible, the studies cited
above provide us with a good basis for qualitative consider-
ations.

The concentration dependence of the chemical shift can
be rationalized using the same model as used above for the
quadrupole relaxation rate. Thus assuming a two-site model
with a constant counterion association degree and the appli-
cability of the pseudo-phase separation model of micelle
formation, we obtain, using the same notation as above, for
concentrations below the cme

Oopsa = O (4a)
and for concentrations above the cmc
greme
Bouss = 01 + B0, — 0 — ZC(6, — 8 (4D)

t

It can be seen from Figure 3 that the data obtained for solu-
tions of sodium octanoate and sodium octyl sulfate conform
closely to the simple model considered. From the intersec-
tion points of the straight-line segments in Figure 3, we ob-
tain for the cme the values 0.38 and 0.14 m for sodium oc-
tanoate and sodium octyl sulfate, respectively. These values
are in good agreement with those obtained from the 23Na
relaxation rates and with the literature values cited above.
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Deviations from the simple model occur at higher concen-
trations (about 1.2 m for octanoate and 0.8 m for octyl sul-
fate) and indicate an enforced counterion binding charac-
terized by increases in either 8 or |6y, ~ &4 or both. The
qualitative binding information derived is again in agree-
ment with that derived from quadrupole relaxation rates
and translational mobilities.>

From the slopes or intercepts of the plots in Figure 3 the
quantity 8(6m — &¢) is obtained as —0.56 ppm for octanoate
micelles and as 0.53 ppm for octyl sulfate micelles. The fact
that the chemical shift changes in opposite direction on mi-
celle formation in the two cases deserves special consider-
ation. According to the general discussion of alkali ion
chemical shifts which was given above, these observations
imply (relative to the ‘“‘free” hydrated sodium ion) an en-
forced overlap between the outer sodium orbitals and the
orbitals of surrounding species in the case of octanoate mi-
celles. In contrast, this overlap should be reduced in the
case of octyl sulfate micelles.

The discussion of the relaxation data led to the conclu-
sion that the alkali ions are hydrated when bound to the mi-
celles, and further support for this idea is provided by the
results given above concerning the water isotope effect in
the 133Cs chemical shift. Thus we find, within our experi-
mental error, the same difference in chemical shift between
D,0 and H;O solutions for micellar cesium dodecanoate
solutions as for cesium chloride solutions. (We believe that
the water isotope effect in alkali and halide ion chemical
shifts is in general a most interesting way of probing into
the hydration properties of small ions and further studies on
a variety of amphiphilic systems are in progress.)

If we make the reasonable assumption that the sodium
ions are hydrated at the micellar surface, then what we ob-
serve are modifications of the sodium-water overlap. Con-
sequently, the water of sodium ion hydration has a greater
electron donating ability when the sodium ion is bound to
an octanoate micelle than when it is free in the bulk solu-
tion. For the case of octyl sulfate micelles the reverse situa-
tion should apply. This difference between the two cases
should have a significant bearing on the understanding of
the mechanism of counterion binding. While detailed con-
clusions, in view of the deficient theoretical understanding
of alkali ion chemical shifts, are somewhat dangerous, the
fact must be pointed out that our observations appear to
offer good support for the proposal®S that hydrogen-bond
interactions between surfactant end group and water of
counterion hydration are of great importance.

Thus we may explain the observation that the paramag-
netic shielding is markedly greater in the case of octanoate
micelles than in the case of octyl sulfate micelles in the fol-
lowing way. In the case of octanoate, hydrogen bonds be-
tween —~CO,~ and water are significant. For a water mole-
cule belonging to the hydration sheath of a sodium ion, hy-
drogen bonding will be strengthened as a result of the great
polarizing ability of the sodium ion. As a consequence of
the hydrogen bonding, the water oxygens acquire greater
negative charge and thus become more strongly electron
donating. In view of the low basicity of the sulfate end
group the mechanism postulated for octanoate should not

- be appreciable for the octyl sulfate micelles. Although al-
ternative interpretations of our data are possible, the consis-
tent picture provided by chemical shift and relaxation data
should make it important to further investigate, by other in-
dependent methods, the model considered here.

The 23Na and '33Cs chemical shift data for cholate solu-
tions (given in Figures 3 and 6) show, in comparison with
the simple surfactants, a more gradual change in counterion
chemical shift with concentration. The quantity 8, — 8¢ ob-
viously has the same sign for cholate micelles as in the case
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of octanoate micelles, pointing to a similar interaction in
the two cases, but, in view of the gradual change in counter-
ion binding with concentration, a determination of the shift
of micellarly bound counterions is impossible for the cholate
solutions.

Studies of the 23Na and '33Cs chemical shifts of solutions
containing sodium or cesium cholate, decanol, and water
show relatively small variations in 6 with decanol content as
long as it is 70% or lower. However, above this value, a
marked downfield shift is observed (Figure 5). This is con-
sistent with what was inferred from the counterion quadru-
pole relaxation rates above; i.e., the changes in counterion
binding are small at the transition from normal to reversed
micelles but that marked changes occur when the decanol
content approaches values where the reversed micelles cease
to exist. The great downfield shift observed at high decanol
contents can probably be referred to an enforced interaction
between the hydrated counterion and the charged amphi-
phile end group.

The data presented in Figure 5 also give significant infor-
mation on counterion hydration. Thus, according to the
study of Erlich and Popov,3® the complete exchange of alco-
hol molecules for the hydration sheath of Na™ is expected
to lead to an upfield shift of several parts per million. Such
a tendency is not observed and, therefore, further support is
provided for our conclusion that the counterions remain ex-
tensively hydrated at quite low water concentrations.
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Abstract; Successive methylation or hydrogenation in the equatorial position of fluorophosphoranes produces strong de-
creases in the (P-F) axial overlap population obtained from extended Hiickel calculations in agreement with experimental
data. The trends are rationalized in terms of a repulsive interaction between the lone pairs of the axial fluorine atoms and the
equatorial o bonds. The structures of PFs, PF4CH3, and PF;(CH3); were optimized by the CNDO/2 method confirming the

overlap population trends.

There has been a recent flush of interest in the molecular
orbitals of phosphoranes at both the semiempirical' and ab
initio levels.>> Most of these studies have been directed at d
orbital participation,'# the pseudo-rotational process,'-? or
conformational effects.' > In this paper we examine anoth-
er facet of phosphorane chemistry, bond length variation
with substituent. It has been known® for some time that suc-
cessive methylation of pentafluorophosphorane produces a
steady effect wherein the P-F axial bonds, (P-F)., in-
crease in length faster than do the remaining P-F equatori-
al bonds, (P-F).q. See Table 1.

These phenomena have been discussed in terms of elec-
tron pair repulsion theory by Gillespie’ and qualitative mo-
lecular orbital theory by Bartell® and Gavin.® The present
work represents the results of a series of extended Hiickel'?
and CNDO/2'! calculations wherein the structures PFs,
PF4CH3, PF3(CH3)2, PFz(CH3)3, PF4H, PF3H2, and
PF,H3; were examined and some optimization performed
using CNDO/2 calculations.

Results and Discussion

Ideally the effect of substitution on bond length could be
investigated through bond length optimization. However,
the extended Hiickel method does not generally yield satis-
factory bond lengths upon optimization and our approach
instead is to use Mulliken overlap populations as indicators
of bond strength (and thus length) while actually holding
the bond length constant for the various calculations.

We start by examining the effect of equatorial group
electronegativity as shown in Figure 1 where we show the
effect of successive methylation and hydrogenation in the
equatorial positions of a PFs.!2 The overlap populations
show that the axial P-F bonds are weakened much more by
substitution than are the remaining P-F equatorial bonds.
Furthermore, it is interesting that the effect is approximate-
ly linear with the extent of substitution.

We may now inquire as to the source of the (P-F),x over-
lap population decrease relative to the remaining (P-F)eq
overlap populations. More specifically, we ask if the de-
crease is localized in the o or = type interactions of the (P-
F)ax bond. Furthermore, what is the role of d orbitals.

We start our inquiry by examining a model compound,
PL,L;*, wherein both L and L* resemble hydrogen atoms
in that they bear only ls orbitals and both the P-L and
P-L* bond lengths are 1.44 A. The L atoms occupy the
axial positions and the L* the equatorial. Figure 2 shows
the behavior of the (P-L),y overlap population, a pure ¢ in-
teraction, as a function of the decreasing electronegativity
(i.e., the value of Hj;) of the equatorial L* atoms. (The
value of Hj; for L is kept at ~18.0 eV.) Without utilizing d
orbitals there is a progressive decrease in the total overlap
population for the (P-L),x bond. Examining the contribu-
tions from the individual molecular orbitals shows that the
weakening originates in the 2a,” orbital. In order to under-
stand this behavior we employ the interaction diagrams of
Figure 3. In the middle of the diagram are the localized o
and o* (P-L),x combinations, which are not affected (in
the Hiickel approximation) by the changes in the electrone-
gativity of the equatorial L* atoms. When the L* atoms are
of high electronegativity (left side of Figure 3) the 2a," or-
bital is derived primarily from the mixing of the L3* frag-
ment and the axial o combination. There is not much incor-
poration of the axial ¢* fragment. On the other hand, when
the L3* is of higher energy (right side of Figure 3), both the
axial ¢ and o* combinations mix into the 2a,” orbital. Since
the axial o fragment is lower lying, it mixes in (P-L).q anti-
bonding while the higher lying o* combination mixes in
bonding. There is a cancellation occurring in the contribu-
tion from the 3s orbital of the P and the 2a, orbital is essen-
tially nonbonding. Now, as the electronegativity of the L*
atoms is decreased the energy of the L3* fragment is in-
creased (as shown on the right of Figure 3). The energy gap
between the ¢* combination and the L3 fragment is less-
ened and the mixing of the (P-L)ax o* fragment into the
2a, orbital increased. As a result the 2a,’ orbital becomes
more decidedly (P-L).x antibonding. On the other hand,
the lowest occupied valence shell orbital, 1a)’, will have a
more bonding (P-L),x interaction as the L* electronegativ-
ity increases. This is simply because the 1a,” orbital will be-
come more and more the pure (P-L),x o combination of
Figure 3.

Turning to the “with d” results displayed in Figure 2 we
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