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ESR measurements of Mn2+ ions in aqueous manganese dodecyl sulfate (Mn(DS),) solutions with or without
0.05%, poly(N-vinylpyrrolidone)(PVP) were carried out at 30 °C. The dependences of linewidths and of ab-
sorption intensities on the Mn(DS), concentration in (Mn(DS),+0.05% PVP) solutions changed abruptly at
a concentration where a PVP-Mn(DS), complex begins to form. The same dependence in Mn(DS), solutions

was found around the CMC of Mn(DS), in water.

From the quantitative analysis of the data obtained, it was

concluded that the Mn(DS), molecules in the complex form a nearly micelle-like aggregate, and that most of

Mn?* ions bound onto the micelle-like aggregate or the Mn(DS), micelle exist in the Stern layer.

In addition,

the PVP concentration dependence of the similar quantities in (Mn(DS),+PVP) solutions with a constant
Mn(DS), concentration suggested that the polymer—surfactant complex changes its structure at higher PVP

concentrations.

In the past three decades, many investigators have
been engaged in the study of the interaction between
nonionic polymers and surfactants in water.) By ap-
plying various types of measurements (viscosity,2-5)
surface tension,%%7 solubilization,5-# electric conduc-
tivity,3-%) ionic activity,59 efc.1%10) details of the in-
teraction and its mechanism have become increasingly
clear. One of the important observations reported
so far is that a type of complex formation occurs be-
tween some polymers and surfactants; this was first
suggested by the fact that the viscosity curve of some
polymer solutions with surfactants resembles that of
polyelectrolyte solutions.1?

Since the complex can solubilize hydrophobic com-
pounds,1-®) its structure was presumed to have a hy-
drophobic region. The most acceptable structural
model at present’?%19 has surfactants bound onto
a polymer to form a micelle-like structure. The full
description of the structure, however, has not yet
been achieved completely. Several problems remain
to be solved: the number of surfactant ions in one
micelle-like aggregate;'% the degree of dissociation of
the counterions from the complex;® the binding mode
of the polymer to the surfactants which constitute
the micelle-like aggregate.l?)

Recently, magnetic resonance methods have been
widely applied to study micellar solutions.?®) For ex-
ample, the binding manner of ions to a micellar surface
has been studied by the ESR measurement of man-
ganese(II) ions (Mn?t ions) introduced as coun-
terions!3-1%) or probe-ions!®) into micellar solutions.
This method can yield information on the hydrophilic
region of micelles in contrast with the spin-probe
or spin-label method with nitroxide radicals which
gives mainly information on the hydrophobic region
of the micelles. If one uses surfactants which contain
Mn2+ ions as counterions, this method is free from
disturbing the system under investigation. In addi-
tion, ESR measurements by this method can easily
be applied to systems with lower sample concentrations.
In contrast, the NMR method requires a higher con-
centration owing to its lower sensitivity.ll)

The aim of the present paper is to investigate the
behavior of Mn?t+ jons in (polymer-}-surfactant) solu-
tions by the ESR method to clarify the binding state

of Mn2* jons in the polymer—surfactant complex in
comparison with the behavior of Mn2t ions in Mn-
(DS), solutions. In order to obtain the degree of
dissociation of Mn2+ ions from the complex, absorption
intensities of ESR signals will be measured. Line-
widths of ESR signals will also be measured so as
to establish the binding state of Mn?* ions in the com-
plex.

Experimental

Manganese dodecyl sulfate (Mn(DS),) was synthesized
from commercial sodium dodecyl sulfate of specially prepared
reagent grade and manganese chloride of guaranteed reagent
grade according to Miyamoto’s method.!” The Mn(DS),
was purified by several recrystallization from water.

Poly(N-vinylpyrrolidone) (PVP) which was purchased from
Nakarai Chemicals Ltd. was purified by dialysis using cel-
lophane tubing.

Surface tension measurements by a capillary rise method
were carried out at 254-0.05 °C to ascertain the purity of
Mn(DS), and the existence of the interaction between PVP
and Mn(DS), in water.

The ESR spectra were recorded at 304+0.5 °C on a JEOL
model FEIX spectrometer equipped with a variable tem-
perature accessory.

The ESR signal of solid DPPH was used as an external
reference in the calculation of the absorption intensities of
Mn2* ions in a series of sample solutions.

Results and Discussion

In Fig. 1, the values of the surface tension of aqueous
Mn(DS), solutions are plotted against the molar con-
centration of Mn(DS),, m. Obviously there is no
minimum in the resultant curve. From the break
point on its curve, the value of the CMG of Mn(DS),
in water was estimated to be 1.4 mmol kg=! which
is slightly higher than that reported in the literature.18)

A similar plot of aqueous (Mn(DS),-+0.05%, PVP)
solutions is also illustrated in Fig. 1; in this case, m
is the number of moles of Mn(DS), per kilogram of
a 0.05% aqueous PVP solution. This plot is evi-
dently different from that of aqueous Mn(DS), solu-
tions. It has two break points whose concentrations
do not coincide with the CMC of Mn(DS), in water.
This fact indicates that Mn(DS), interacts with PVP
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Fig. 1. Surface tension vs. log(m/mol kg—1).

O: Mn(DS), solutions, @: (Mn(DS),+-0.05% PVP)
solutions.

in some manner.

If one interprets the two break points according to
the previous studies on the interaction between sodium
dodecyl sulfate and some nonionic polymers,%? a kind
of complex formation between Mn(DS), and PVP
starts at the concentration of the lower break point,
my, and continues to the concentration of the higher
one, my. Above m,, micelles of Mn(DS), are produced
in the solution without further complex formation.
Thus, chemical species in the solution vary with m
in the following way: in region I (m<m;), Mn?*+ ions
and dodecyl sulfate ions (DS- ions); in region II
(my=m<m,), Mn?+ jons, DS— ions, and complexes
formed between PVP and Mn(DS), (P-S complexes);
in region III (my<m), Mn2?* ions, DS— ions, P-S
complexes, and Mn(DS), micelles. These three con-
centration regions are indicated by roman numerals
above the abscissa in the figure.

ESR spectra of Mn2t jons (§=5/2 and [=5/2)
obtained in the present study were composed of six
unequivalent lines; each of which contains five unre-
solved lines. Since the fourth line from the low field
side is nearly Lorentzian, its linewidths and absorption
intensities were measured as a function of m.

Figure 2(a) shows the dependence of the peak-to-
peak linewidth, W, , on m in two systems; the one is
aqueous Mn(DS), solutions, and the other is aqueous
(Mn(DS),+40.05%, PVP) solutions. In appearance,
there is little difference between the two systems;
W,, is nearly constant to m = ca. 1 mmol kg~, and
then increases with m. Since this concentration ap-
proximately corresponds to the CMC of Mn(DS),
in water or to the concentration, m;, at which the
P-S complex begins to form in the (Mn(DS),+0.05%,
PVP) solutions, the increase in W, reflects the for-
mation of micelles or P-S complexes.

According to Garrett and Morgan,!¥ the broadening
of W,, of Mn?t complexes in solutions is caused by
the decrease in perturbational correlation time and/or
by the alteration in the time-dependent spin Hamil-
tonian of Mn?* ions. When Mn?** ions are bound
onto the surface of the micelle-like region, both effects
can be expected to occur.

The similarity of the W, ,-m plot between the two
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solutions, @: (Mn(DS),+0.05% PVP) solutions.

Fig. 2. (b) Nor-

malized intensity vs. log(m/mol kg—1).

systems, therefore, may imply that there is little dif-
ference in the binding state of Mn?*t ions; it suggests
that Mn(DS), molecules bound onto the PVP aggre-
gate to form a micelle-like structure.

Normalized absorption intensities, /, of Mn?* ions
in the two systems are shown as a function of m in
Fig. 2(b); here, I was obtained by the normalization
of values which resulted from dividing absorption
intensities, I,, by m. The I, was calculated through
the following relation which holds for Lorentzian line
shapes:

I, oc by, X W2, (1

where £k, is the peak-to-peak height.

A small difference in the behavior of the I-m curve
can be seen between the two systems owing to the
rate of change in I being greater than that in W, .
In the case of Mn(DS), solutions, I takes a constant
value (=1.0) below m=1.1 mmol kg—! which is nearly
equal to the CMC, and then decreases steeply to a
saturation value (=0.35). On the other hand, in
the case of (Mn(DS),+0.05% PVP) solutions, the
steep decrease in I begins at m=0.9, mmol kg—1 which
is approximately equal to m; in Fig. 1. At higher
concentrations, the I-m curve approaches gradually
to that of Mn(DS), solutions.

According to the previous ESR studies on Mn?+
complexes in solutions,2%2) the loss of signal intensity
of Mn?t ions is attributed to the extreme broadening
of the linewidths beyond detection. This broadening
is caused by a large distortion from the octahedral
symmetry of Mn(H,O).2+ on the formation of unsym-
metrical inner-sphere complexes.

If one considers, on the basis of a simple micellar
model, that Mn?+ ions in Mn(DS), micellar solutions
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exist in three regions; the Stern layer, the diffuse
layer, and the bulk water, Mn?+ ions “bound” onto
the micelles are those in the two layers. Since Mn2+
ions in the Stern layer form inner-sphere complexes
with DS~ ions constituting micelles, they are responsible
for the intensity loss. On the other hand, those in
the diffuse layer which form outer-sphere complexes
with the DS- ions contribute to the broadening of
linewidths in Fig. 2(a).

By analyzing the intensity loss in Fig. 2(b) on the
basis of the simple idea, one can proceed to a quan-
titative discussion.

Denoting the degree of dissociation of Mn?*+ ions
from Mn(DS), micelles by «, and the fraction of Mn?+
ions in the diffuse layer in total Mn?* ions bound onto
micelles by B8, I, is combined with o« and § by the
following relation;

Iy o< m; + a(m—mg) + B(1—a)(m—my), (2)

where m, is the concentration of free Mn(DS), being
in equilibrium with the Mn(DS), in a micellar state.
The second and the third term represent the contri-
bution from Mn?t+ ions dissociating from micelles and
those in the diffuse layer, respectively.

Dividing the right hand side of Eq. 2 by m, I is
derived as follows:

I= 1"mi + {1-%) + B0 —a)(l ‘ﬂnf)
- (1—a——ﬁ+ocﬂ)%+ %+ B — ap. 3)

Moreover, by simple transformation of Eq. 3, the
following equation is obtained;

m(1—1I) = (p+1—a—p)(m—m). )

Supposing that Mn(DS), molecules bound onto PVP
form a micelle-like aggregate, in the case of (Mn-
(DS),+0.05% PVP) solutions, the equations similar
to Eqs. 3 and 4 can be described as follows:

I= (v potarf) "t b ov 4 fo—arfp,  (5)
m(1—1) = (@Bp-+ 1~ — pr) (m—m), ®)

where oP, f°, and m? are the corresponding quantities
to «, B, and m, in Egs. 3 and 4.

Plots of I vs. mgm and I vs. mt/m based on Egs.
3 and 5 respectively are shown in Fig. 3. Here, the
concentrations at the break points in Fig. 2(b) were
used as the constant values of m; and m}; that is,
m;=1.1 mmol kg-! and m?=0.9, mmol kg. In the
strict sense, m? varies from 0.9, mmol kg=' to 1.1
mmol kg—! in region II with an increase in m. The
present assumption that m? takes a constant value
of 0.9, mmol kg-1, however, does not introduce serious
errors in the calculation of m%/m in Eq. 5 and (m—
m}) in Eq. 6, since the difference between the two
values of m? (=0.1, mmol kg~!) is much smaller than
the value of m; (=4.6 mmol kg—1); the errors become
largest at m,. Roman numerals above the abscissa
indicate the regions corresponding to the three con-
centration regions in Fig. 1. The two plots in the
figure are depicted by the same straight line in regions
11 and III; in the plot of I vs. m}/m, there is no in-
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Fig. 3. Plots of I in Mn(DS), solutions vs. mg/m: (O),
and I in (Mn(DS),+4-0.05% PVP) solutions vs. mt/m:
(@).

10

2 |

©

E L

£

~ -

DR

\E/ -
I, I
| | |

(0] 5 10 15

(m-mg) /mmolkg™
or (m-m¢)/mmolkg”

Fig. 4. Plots of m(1—1) in Mn(DS), solutions vs. (m—
me): (O), and m(1—1I) in (Mn(DS),+0.05% PVP)
solutions vs. (m—m32): (@).

flection at the boundary between region II and region
II1.

Similarly, plots of m(1—1I) vs. (m—m,) and m(1—I)
vs. (m—m3}) based on Egs. 4 and 6 respectively are
shown in Fig. 4. The two plots are evidently on
the same line with no inflection in regions II and III
as well as in Fig. 3.

Thus, the results obtained in Figs. 3 and 4 indicate
that a~«? and B=~p°; in other words, the binding
manner of Mn?+ ions onto the micelle-like aggregate
is similar to that of Mn?* jons onto the Mn(DS),
micelles.

From the dependence of m; or CMC on the hydro-
carbon chain length of surfactants, Arai and coworkers”
have reported that the free energy of transferring a
CH, from aqueous solution to the micelle-like aggre-
gate in the P-S complex agrees with the result in the
simple micellar solutions without added polymers. It
can, therefore, be supposed that the structure of this
micelle-like aggregate is almost identical with that
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of an ordinary micelle.

It is clear from Egs. 3 and 4, that the simultaneous
determination of « and g from the y-intercept and
the slope of the straight lines (Figs. 3 and 4) is im-
possible; the value of f was therefore estimated by
the use of a value for « reported by Satake and co-
workers.22)  From electric conductivity data, they es-
timated « of magnesium dodecyl sulfate (Mg(DS),)
micelles to be 0.21 in a 0.1 mol dm—2 MgSO, solution.

The use of this value for Mn(DS), micelles in the
present study is permissible for the following two
reasons; one is the similar chemical character of Mn?*+
ions and Mg?t ions,??) and the other is the weak effect
of added electrolytes on the aggregation number of
dodecyl sulfate ions in micelles of bivalent metal do-
decyl sulfates.??)

Substituting this value (=0.21) for o« in the fol-
lowing equation which is obtained by analysis of
the lines in Figs. 3 and 4:

%+ f —af =0.32, ™

the value of § is estimated to be 0.14.

The magnitude of this f value implies that most
of Mn?* ions bound onto micelles exist in the Stern
layer as inner-sphere complexes with DS- ions. Since
BP is nearly equal to B, the same conclusion can also
be derived in the case of the micelle-like aggregate
in P-S complexes.

In order to investigate whether the structures of
P-S complexes change or not with an increase in
the PVP concentration, the linewidths and relative
intensities of the ESR signal of Mn?** ions in (Mn-
(DS),+PVP) solutions with various amounts of PVP
were measured at a constant Mn(DS), concentration.

log(PVP fraction)

Fig. 5. (a) Linewidth vs. log(weight fraction of PVP).
(b) Relative intensity vs. log(weight fraction of PVP).
Mn(DS), concentration=3.21 mmol kg~1. Closed
circles represent the values of the Mn(DS), solution
without PVP.
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If the structure assumed for the complexes in the
above discussion remains unchanged with increase in
the PVP concentration, W, , will increase slightly,
whereas I will decrease asymptotically, for the con-
centration m, gradually decreases with the increase
in the PVP concentration.1t)

The results where m=3.21 mmol kg~ are shown
as a function of the weight fraction of PVP in Fig.
5; the relative intensity, [p, means the ratio of I,
in (Mn(DS),+PVP) solutions to that in the Mn(DS),
solutions without PVP. Obviously, the curves de-
picted in the figure are not the predicted ones. W,
in Fig. 5(a) is nearly constant below 0.29%,, and then
increases slightly, while I, decreases asymptotically
to 0.29%, but above that concentration it increases
evidently.

This behavior may suggest a structural change of
the P-S complex at higher PVP concentrations; the
structure may transform into one with a weak binding
potential for Mn2+t jons.
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