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Abstract

Formation and supramolecular organization of poly(N-ethyl-4-vinylpyridinium bromide) (PEVP)esodium dodecyl sulfate (SDS) complexes
in aqueous-salt solutions have been studied. PEVP samples of three polymerization degrees (Pw¼ 570, 1200 and 2350) were used. For PEVP of
lower polymerization degree (Pw¼ 570) only insoluble complexes were observed in the whole range of the reaction mixture composition stud-
ied: Z¼ [SDS]/[PEVP]� 1. For PEVP of higher polymerization degrees (Pw¼ 1200 and 2350), water-soluble complexes are formed up to a crit-
ical value of the reaction mixture composition, Z, that is similar for both PEVP fractions. It was found that water-soluble complex species are
either molecularly dispersed (i.e. each complex particle comprises only one macromolecule) or aggregated (includes about 40 polymer chains
and 20,000 surfactant ions) depending on the complex composition. Complex composition, in its turn, was shown to be determined by PEVP
polymerization degree and the reaction mixture composition.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Interaction of polyelectrolytes (PE) with oppositely
charged micelle-forming surfactants (S) results in the forma-
tion of polyelectrolyteesurfactant complexes (PSC) [1,2].
Two main driving forces are known to introduce into such
interaction: electrostatic attraction of oppositely charged iono-
genic groups of the components and hydrophobic interactions
of surfactant alkyl chains [1,2]. Binding of surfactant ions with
oppositely charged linear polyelectrolytes proceeds as a coop-
erative process at a surfactant concentration above critical
aggregation concentration (CAC) that is 1e3 orders of magni-
tude lower CMC [1,2]. Bound surfactant ions segregate inside
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polymer coil and form an intracomplex micelle. If the amount
of surfactant ions in a system is not enough for the formation
of a micelle inside each macroion, the non-uniform distribu-
tion of surfactant ions between macromolecules takes place
[3]. In this case, complex particles of the constant composi-
tion, 4min, coexist with the free polyelectrolyte molecules.
4min represents composition of PSC which comprises a micelle
with a minimum (for the given experimental conditions) ag-
gregation number, nmin: 4min¼ nmin/nPE where nPE is a number
of polyelectrolyte monomer units incorporated into the com-
plex particle [3,4]. Depending on the chemical nature of the
polyelectrolyte, the values of nmin vary from tens to thousands.
For example, nmin of alkyltrimethylammonium ions in the
complexes with partially neutralized poly(acrylic acid) are
close to the aggregation numbers of the spherical micelles of
the corresponding surfactants in solution. In this case, molec-
ularly dispersed PSC species comprising only one polyion
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were found in solution [4,5]. On the contrary, poly(diallyldi-
methylammonium chloride)esodium dodecyl sulfate (PDAD-
MACeSDS) complexes are aggregated: each complex particle
includes about 102 PE chains and nmin is about 105 [4]. In con-
trast to aggregation of ‘‘free’’ synthetic polyelectrolytes in poor
solvents that make them insoluble [6], aggregation of PSC
species in aqueous solutions is considered to result in the
formation of water-soluble PSCs because no macro-phase sep-
aration is observed upon long keeping of PSC solutions. More-
over, such aggregated PSC species are characterized by a
certain molecular mass and size [4]. Thus, molecularly dis-
persed and highly aggregated PSCs could be considered as
two different types of PSC supramolecular organization in
aqueous solutions. The reasons why for some systems the
values of nmin are close to that for spherical surfactant micelles
and molecularly dispersed PSCs are formed while for the
others nmin is about 105 and the formation of complexes is
accompanied by aggregation of PE macromolecules are still
not clear.

This work presents the study of poly(N-ethyl-4-vinylpyridi-
nium bromide)esodium dodecyl sulfate complexes formation,
phase state (soluble or insoluble in wateresalt media), and
supramolecular organization in salt containing aqueous solu-
tions. In this work, we found PE/S pair for which either molec-
ularly dispersed or aggregated complexes could be obtained
and revealed some factors that control PSC supramolecular
organization in aqueous solutions.

2. Experimental section

2.1. Materials

Three poly(N-ethyl-4-vinylpyridinium bromide) (PEVP)
samples with weight-average degree of polymerization
Pw¼ 570 (PEVP570), Pw¼ 1200 (PEVP1200), and Pw¼ 2350
(PEVP2350) were prepared by quaternization of poly(4-vinyl-
pyridinium) fractions (obtained from Aldrich, Polymer Source
Inc. and Polyscience Inc., respectively) with ethyl bromide in
methanol at 60 �C [7]. According to IR and UV spectroscopy
data, the degree of quaternization was 90� 5% for PEVP570

and 83� 5% for PEVP1200 and PEVP2350. PEVP concentra-
tion in solution was determined by absorbance at lMAX¼
257 nm by photometer ‘‘Hitachi 150-20’’ (Japan). Concentra-
tion of PEVP in the samples was from 2.5 mM to 25 mM.
Hereafter, concentration of PEVP is given per mole of mono-
mer (quaternized or not) units.

Sodium dodecyl sulfate (Serva) and oil-soluble dye Oil
Yellow OB (Tokyo Casei Inc., Japan) were used without
further purification.

2.2. Preparation of the samples

PEVPeSDS complexes were prepared by the addition of
aqueous SDS stock solution to PEVP solution in the presence
of 50 mM NaBr or NaCl at vigorous stirring. Insoluble
complexes were separated from supernatant by the centrifuge
‘‘Hettich Zentrifugen Macro 12-24’’ (Germany) at 12,000 rpm.
Residuary fine precipitates were removed from supernatant by
filtration through membrane filters ‘‘Millipore’’, pore size
0.8 mm. Solutions before studies were kept for at least 24 h.
Dilutions of the samples for static light scattering measurements
were carried out directly before measurements.

The reaction mixture composition, Z, is determined as a
ratio of SDS molar concentration to the total molar concentra-
tion of PEVP monomer units (quaternized or not): Z¼ [SDS]/
[PEVP]. The composition of PSC, 4, is determined as a ratio
of SDS ions number (nS) to the total number of PEVP mono-
mer units (nPE) incorporated into the complex: 4¼ nS/nPE. It
is clear that 4 is equal to Z if surfactant ions are uniformly
distributed between PE molecules and concentration of free
S ions in solution is negligible in comparison with the total
surfactant concentration in the system.

2.3. Methods

2.3.1. Determination of CAC value
Weighted quantities of Oil Yellow OB (0.5 mg per 1 ml of

solution) were added to solutions of PEVP, [PEVP]¼ 2.5 mM,
in the presence of different quantities of SDS, 10�6 M<
[SDS]< 10�3 M. Such quantity of the dye does not affect
phase state of the complexes providing, at the same time, nec-
essary excess of the dye in the system. To attain the equilibrium
state, the samples were kept at 20 �C until absorbance at
346 nm remains unchanged for a week. Starting with a certain
SDS concentration, the progressive increase of the absorbance
is observed. This SDS concentration was accepted as CAC.

2.3.2. Turbidimetric titration
Turbidimetric titration was carried out using Specord M40

spectrophotometer (Germany) or ‘‘Hitachi 150-20’’ (Japan) or
‘‘Perkin Elmer Lambda EZ201’’ (USA) at l¼ 540 nm. Tur-
bidity of solutions was calculated as T¼ (To� Ts)/To where
To is light transmission of the initial PEVP solution, and Ts

is light transmission of the complex solution.
The fraction, F, of PEVP included into PSC precipitate was

calculated as follows:

F¼ ð½PEVP�o�½PEVP�supÞ=½PEVP�o

where [PEVP]o is the initial PEVP concentration in solution,
and [PEVP]sup is PEVP concentration in the supernatant after
separation of the precipitate.

2.3.3. Elemental analysis
Elemental analyses of PSC precipitates were carried out with

‘‘KARLO ERBA 1106’’ analyzer (Italy). Absolute error of S
and N determination did not exceed 0.1 wt%. The molar ratio
S/N is equal to the complex composition, 4.

2.3.4. High-speed sedimentation
High-speed sedimentation studies were carried out in the

presence of 0.05 M NaCl using ‘‘Spinco-E’’ (Beckman, USA)
ultracentrifuge supplied with FilpoteSwenson optical system
for refractive index gradient determination. Rotation
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frequency (u) was 48,000 rpm. The values of sedimentation
coefficients (S ) were calculated as described earlier [5] and
expressed in Svedberg units (Sv), 1 Sv¼ 10�13 s. The experi-
mental error of sedimentation coefficient determination was
about 10e15%.

2.3.5. Laser light scattering
Molecular characteristics of water-soluble PSCs were ob-

tained by static light scattering (SLS) using small-angle laser
photometer KMX-6/DC (Milton Roy, USA) equipped with
a 5 mW HeeNe laser as a light source (l¼ 633 nm, the scat-
tering angle q¼ 6.5

�
) or laser light scattering goniometer

‘‘ALV-5’’ (ALV, Germany) with 10 mW HeeNe laser as a light
source (l¼ 633 nm, the scattering angle from 30� to 150�).
The refractive index increments (dn/dc) were measured using
KMX-16 differential refractometer (Milton Roy, USA) with
0.5 mW HeeNe laser as a light source (l¼ 633 nm). The sol-
vent (50 mM NaBr) equilibrated with PEVP or complex
solution by dialysis was used as the reference sample.
Weight-average molecular masses (Mw) were determined
according to Debye equation or double Zimm extrapolation
method. Linear dependencies of Kc/Rq vs. concentration (c),
and (Kc/Rq)c/o and (Kc/Rq)q/0 indicate that under the exper-
imental conditions the dimensions and molecular masses of
the scattering particles remain constant.

The average numbers of PEVP chains (NPE) and SDS ions
(nS) in a particle of a soluble PSC were calculated as follows [4]:

NPE¼
Mw

Pwð0:83MPEVPBrþ 0:17MPVP þ4MSDS �4ANa �4ABrÞ
ð1Þ

nS ¼ 4PwNPE ð2Þ

where Mw is molecular mass of PSC particles obtained from
light scattering measurements, Pw is PEVP weight-average
polymerization degree, MPEVPBr is the molecular mass of
quaternized monomer unit, MPVP is molecular mass of non-
quaternized poly(4-vinylpyridinium) monomer unit, MSDS is
the molecular mass of SDS, ANa, and ABr are the atomic masses
of the counterions released on complexation. Coefficients
‘‘0.83’’ and ‘‘0.17’’ consider the degree of PEVP quaternization.

Diffusion coefficients (Dz) were determined by dynamic
laser light scattering (DLS). Autocorrelation functions of the
scattered light intensity fluctuations were measured using
a 288-channel logic correlator ‘‘PhotoCor FC’’ (PhotoCor,
USA). The obtained data were processed by cumulant and
Tikhonov regularization methods. Apparent hydrodynamic
radiuses (Rapp) and average hydrodynamic radiuses (Rh) of ap-
propriate equivalent spheres were calculated by the Stokes
equation using the value of diffusion coefficient (Dz) measured
at a certain concentration (Dapp) or the value of Dz extrapo-
lated to zero concentration, (Dz)o, correspondingly.

Before light scattering measurements, all solutions were
purified from the dust by filtration through membrane filter
‘‘Millipore’’ with a pore size of 0.45 mm.

All studies were carried out at 20 �C.
3. Results and discussion

3.1. Formation of complexes

It is well known that cooperative binding of PEs with oppo-
sitely charged S ions starts at a surfactant concentration above
critical aggregation concentration (CAC) and is accompanied
by segregation of S ions into intracomplex micelle which is ca-
pable to solubilize different organic compounds. The value of
CAC can be estimated by solubilization of water-insoluble
dye, e.g. Oil Yellow OB. Solubilization of this dye by PSCs
and its influence on CAC value is well known [8,9]. Fig. 1
shows that CAC value in PEVPeSDS mixtures is about
5� 10�5 M SDS. Binding of SDS with PEVP of high degrees
of quaternization (more than 50%) is known to be highly co-
operative above CAC either in salt or salt-free solutions [10]
and at relatively low Z (Z� 0.5) concentration of free S ions
in solution was shown to be close to CAC [10]. In our exper-
imental conditions, total SDS concentration in solution is no
less than 10�3 M. Consequently, concentration of free S ions
is negligible in comparison with the total SDS concentration
in the system. Therefore, we accepted that in our experiments
all surfactant ions are incorporated into a complex with PEVP.

PSCs can be soluble or insoluble in aqueous media depend-
ing on pH, ionic strength, chemical nature of the components,
etc. [2e5]. It was found that polycation polymerization degree
affects PSC solubility by the decisive way. Indeed, addition of
even small quantity of SDS to a solution of PEVP570 results in
the significant increase of turbidity (Fig. 2, curve 1). PEVP570

fraction in the precipitate also rises (Fig. 3, curve 1). It means
that in the whole range of Z studied (0< Z� 1) only insoluble
PEVP570eSDS complexes are formed.

On the contrary, PEVP1200 and PEVP2350 solutions remain
externally homogeneous up to Z z 0.45 (Fig. 2). Further
addition of SDS leads to a sharp increase of turbidity due to
insoluble complex precipitation.

Fig. 3 shows the dependencies of the fraction of PEVP in-
cluded in the precipitate (F ) as a function of Z. It is clear that
all PEVP (Pw¼ 1200 and 2350) remains in the solution until Z
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Fig. 1. UV absorbance of PEVP solutions containing Oil Yellow OB vs. SDS

concentration; [PEVP]¼ 2.5 mM, [NaBr]¼ 50 mM, l¼ 346 nm.
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approaches the critical value, Zc, marked by an arrow in Fig. 3.
The value of Zc is the same for both PEVP fractions and equals
to 0.45. When Z exceeds Zc, phase separation occurs. F(Z)
functions are extrapolated to 4¼ Z¼ 1 for PEVP570, 4¼ Z¼
0.9 for PEVP1200, and 4¼ Z¼ 0.7 for PEVP2350. Taking into
account that the degree of quaternization is 90� 5% for
PEVP570, and 83� 5% for PEVP1200 and PEVP2350, the ratio
of the components in insoluble PSCs is close to charge-
to-charge stoichiometry. Indeed, it was confirmed by the ele-
mental analysis data (Table 1) that in insoluble PEVPeSDS
complexes each quaternized PEVP unit corresponds to one
SDS ion. The constant values of S/N ratio indicates that
composition of insoluble complexes is independent of Z.

Similar results are obtained in the presence of 50 mM NaCl
except for a slightly higher value of Zc. Fig. 4 shows F vs. Z
dependencies obtained in the presence of NaCl or NaBr for
PEVP2350 as an example. We believe that such influence of the
chemical nature of supporting electrolyte is caused by partial
substitution of PEVP counterions, Br� ions, to Cl� ions. Such
substitution increases lyophilizing ability of free PEVP units
[11]. As a result, slight extension of the region of water-
soluble PSC existence is observed.
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Fig. 2. Curves of turbidimetric titration of PEVP solutions with SDS;
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0,0

0,2

0,2

0,4

0,4

0,6

0,6

0,8

0,8

1,0

1,0

Zc

3

2

1

1. PEVP570

2. PEVP1200

3. PEVP2350

F

Z
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composition, Z; [PEVP]o¼ 25 mM, [NaBr]¼ 50 mM.
It should be emphasized that Zc values are invariable in the
whole range of PEVP concentrations studied. For instance,
comparison of the curve 3 on Fig. 3 with curve 1 on Fig. 4
shows that twofold decrease of PEVP concentration does not
affect the value of Zc.

Solutions of PEVPeSDS complexes in the presence of
0.05 M NaCl were studied by the high-speed sedimentation
technique. Fig. 5 shows some sedimentation profiles of
PEVP1200eSDS and PEVP2350eSDS solutions. Sedimentation
coefficients are presented in Table 2. The similar sedimenta-
tion patterns were obtained also for the lower PEVP concen-
tration, [PEVP]¼ 10 mM (the data are not shown).

It is clear that formation of complexes upon addition of
SDS into the reaction mixture is accompanied by appearance
of the second ‘‘fast’’ sedimentation peak indicating appearance
of the species of another type in the system. Comparison of the
sedimentation coefficients with those for the ‘‘free’’ PEVP
(Table 2) indicates that the ‘slow’ peaks correspond to sedi-
mentation of free polyions, while the ‘‘fast’’ peaks are due to
sedimentation of the soluble PSCs. The above results show
that the bound surfactant ions are non-uniformly distributed
between the PE chains. The reason of such disproportionation
consists in the formation of an intracomplex micelle character-
ized by a certain value of nmin [4,5]. If the amount of S ions in
a system is not enough for formation of the micelles of a min-
imal size inside each macromolecule (Z< Zmin) PSC species
of a constant minimal composition 4¼ 4min coexist in solu-
tion with free PE molecules (region 1 on Fig. 6). At Z¼ Zmin

micelles of a minimal size are formed inside all PEVP

Table 1

The data of elemental analysis of insoluble PSCs

PEVP

(Pw)

Z S (wt%) N (wt%) 4¼ S/N

(mol/mol)

SO4
�/Nþ

(mol/mol)

1200 0.85 7.0� 0.1 3.7� 0.1 0.83� 0.03 1.0� 0.1

0.65 7.4� 0.1 4.0� 0.1 0.81� 0.03 0.97� 0.08

2350 0.72 6.8� 0.1 4.2� 0.1 0.71� 0.03 0.86� 0.08

0.65 6.7� 0.1 4.0� 0.1 0.73� 0.03 0.88� 0.09
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Fig. 4. Relative PEVP2350 fraction in the precipitate (F) as a function of Z in

the presence of 50 mM NaBr (1) or NaCl (2); [PEVP]o¼ 10 mM.
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molecules, and only one peak attributed to sedimentation of
PSC particles of 4min is observed (Z¼ 0.5 for PEVP1200 and
Z¼ 0.35 for PEVP2350, Fig. 5). In general case, further in-
crease of S ions content in the reaction mixture (Zmin<
Z< Zc) should result in the even distribution of S ions between
PE molecules and formation of a single type of PSC species of

Fig. 5. Sedimentation profiles for free PEVP (Z¼ 0) and PEVPeSDS com-

plexes at different Z; [PEVP]¼ 20 mM, [NaCl]¼ 50 mM, and t¼ 50 min.

Table 2

Sedimentation coefficients for free PEVP and PEVPeSDS complexes at

different Z; [NaCl]¼ 50 mM, [PEVP]¼ 20 mM

Z PEVP1200 PEVP2350

S1 (Sv) S2 (Sv) S1 (Sv) S2 (Sv)

0 1.3 e 2.0 e

0.1 1.8 5.5 NDa NDa

0.2 1.5 5.8 2.2 3.5

0.35 e 4.1

0.4 1.5 5.7 e 4.7

0.5 e 6.6 e 5.5

0.6b e 6.0 5.6

a ND e not determined because of the poor resolution of sedimentation

peaks.
b Supernatant after separation of PSC precipitate.
4¼ Z (region 2 on Fig. 6). However, the extension and even
the existence of the region 2 depends, in particular, on the PE
polymerization degree, because the value of 4min is deter-
mined by Pw [3]. Indeed, the values of 4c and 4min presented
in Table 3 indicate the evident difference between PEVP
fractions from this point of view.

In the case of PEVP2350eSDS complexes, the value of Zmin

equals to 0.35 and there is a region Zmin� Z� Zc (region 2 on
Fig. 6) in which composition of water-soluble complexes
coincides with Z and, therefore, can be varied. On the contrary,
in the case of PEVP1200eSDS complexes, Zc coincides with
Zmin (collapse of the region 2 on Fig. 6). Consequently, in
the whole range of 0< Z� Zc, water-soluble PEVP1200e
SDS complexes have the solely possible composition of
4c¼ 4min. The obtained results are in a good agreement with
the concept that the value of nmin is independent of PE poly-
merization degree and 4min depends on Pw as 4min¼ nmin/
Pw [3]. On the basis of the obtained 4min values, we
estimated the values of nmin (Table 3). It should be noted that
nmin value estimated in such a way represents a minimum ag-
gregation number of the intracomplex micelle in the case of
molecularly dispersed PSCs and the average quantity of the
surfactant ions per polymer molecule in the case of aggregated
PSCs. It is clear that the values of nmin are actually similar for
both PEVP samples being about 10 times higher than that for
the free SDS spherical micelles in solution (about 70 SDS ions
[12]). Moreover, it seems that just such relatively high nmin

value is the reason of impossibility of PEVP570eSDS soluble
complex formation. Indeed, in the latter case, nmin is lower
than PEVP polymerization degree and there are no free PE
units to provide solubility of PSC species. The similar results
were described earlier for the complexes of partially neutral-
ized poly(acrylic acid) and cationic surfactants [3].

The value of Zc is determined by hydrophilic/hydrophobic
balance of PSC species. For the complexes formed by the
same PE/S pair, Zc value is controlled by the portion of PE
units bound with the surfactant ions, i.e. by the complex com-
position. Therefore, the value of Zc is independent of PEVP
polymerization degree and at Z> Zc phase separation is
observed for the both PEVPeSDS complex solutions (Fig. 6,
region 3). The data of elemental analysis (Table 1) and sedi-
mentation data (Table 2) show that phase separation is accom-
panied by the second disproportionation: PSC species of the
critical composition, 4c, coexist in solution with the precipi-
tate of insoluble PSC whose composition is close to charge-
to-charge stoichiometry. Similar results were described earlier
Fig. 6. General scheme of PSC formation.
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Table 3

The values of critical (4c) and minimal (4min) PSC compositions in wateresalt media

Supporting electrolyte

(50 mM)

PEVP1200eSDS PEVP2350eSDS

4c¼ Zc 4min¼ Zmin
a nmin¼ Pw4min 4c¼ Zc 4min¼ Zmin

a nmin¼ Pw4min

NaCl 0.5 0.5 600 0.5 0.35 800

NaBr 0.45 0.45

a According to the high-speed sedimentation data.
for the complexes of poly(acrylic acid) with cationic surfac-
tants [5].

One more remark should be done concerning the results of
sedimentation. Surprisingly, it was found that sedimentation
coefficients of PSCs formed by PEVP2350 are slightly lower
than that for PEVP1200eSDS complexes. In order to elucidate
the situation, water-soluble complexes were studied by static
and dynamic laser light scattering in the presence of 50 mM
NaBr. Unfortunately, it is impossible to carry out sedimenta-
tion studies in the presence of NaBr because of the great dif-
ference between atomic weights of the ions that causes
a strong distortion of sedimentation pattern. From the other
side, partial substitution of Br� counterions to Cl� ions should
be taken into account upon static light scattering studies be-
cause of the great difference between atomic masses of the
ions. Determination of the substitution extent is a special prob-
lem that was not solved in the frame of this work. For our sub-
sequent light scattering studies, we accepted that in 50 mM
NaBr the value of 4min equals to 0.45 for PEVP1200eSDS
complexes and 0.35 for PEVP2350eSDS complexes.
3.2. Macromolecular organization of PEVPeSDS
complexes in solution

Fig. 7 shows particle size distributions for free PEVP and
PEVPeSDS complexes reconstructed from corresponding au-
tocorrelation functions. It is clear that at Z� 0.4 the size of
PEVP2350eSDS complex species is close to that for the free
PEVP2350 molecule (Fig. 7a distributions 2 and 3). Increase
of 4 up to 4¼ Z¼ 0.45 leads to appearance of the second
mode on the particle size distributions (Fig. 7a (4)). On the
contrary, for PEVP1200eSDS complexes, the presence of the
second mode on the particle size distributions is observed in
the whole range of Z corresponding to the formation of soluble
PSCs, and even at Z¼ 0.1 at which PSC species of 4¼ 0.45
coexist in solution with free PEVP molecules (Fig. 7b). It is
not surprising because in the latter case soluble complexes
have the solely possible composition of Z¼ 0.45 in the whole
range of Z� Zc. Quite similar behavior was shown earlier for
PDADMACeSDS complexes in diluted aqueous-salt solutions
[4]. It was shown that in the whole range of Z corresponding to
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2350 

PEVP
1200

4

Z=ϕ=0.45

3

Z=ϕ=0.4

2

Z=Zmin=ϕmin=0.35

0,5

1,0

0,5

1,0

0,5

1,0

0,5

1,0

0,5

1,0

0,5

1,0

0,5

1,0

0,5

1,0

1

Z=ϕ=0

S
c
a
t
t
.
 
A

m
p

.

S
c
a
t
t
.
 
A

m
p

.

10 100 1000

4

Rapp, nm

10 100 1000
Rapp, nm

Z=ϕ=0.45

3

Z=0.4

ϕ=ϕmin=0.45

2

Z=0.1

ϕ=ϕmin=0.45

1

Z=ϕ=0

(a) (b)

Fig. 7. Particle size distributions for the free PEVP (1) and PEVPeSDS complexes at different Z; [PEVP]¼ 20 mM (1e3); [PEVP]¼ 5 mM (4); [NaBr]¼ 50 mM,

q¼ 90�.



226 J.A. Zakharova et al. / Polymer 48 (2007) 220e228
PEVP
2350 

PEVP
1200

20 40 60 80 100 120 140
0,0

0,5

5

10

15

4

3

2

1

1. Z=0
2. Z=0.1
3. Z=0.4
4. Z=0.45

20 40 60 80 100 120 140 160
0,0

0,5

1,0

10

15

20

25

1. Z=0
2. Z=0.1
3. Z=0.4
4. Z=0.45

1

4

3

2

(a) (b)

Fig. 8. Scattering indicatrices for free PEVP (1) and PEVPeSDS complexes at different Z; [PEVP]¼ 20 mM (1e3); [PEVP]¼ 5 mM (4), [NaBr]¼ 50 mM.
the formation of soluble complexes, only aggregated com-
plexes of the constant composition 4min¼ 4c¼ 0.4 are
formed [4].

It should be noted that appearance of the second mode on
the particle size distributions in all cases is accompanied by
increase of the scattered light intensity and appearance of
asymmetry of the scattering indicatrices (Fig. 8) indicating
formation of ‘‘large’’ particles in solutions. The size of such
complex species (Rapp z 100e120 nm) is approximately 10
times higher than the size of the free PEVP coil (Rapp¼ 10e
12 nm). The constant values of diffusion coefficients that do
not depend on the scattering angle (the data are not shown)
confirm translational nature of each dynamic mode for all
samples studied. Consequently, the slow mode corresponding
to Rapp z 100e120 nm appears to relate to aggregated PSC
species, while the fast mode (Rapp z 10e12 nm) should be
attributed either to molecularly dispersed PSC species (Fig. 7a,
distributions 2e4) or to the free PEVP molecules (Fig. 7b,
distributions 1e3) because according to the sedimentation data
there is no free PEVP2350 at Z� 0.35 while for PEVP1200, free
PEVP coexists with PSC species at Z< 0.45.

Molecular characteristics of PSCs were determined by SLS
(Figs. 9 and 10). The results of DLS and SLS studies are
summarized in Table 4. It is seen that molecular mass of mo-
lecularly dispersed PSCs formed by PEVP2350 at Z� 0.4 is
equal to 7� 105 g mol�1. Molecular mass of aggregated com-
plex species determined for PEVP1200eSDS complexes at
Z¼ 0.45 and even at Z¼ 0.4 is about 1.2� 107 g mol�1 that
is about 50 times higher than that for free PEVP1200. It should
be emphasized that in PEVP1200eSDS mixture at Z¼ 0.4,
PSC species coexist in solution with free PEVP molecules.
However, we neglected contribution of free PEVP molecules
into the total intensity of the scattered light because it is known
that contribution of the particles into a total intensity of scat-
tered light depends on their size as IwR4�R6 [13]. Therefore,
contribution of ‘‘small’’ free PEVP molecules (Rapp z 10 nm)
in the average scattered light intensity is significantly lower
than contribution of large PSC species (Rapp z 100 nm) even
at Z¼ 0.4. Concentration of the scattering particles was calcu-
lated as the mass concentration of the complex of 4min¼ 0.45
we know to form under the given conditions. In order to insure
that dilution does not cause any alteration of PSC characteris-
tics, we specially controlled that the scattered light intensity
remains unvaried after complete indicatrix measurement for
each PSC concentration. It should be noted that molecular
mass of PSC particles obtained in such a way is understated.

From the obtained Mw values, the average number of the
polyelectrolyte chains, NPE, and the average number of surfac-
tant ions, nS, incorporated into a complex particle have been
calculated. The presented data (Table 4) show that ‘‘large’’
particles are actually aggregated PSC species comprising about
40 macromolecules and 20,000 surfactant ions while molecu-
larly dispersed complex particle does include only one PEVP
molecule and about 900 SDS ions. In the latter case, the value
of the average hydrodynamic radius (Rh) reduces from 19 nm
for free PEVP to about 12 nm for PEVP2350eSDS complex,
4¼ 0.4. It means that complex formation induces some
compactization (collapse) of PEVP coil accompanying by sig-
nificant decrease of A2 value (Table 4) due to increased hydro-
phobicity of PSC species in comparison with free PEVP
molecule. Collapse of PE coils was shown earlier for some
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Fig. 9. Kc/Rq vs. concentration for solution of free PEVP2350 (a) and its

complex with SDS at Z¼ 0.4 (b), [NaBr]¼ 50 mM, q¼ 6.5�.
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Fig. 10. Zimm diagram for PEVP1200eSDS complexes, Z¼ 0.4 (a); Z¼ 0.45 (b), [NaBr]¼ 50 mM, a¼ 0.042 (a) and 0.07 (b).
polyelectrolyteesurfactant systems and was attributed to hy-
drophobization of PE chain upon binding of S ions [14,15].
At the same time, aggregation of PE molecules accompanying
formation of PSCs in the case of PEVP1200eSDS system im-
pedes any studies of a single PEVP coil size by means of DLS.

The results of light scattering clearly elucidate the reasons
of the difference between sedimentation coefficients for the
complexes formed by different PEVP fractions. Indeed, at
Z< 0.45 PEVP2350eSDS complexes are molecularly dis-
persed and their sedimentation coefficients are relatively small
in comparison with that of aggregated PEVP1200eSDS spe-
cies. Aggregation of PEVP2350eSDS complexes at Z¼ 0.45
leads to significant increase of their molecular mass and,
consequently, of their sedimentation coefficients that become
similar to that for aggregated PEVP1200eSDS complexes.

The obtained results show that both molecularly dispersed
and highly aggregated complexes can be obtained in aqueous
solutions for the polymers of the same chemical nature. More-
over, both types of PSC supramolecular organization can be
realized even for the same polymer. We believe that the reason
for this is that the increase of PSC composition leads to hydro-
phobization of PSC species that causes their aggregation in
solution. If hydrophobicity of the complex species remains
unvaried upon change of the reaction mixture composition
(as it is for PEVP1200eSDS and PDADMAC-SDS [4]), supra-
molecular organization of the complexes also remains constant
in the whole range of Z. Such assumption is in a good
agreement with our recent studies showing that hydrophobiza-
tion of PSC complexes by solubilization of organic additives
also causes PSC aggregation while hydrophilization, on the
contrary, leads to their complete disaggregation but not
destruction [16e18].

4. Conclusions

Two types of supramolecular organization of PEVPeSDS
complexes in wateresalt media were found. It was shown that
aggregation state of PSC species is determined by the complex
composition which, in its turn, depends on PEVP polymeriza-
tion degree and the reaction mixture composition. When PEVP
polymerization degree is significantly higher than nmin and
about 60% of PEVP units in the complex species are free
(PEVP2350, Z< 0.45), formation of molecularly dispersed
complexes comprising one PEVP molecule and about 900
SDS ions is observed. Hydrophobization of PEVP2350eSDS
complex species upon increase of their composition up to
Z¼ 0.45 leads to formation of the aggregates. In the case of
soluble PEVP1200eSDS complexes which have the constant
composition of 4min¼ 4c¼ 0.45, formation of aggregated
PSCs comprising about 40 macromolecules and 20,000 surfac-
tant ions is observed in the whole range of Z< Zc. If PEVP
polymerization degree is close to nmin (as it is in the case of
PEVP570) and there are no free PE units to provide complex
solubility even at 4min, only water-insoluble PSCs are formed.
Table 4

Molecular characteristics of free PEVP and PEVPeSDS complexes

PEVP (Pw) Sample Mw� 10�3 (g mol�1) NPE nS (Dz)o� 107 (cm s�1) Rh (nm) Rapp (nm) A2 (mol sm3 g�2)

2350 PEVP, Z¼ 0 460 1 e 1.11 19 12a 4.4� 10�4

PSC, Z¼ 0.4 704 1.07 900 1.73 12.5 12a 1.4� 10�5

PSC, Z¼ 0.45 120b

1200 PEVP, Z¼ 0 240 1 1.53 14 10a 8.74� 10�4

PSC, Z¼ 0.4 12,400 38 20,000 120a �8.05� 10�9

PSC, Z¼ 0.45 12,300 37 20,000 120b �1.02� 10�8

a [PEVP]¼ 20 mM.
b [PEVP]¼ 5 mM.



228 J.A. Zakharova et al. / Polymer 48 (2007) 220e228
Acknowledgements

The authors are grateful to the Russian Foundation for
Basic Research (Grant no. 05-03-32492) for financial support
and M.V. Motyakin for fruitful discussions and significant
assistance in preparation of the paper.

References

[1] Goddard ED. In: Goddard ED, Ananthapadmanabhan KP, editors. Inter-

action of surfactants with polymer and proteins. USA: CRS Press; 1993.

p. 171e201.

[2] Lindman B, Thalberg K. In: Goddard ED, Ananthapadmanabhan KP,

editors. Interaction of surfactants with polymer and proteins. USA: CRS

Press; 1993. p. 203e76.

[3] Kasaikin VA, Efremov VA, Zakharova YuA, Zezin AB, Kabanov VA.

Dokl Chem 1997;354(4e6):126e8.

[4] Kabanov VA, Zezin AB, Kasaikin VA, Zakharova JA, Litmanovich EA,

Ivleva EM. Polym Int 2003;52:1566e72.

[5] Kasaikin VA, Zakharova JA. Colloids Surf A 1999;147(1e2):107e14.

[6] Khokholov AR, Khalatur PG. Curr Opin Colloid Interface Sci 2005;10:

22e9.

[7] Kirsh YuE, Pluzhnov SK, Shomina TS, Kabanov VA, Kargin VA. Viso-

komolec Soed A 1970;12:186e7 [in Russian].
[8] Hayakawa K, Shinohara S, Sasawaki S, Satake I, Kwak J. Bull Chem Soc

Jpn 1995;68(8):2179e85.

[9] Hayakawa K, Fukutome T, Satake I. Langmuir 1990;6(9):1495e8.

[10] Tret’yakova AYa, Bilatov AV, Baranov VP. Polym Sci 1992;34(5):

425e7.

[11] Satoh M, Yoda E, Komiyama J. Macromolecules 1991;24(5):1123e7.

[12] Jönsson B, Lindman B, Holmberg K, Kranberg B. Surfactant and polymers

in aqueous solution. Chichester: John Wiley & Sons Ltd.; 1998. p. 64.

[13] Ishimaru A. Wave propagation and scattering in random media. Wileye

IEEE Press; 1999.

[14] Hersloef A, Sundeloef LO, Edsman KJ. Phys Chem 1992;96(5):

2345e8.

[15] Hoff E, Nystrom B, Lindman B. Langmuir 2001;17(1):28e34.

[16] Zakharova JA, Otdelnova MV, Aliev II, Motyakin MV, Wasserman AM,

Zezin AB, et al. Polym Adv Technol, in press. Early view: <http://

www3.interscience.wiley.com/cgi-bin/abstract/113398565/ABSTRACT

http://www3.interscience.wiley.com/cgi-bin/fulltext/113398565/PDFSTART>

[17] Zakharova JA, Otdelnova MV, Aliev II, Motyakin MV, Wasserman AM,

Zezin AB, et al. Proceedings of the eighth international symposium on

polymer for advanced technologies. Budapest, Hungary. September 13e

16, 2005. <http://www.e-polymers.org/PAT2005ePolymers/page/Posters/

Section%20C/Otdelnova_Milena.pro.391613515.Otdelnova.pdf>

[18] Safina YuA, Zakharova JA, Aliev II, Motyakin MV, Wasserman AM. IV

international conference ‘‘Chimia vysokoorganizovannich veshestv i

nauchnie osnovi nanotechnologii’’ (Chemistry of highly-organized com-

pounds and scientific foundations of nanotechnology), St.-Petersburg,

2004. Book of Abstracts, p. 110 [in Russian].

http://www3.interscience.wiley.com/cgi-bin/abstract/113398565/ABSTRACT
http://www3.interscience.wiley.com/cgi-bin/abstract/113398565/ABSTRACT
http://www3.interscience.wiley.com/cgi-bin/fulltext/113398565/PDFSTART
http://www.e-polymers.org/PAT2005ePolymers/page/Posters/Section%20C/Otdelnova_Milena.pro.391613515.Otdelnova.pdf
http://www.e-polymers.org/PAT2005ePolymers/page/Posters/Section%20C/Otdelnova_Milena.pro.391613515.Otdelnova.pdf

	Poly(N-ethyl-4-vinylpyridinium bromide)-sodium dodecyl sulfate complexes. Formation and supramolecular organization in salt containing aqueous solutions
	Introduction
	Experimental section
	Materials
	Preparation of the samples
	Methods
	Determination of CAC value
	Turbidimetric titration
	Elemental analysis
	High-speed sedimentation
	Laser light scattering


	Results and discussion
	Formation of complexes
	Macromolecular organization of PEVP-SDS complexes in solution

	Conclusions
	Acknowledgements
	References


