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The interaction between a nonionic polymer and a hydro-
carbon or fluorocarbon surfactant has been investigated
by means of surface tension, viscosity, electroconductiv-
ity, fluorescence probing, solubilization of a water-
insoluble dye, and electron spin resonance (ESR). The
systems studied consisted of polyvinylpyrrolidone (PVP)
with lithium dodecyl sulfate (LiDS) or lithium perfluorooc-
tane sulfonate (LiFOS). Surface tension measurements in-
dicated that formation of PVP-surfactant complex is more
favorable in the PVP-LiFOS system than in the PVP-
LiDS system, and that the adsorbed amount of LiFOS
is less than that of LiDS, although the CMCs of the sur-
factants are almost the same. In the PVP-LiFOS system,
the relative viscosity and the solubilized amount of a
water-insoluble dye showed a maximum at a certain con-
centration of LiFOS in the region between two transitions
observed in the surface tension, where also a change in
the slope of the electroconductivity is observed. These
results indicate that shielding of effective charge of the
PVP-LiFOS complex causes a conformational change of
PVP wrapped around the aggregate of LiFOS with an in-
crease of free surfactant in the bulk phase. The confor-
mational change can be correlated with microenvironmen-
tal properties of PVP-surfactant complexes. The micro-
viscosity estimated with ESR indicated that the head-
groups of LiFOS adsorbed on PVP are less tightly packed
than those of LiFOS micelles, while an opposite result was
obtained in the PVP-LiDS system. In particular, the
marked high viscosity at a low concentration of LiFOS
in the PVP-LiFOS system can probably be attributed to
rigidity of the fluorocarbon chain of LiFOS.

KEY WORDS: Lithium dodecyl sulfate, lithium perfluorooctane
sulfonate, microenvironmental property, PVP-perfluorinated surfac-
tant, solubilization of dye.

There have been many studies on interactions between
nonionic water-soluble polymers and surfactants (1-25).
Aqueous solutions containing mixtures of polymers and
surfactants have been used in a wide variety of industrial
applications, including enhanced oil recovery (4). Apart
from being industrially important, there is much interest
in the morphology of micelle-polymer complexes and in
the nature of interactions involved in the complexation
process.

Several investigators discussed the models of complex-
ation (5-8): among them, Ruckenstein et al. (7) considered
that the presence of polymer molecules in water changes
the microenvironment of the surfactant molecules and
alters particularly the interfacial free energy between the
hydrocarbon core of the micellar aggregate and the water
located in the “free space” of the coiled macromolecules.
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Factors influencing polymer-surfactant association,
such as temperature, salt, surfactant chainlength, polymer
structure, hydrophobicity, and a variety of surfactants
have been studied (9-25). It is especially interesting that
synthetic polymers have a stronger interaction or com-
plex more favorably with anionic surfactants in an
aqueous solution than with cationic or nonionic surfac-
tants (23-25). Furthermore, Chari et al. (5) compared the
behavior of a single-chained surfactant, SDS, with a
double-chained surfactant, Aerosol-OT, and found that
basic structures of the complexes are the same in both
cases; these surfactant molecules are assembled in a
micelle-like aggregate and polymer molecules are wrap-
ped around the aggregate, shielding hydrocarbon groups
on the surface of the micelle from contact with water.

Although various hydrocarbon surfactants have been
used in studies of interactions between polymers and sur-
factants, there are no reports about interactions between
polymers and perfluorinated surfactants. Complexation
of a fluorocarbon surfactant with polymer can be expected
to be different from that of a hydrocarbon surfactant,
because the fluorocarbon chain has hydrophobic and
lipophobic properties (26-29).

In this work, solution properties of polyvinylpyrrolidone
(PVP)-lithium dodecyl sulfate (LiDS) and PVP-lithium
perfluorooctane sulfonate (LiFOS) systems have been
studied by means of various techniques. We will discuss
association of PVP with hydrocarbon or fluorocarbon sur-
factant in aqueous solutions.

EXPERIMENTAL PROCEDURES

Materials. Lithium dodecy! sulfate (LiDS) was synthe-
sized from 1-dodecanol by sulfonation with chlorosulfonic
acid, followed by neutralization with lithium hydroxide.
After recrystallization from ethanol, this surfactant was
purified by extraction with ether. Lithium perfluorooctane
sulfonate (LiFOS) was synthesized and purified by a
published method (26). These surfactants were confirmed
to be highly pure by the absence of a minimum in the sur-
face tension.

Polyvinylpyrrolidone (PVP, K-90), obtained from Tokyo
Kasei Co., Ltd., was purified by dialysis, followed by freeze-
drying. The viscosity-average molecular weight of PVP
was 2 X 105

Pyrene was obtained from Wako Pure Chemical In-
dustries (Osaka, Japan) and purified by passing through
silica gel in cyclohexane and evaporation of the solvent.
Pyrene-1-carboxaldehyde (PCA) obtained from Aldrich
(Milwaukee, WI) was used without further purification.
a-(o-tolylazo)-p-naphthylamine (Yellow-OB), obtained from
Tokyo Kasei Co., Ltd., was purified by repeated crystalliza-
tion from ethanol. 2,2,6,6-Tetramethylpiperidinyl-1-oxy-
(TEMPO) and 7-(4',4’-dimethyl-oxazolidinyl-N-oxy-stearic
acid (7NS) were obtained from Aldrich and used as
received.

Water used in this study was purified by passing it
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through a Milli-Q System (Nihon Millipore Co., Tokyo,
Japan) until its specific conductivity fell below 0.1
uS cm™1,

Measurements. The surface tension was measured as
a function of surfactant concentration with a Wilhelmy
plate apparatus (Shimadzu ST1, Kyoto, Japan).

The viscosity was measured with a Haake Rotovisco
RV100 concentric-cylinder rotational viscometer, Karls-
ruhe, Germany. The coaxial cylinder sensor system ME-30
was used, equipped with an outer cylinder that was
temperature-controlled. The shear stress t was measured
at each shear rate D, and the viscosity » (D) at shear rate
D was obtained from the following equation:

1=n(D) XD [1]
The relative viscosity n,,; is given by

Nt = 1 (D)ing [2]

where 7, is the viscosity of the solvent and is indepen-
dent of the shear rate D.

Conductivity measurements were carried out at various
concentrations of LiFOS in the presence of PVP with a
conductivity meter model CM-30ET of TOA Electronics
Ltd., Tokyo, Japan.

The fluorescence spectra being emitted by solubilized
fluorescence probes (pyrene, PCA) were recorded on a
Hitachi 650-10S fluorescence spectrophotometer, Tokyo,
Japan. The excitation wavelength of pyrene and PCA were
335 and 356 nm, respectively. The concentrations of
pyrene and PCA were 1 X 108 and 1 X 10~° mol dm™3,
respectively.

The solubilized amount of Yellow-OB was determined
as follows. PVP-surfactant or surfactant solutions contain-
ing an excess amount of Yellow OB were exposed to
ultrasonic waves for 20 min and then shaken for 48 hr in
order to reach saturation. Then, these mixtures were
filtrated and diluted with ethanol. The optical density of
the solutions at maximal absorption was measured with
a Hitachi 220A double beam ultraviolet (UV) spec-
trophotometer. The amounts of solubilized dye were deter-
mined from calibration curves.

The electron spin resonance (ESR) spectra were
measured on a JEOL JES FE 3-X spectrometer (X-band)
{Tokyo, Japan) at modulation frequency of 100 KHz. The
spin probe concentrations were 1 X 10~* mol dm3,

All measurements were carried out at 25°C.

RESULTS AND DISCUSSION

Surface tension. Figure 1(a) shows the effect of PVP on
the surface tension of aqueous solutions of LiDS. Two
transition points, which are breaking points in the sur-
face tension-concentration curves, are seen in the presence
of PVP; one is located below and the other above the CMC
of LiDS. The first transition point, T,, is considered to
be a concentration where association of LiDS and PVP
in the bulk phase begins. The second one, T, corre-
sponds to a concentration in which PVP is saturated with
LiDS for complex formation. At concentrations greater
than T,, the regular micelles of LiDS and PVP-LiDS
complex coexist in the bulk phase. T, is constant, 1.4
mmol dm™3, and the concentration is independent of the
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FIG. 1. Effect of PVP on surface tension of aqueous surfactant solu-
tions: (a) PVP-LiDS system; (b) PVP-LiFOS system.

concentration of PVP. A similar result is obtained in the
PVP-LiFOS system [Fig. 1(b)]. However, T, for the PVP-
LiFOS system is 0.1 mmol dm™3, which is considerably
different from T, for the PVP-LiDS system, although the
CMC of LiFOS is almost the same as that of LiDS. It
would appear that PVP influences the behavior of aqueous
solutions of LiFOS to a much greater extent than that
of aqueous solutions of LiDS. The fact that T, for the
PVP-LiFOS system is much lower than that for the PVP-
LiDS system implies that the polymer-surfactant ag-
gregate is a more favorable energy state for LiFOS than
for LiDS. Furthermore, T, for the PVP-LiFOS system is
also lower than that for the PVP-LiDS system when the
concentration of PVP is changed, suggesting that the ad-
sorbed amount of LiFOS to PVP is less than that of LiDS.

Viscosity. The variation of relative viscosity as a func-
tion of LiDS concentration in the PVP-LiDS system is
shown in Fig. 2(a). The relative viscosity of aqueous solu-
tions of LiDS containing PVP increases with increasing
concentration of LiDS. Such an increase in the viscosity
occurs in the vicinity of 1 mmol dm=3 of LiDS, which is
T, for this system. This result clearly implies the confor-
mational change of PVP associated with LiDS. Alter-
natively, the increase in the viscosity is due to an expan-
sion of the polymer coils on association with the charged
surfactant. In the PVP-LiFOS system [Fig. 2(b)] an in-
crease in the relative viscosity occurs at a concentration

JAOCS, Vol. 89, no. 1 (January 1992)
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FIG. 2. Variation of relative viscosity in PVPsurfactant aqueous solu-
tions: (a) PVP-LiDS system; (b} PVP-LiFOS system.

near T,, 0.1 mmol dm~2, which is due to a combination
of electrical charging and attendant conformational ef-
fects. However, in the PVP-LiFOS system, a significant
change in the relative viscosity, which shows a maximum
at a certain concentration of LiFOS, is recognized by com-
parison with the PVP-LiFOS system. A marked high
viscosity at low concentration of LiFOS in this system
can probably be attributed to a rigidity of the fluorocar-
bon chain of LiFOS.

Conductivity. A change in the conductance curves at
three different LiFOS concentrations for a constant PVP
concentration is observed in Fig. 3: C; = 0.12, C, = 8.09,
and C, = 21.05 mmol dm3. C, and C; correspond to the
beginning of LiFOS fixation on PVP chains, and to the
saturation of PVP and the formation of LiFOS micelles
in the bulk, respectively. Fig. 1(b) shows that the values
of C, and C; are in good agreement with T, and T, ob-
tained by the surface tension measurement. C, cor-
responds to a LiFOS concentration at which the relative
viscosity shows a maximum. Consequently, it is assumed
that in a region between C, and C,, LiFOS molecules

JAOCS, Vol. 69, no. 1 (January 1992)
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FIG. 3. Conductance variation of LiFOS-PVP (5g dm %) aqueous
solutions as a function of LiFOS concentration.

bind sensibly to PVP while maintaining a constant con-
centration of free LiFOS, which equals to C,. In a region
between C, and C,, the concentration of free LiFOS is
assumed to increase from C; to the CMC. In the latter
region, a shielding of the effective charge of PVP-LiFOS
complex causes the conformational change in PVP
associated with LiFOS by increasing free LiFOS in the
bulk. The conformational change probably causes the
micellization of LiFOS that is adsorbed on PVP along its
chain.

Polarity of PVPRsurfactant complexes. The 1,/I, ratio of
pyrene is sensitive to the polarity of the microenvironment
at the site of solubilization of pyrene, where I, and I; are
the first and third vibrational peaks of monomeric pyrene
(30). The fluorescence probe method also provides infor-
mation on the solubilization mechanism, because the site
of solubilization of the probe can be inferred.

Figure 4 shows the variation of I,/I; ratios of pyrene as
a function of surfactant concentration in the PVP-LiDS
and PVP-LiFOS systems. The I,/I, ratios of pyrene in
aqueous solutions of both surfactants containing PVP
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FIG. 4. Variation of 1,/13 ratio of pyrene in PVP-surfactant aqueous
solutions.

decrease with the formation of PVP-surfactant complexes.
However, the average microenvironmental polarity ex-
perienced by pyrene is in the order H,O0>LiFOS
micelle>PVP-LiFOS complex>PVP-LiDS complex>LiDS
micelle. Muto et al (31) reported that pyrene must be
solubilized at the LiFOS micelle surface, close to or be-
tween the sulfonate head groups, where it undergoes ex-
tensive contact with water. It is thus possible that the
average microenvironmental polarity experienced by
pyrene is in the order LiFOS micelle>PVP-LiFOS com-
plex, provided that the main binding site of LiFOS on
PVP is in the neighborhood of the headgroup of LiFOS.
On the other hand, this experimental result suggests that
either the interior of the micelle-like aggregate of LiDS
adsorbed on PVP is loose and polar, or the pyrene
solubilizes at a more external site in the PVP-LiDS com-
plex than in the LiDS micelle. Actually, Turro et al. (32)
reported that the average environmental polarity by
pyrene is in the order PVP-SDS complex>SDS micelle.

The fluorescence of PCA monomer depends on solvent
polarity as does pyrene (33). The maximum fluorescence
wavelength, A, significantly shifts to the region of
higher wavelength with increasing solvent polarity, which
has a linear relationship with solvent dielectric constant
above 10. Owing to the effect of solvation in the region
of the aldehyde group, it is suggested that PCA solubilizes
in the micellar Stern layer and exists in a more external
region in the micelle than pyrene. Figure 5(a) and 5(b)
shows the variation of A,,, as a function of surfactant
concentration in the PVP-LiDS and -LiFOS systems. The
Aoy gradually shifts to the region of lower wavelength
with an increase of PVP concentration, suggesting that
PCA becomes solubilized in more hydrophobic en-
vironments. Molyneux et al. (34) have attempted to ex-
plain the binding of PVP to anionic solutes on the basis
of resonance of the pyrrolidone ring. Chari and Lenhart
(5) discussed that it is difficult to accept this argument
because the size of the sulfate or sulfonate group is com-
parable to that of the pyrrolidone ring, and the main driv-
ing force for attachment is a hydrophobic effect. In
aqueous solutions of surfactant containing a constant
amount of PVP, 1, shifts to the region of lower wave-
length, followed by shifts to the region of higher wave-
length. The former shift is due to the association of sur-
factant with PVP and the latter shift to the micellization
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FIG. 5. Variation of 1,,,, of PCA in PVP-surfactant aqueous solu-
tion: (a) PVP-LiDS system; (b) PVP-LiFOS system.

of surfactant adsorbed on PVP. The degree of shift in
Apex for complexation is larger than that in regular
micellization. This result indicates that the main binding
sites of surfactant adsorbed on PVP are near the head of
the surfactant.

Solubilization of water-insoluble dye. Figure 6(a) shows
the solubilized amount of Yellow-OB as a function of LiDS
concentration in the PVP-LiDS system. The PVP-LiDS
system shows different solubilization behavior than an
aqueous solution of LiDS alone. This phenomenon has
been ascribed to the formation of a water-soluble complex
whose solubilization power is different from that of either
polymer or surfactant. Solubilization in the PVP-LiDS
mixtures occurs in two different species: complexes and
regular micelles. Saito (35) concluded that the action of
bound surfactants in solubilization by the complexes is
to give the polymers a more lyophilic character by replac-
ing the water layer around the polymers with the surfac-
tants and thus to promote contact between the polymers
and the solubilizates. In the PVP-LiFOS system
[Fig. 6(b)], the solubilized amount of Yellow-OB shows a
maximum at a certain concentration of LiFOS. Since PVP
or LiFOS alone hardly shows any solubilizing power,
Yellow-OB is regarded to be soluble in the PVP-LiFOS
complex, and a change in the solubilized amount of Yellow-
OB is due to the formation and the conformational change
in the PVP-LiFOS complex. It is also suggested that
Yellow-OB is soluble at the adsorption site of LiFOS on

JAOCS, Vol. 69, no. 1 (January 1992)
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FIG. 6. Solubilized amount of Yellow-OB in PVP.surfactant aqueous
solutions: (a) PVP-LiDS system; (b) PVP-LiFOS system.

PVP and it is thus recognized that a change occurs in the
condition of LiFOS adsorbed on PVP.

ESR. The ESR spectrum of TEMPO in water exhibits
the usual three line pattern (Ay = 17.2 gauss), and is
closely identical with that in the presence of surfactant,
such as LiDS or LiFOS, below their CMCs. Above their
CMCs, TEMPO is solubilized in the micelles as evidenc-
ed by broadening of the high-field line. However, a change
in Ay, which can be correlated to the reduced
micropolarity at the binding site in the micellar ag-
gregates, is hardly observed. From the TEMPO data, the
external microenvironment of micelle and polymer-
surfactant complex can be estimated. Similarly, when
TEMPO is solubilized into the PVP-LiDS complex and
PVP-LiFOS complex, the Ay also shows a constant value
(17.1~17.2 gauss), which can be compared to that in water.
In fact, Ramachandran et al. (36) reported that most of
the TEMPO solubilized in the micelles is located at the
micelle-water interface. The relative anisotropy observed
in an ESR spectrum is directly related to the rotational
mobility of the probe, i.e., a term that can be correlated
with the microviscosity of the probe. The rotational cor-
relation time (37) can be calculated from

1, = 6.6 X 107%W ,((h_,/h ,)V2—-1) sec [3]
where W, is the peak-to-peak line width of the low-field
line (in gauss) and h_; and h,, are the peak-to-peak

heights of the low- and high-field lines, respectively. In an
aqueous solution of PVP (5g dm™3) in the absence of

JAQCS, Vol. 69, no. 1 (January 1992)

LiDS or LiFOS, . is hardly affected. Figure 7(a) shows
the variation of rotational correlation time as a function
of LiDS concentration in the PVP-LiDS system. In the
absence of PVP, 1, of TEMPO in aqueous solutions of
LiDS increases above 7 mmol dm~3, which corresponds
to the CMC of LiDS. On the other hand, in aqueous solu-
tions of LiDS containing PVP (5g dm~%), . increases
with an increase of LiDS concentration, suggesting that
TEMPO is located at polar sites of the PVP-LiDS com-
plex. At about 30 mmol dm™3 of LiDS, where the regular
micellization of free LiDS in the bulk begins, T, is almost
constant, where the 1, value in the PVP-LiDS complex is
greater than that in the regular micelles of LiDS. This
result suggests that the headgroups of LiDS adsorbed on
PVP are more tightly packed than those in the LiDS
micelle. A similar behavior of 1, in the PVP-LiFOS
system is observed, except that 7, in the PVP-LiFOS
system is smaller than that in LiFOS alone. 1t is likely
that the headgroups of LiFOS adsorbed on PVP are less
tightly packed than those in LiFOS micelles. Witte and
Engerts (6) reported that the more hydrophobic
polypropylene oxide binds more strongly to the micelles
than polyoxyethylene and suggested that the headgroups
of the micelles adsorbed on the polymers are presumably
less tightly packed, leading to a more “open” structure
of the polymer-complexed micelle. However, the packing
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FIG. 7. Variation of rotational correlation time, 7, of TEMPO in
PVP-surfactant aqueous solutions: (a) PVP-LiDS system; (b) PVP-
LiFOS system.



69

ASSOCIATION OF NONIONIC POLYMER WITH HYDROCARBON/FLUOROCARBON SURFACTANT

A |
71+ [¢]
86+
e
7
25t
4 F
o
3+
2 - <O- PVP 5gdm—2—LIDS
# Lios
] -
o Lo L " L L
1] 10 20 30 40
c /10 mol dm™?
-O- PVPSgdm3—LIFOS
3 -
H -® LiFOS
“
@
=
<
. 2F
]
] -
" L

0 10 20 30 40
[ 1107 mol dmi®

FIG. 8. Variation of rotational correlation time, 1; of 7NS in PVP-
surfactant aqueous solutions: (a) PVP-LiDS system; (b) PVP-LiFOS
system.

degree of the headgroups of the micelle-like aggregates
adsorbed on the polymer is probably dependent on the
strength of the interaction between polymer and surfac-
tant on the polymer, and on the structure of polymer or
surfactant. Also, Esumi et al. (38) reported that there is
a substantial difference between LiFOS and LiDS on the
magnitude in the rotational correlation time of TEMPO.

On the other hand, 7NS is an amphiphilic spin probe.
The ESR spectra of TNS yield information on the inter-
nal microenvironments in micelles (39,40) and polymer-
surfactant complexes. The expression presented by Can-
non et al. (41) for calculation of the correlation time can
be written:

7, = 6.5 X 1070W,((hy/h_)"2+(hg/h,,)2—2) sec [4]

where 1, is the correlation time and W, hy, h_;, and h,
represent the peak-to-peak linewidth of the ESR mid-field
line (in gauss) and the peak-to-peak heights of mid-, low-,
and high-field lines, respectively. In the PVP-LiDS system
[Fig. 8(a)], 7, of TNS in aqueous solutions of LiDS con-
taining PVP (5 g dm~%) is larger than in aqueous solu-
tions of LiDS alone. This implies that the internal
microviscosity of the micelle-like aggregate of LiDS, which
is wrapped around by PVP, is greater than that of the
regular micelle of LiDS. This result is consistent with that
of the solubilization of Yellow-OB. In a region of the com-
plexation, 7, increases with an increase of LiDS concen-
tration from 1 mmol dm=3, while that value is almost

constant to about 30 mmol dm=3. In the PVP-LiFOS
system [Fig. 8(b)], 1, increases with an increase of LiIFOS
concentration in a region of complexation until 21 mmol
dm™3 of LiFOS. In particular, 7, tends to increase re-
markably above 8 mmol dm—3 of LiFOS. These phenom-
ena are due to the micellization of LiFOS adsorbed on
PVP. Furthermore, the microviscosity of the interior of
the micelle-like aggregate, consisting of LiFOS molecules
adsorbed on PVP, is greater than that of the regular
LiFOS micelle, while the head groups of the former are
less tightly packed than the latter. This suggests that
LiFOS molecules initially adsorb on PVP along its chain
and then form the micelle-like aggregate wrapped around
by PVP. This complexation causes a remarkable viscos-
ity change assisted by the rigidity of the fluorocarbon
chain of LiFOS.

The results above show that a PVP-surfactant complex
is more favorably formed in the PVP-LiFOS system than
in the PVP-LiDS system and that the adsorbed amount
of LiFOS is less than that of LiDS, although their CMCs
are almost the same. The PVP-LiFOS complex causes a
remarkable viscosity change because of the rigidity of the
fluorocarbon chain of LiFOS. Furthermore, it was found
that the head groups of LiFOS adsorbed on PVP are less
tightly packed than those in the LiFOS micelle, while the
headgroups of LiDS adsorbed on PVP are more tightly
packed than those in the LiDS micelle.
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