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Abstract

The electrostatic self-assembly of thermally responsive copolymers of N-isopropylacrylamide (NIPAM) containing up to 10 mol% of the

sulfobetaine monomer 3-[N-(3-methacrylamidopropyl)-N,N-dimethyl]ammoniopropane sulfonate) (SPP) and poly(ethylene oxide) modified

with terminal cationic or anionic groups (IMPEO) was studied in methanol and aqueous solutions by static light scattering, turbidimetry,

viscometry, and rheological measurements. The formation of graft-like complexes at stoichiometric dipole–ion ratio and their self-

association was detected in the dilute and semidilute regime at temperatures below and above the lower critical solution temperature (LCST).

The ability of the graft-like complexes to associate below the LCST depended on the sulfobetaine content of the copolymers, the

functionality of IMPEO, and the polymer concentration. The effect of the IMPEO terminal group on the solution behavior of the graft-like

complexes was less pronounced. With increasing temperature their semidilute aqueous solutions form gels, stable over a wide temperature

range.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

An ongoing challenge in polymer chemistry is the

construction of advanced polymer architectures. The

approaches to the creation of novel structures are distin-

guished by the modes of binding the components, either

through covalent fixation, or by means of hydrophobic,

hydrogen bonding, or electrostatic self-assembly. Instead of

performing complicated chemical modifications, attractive

intermolecular interactions have been triggered by changes

in temperature, pH, ionic strength, or by addition of

surfactants and functional polymers to yield systems stable

under certain conditions [1–3]. The continuing interest in

such environmentally responsive structures, also known as

smart systems, stems from their potential application as
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drug delivery systems, chemical separators, sensors, and

catalysts.

One of the most studied responsive polymers, used as a

component of smart systems, is the thermally responsive

poly(N-isopropylacrylamide) (PNIPAM). PNIPAM exhibits

a well-defined LCST in water at about 32 8C [4,5]. It is

commonly accepted that the phase transition is a result of

changes in the balance between the hydrophobic inter-

actions and hydrogen bonding [6]. This is a two-stage

process involving an intramolecular coil collapse followed

by aggregation and precipitation from solution [7]. To

prevent aggregation of the polymer chains during the coil-

to-globule transition a small amount of surfactant that

interacts with the polymer chain can be added [8]. The

surfactant binding is associated with the hydrophobic nature

of the polymer that changes with temperature. The

pronounced hydrophobic character of PNIPAM even at

25 8C made possible the formation of mixed aggregates

between PNIPAM and hydrophobically modified
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Scheme 1. Polymers structure and abbreviations.
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poly(sodium acrylate) [9]. In our previous paper, we have

shown that in semi-dilute aqueous mixtures of PNIPAM and

fluorocarbon modified PEO the increase in temperature

induces hydrogel formation due to hydrophobic interactions

between the fluorocarbon groups and PNIPAM at tempera-

tures close to its LCST [10]. Increasing temperature

stabilizes hydrogen-bonding complexes between PNIPAM

and poly(acrylic acid) also due to hydrophobic interaction

[11].

PNIPAM self-assembly can be modulated by synthesis of

copolymers containing functional groups or blocks prone to

specific interactions. Depending on their nature multi-

responsive systems that show complex phase transition

behavior can be created. The introduction of charged groups

into the PNIPAM chain affects its LCST and prevents the

coagulation of the colloidal particles formed above the

LCST [12–14]. At 6–7 mol% incorporation, a cationic

monomer does not affect the LCST of PNIPAM, a

carboxybetaine monomer raises it to 43 8C, while the

negatively charged copolymer does not exhibit phase

transition up to 90 8C [15]. The structure of the aggregated

species depends on the degree of ionization of the

comonomer [16]. Positively or negatively charged copoly-

mers based on PNIPAM can interact with surfactants or

hydrophobically modified polyelectrolytes both through

electrostatic attraction and hydrophobic association [17–

19].

An interesting class of multi-responsive systems is based

on polymers containing zwitterionic moieties. While

polymers containing cationic or anionic groups exhibit an

electrostatic repulsion, those with zwitterionic groups

exhibit electrostatic dipole–dipole association [20–22].

Common properties of poly(sulfobetaines) are the upper

critical solution temperature (UCST), the preferential

binding of the zwitterionic groups to ‘soft’ cations and

anions, and the increase in viscosity with increasing salt

concentration, known as ‘antipolyelectrolyte’ effect [20,22–

25]. In aqueous salt solutions, used for screening the

electrostatic interactions, diblock copolymers comprising

polymethacrylate and polysulfobetaine blocks formed

micelles stabilized by hydrophilic polybetaine chains [26].

Thermosensitive hydrogels prepared from NIPAM and

sulfobetaine monomers revealed antipolyelectrolyte swel-

ling in concentrated salt solutions [27,28]. Laschewsky et al.

prepared block copolymers from NIPAM and SPP that

reveal double thermoresponsivity [29]. Since the blocks

exhibit LCST and UCST, respectively, and opposite

response to salt addition it was possible to switch from

one type of self-assembly to another by changing either the

temperature or the ionic strength [29,30].

The alternative approach to the development of polymer

architectures similar to those of block and graft copolymers

by employing specific interactions between unlike polymer

chains has been explored both in blends and solutions [31–

34]. In selective solvents these complexes form micelle-like
structures, which core and corona are linked by specific

interactions rather than by covalent bonds [35].

The aim of the work was to study the ability of PNIPAM

copolymers containing up to 10 mol% sulfobetaine groups

to form graft-like complexes with PEO bearing terminal

charged groups. The structure and abbreviations of the

polymers used in this work are shown in Scheme 1. The

attractive interactions between the zwitterionic groups of

the main chain and the terminal cationic or anionic groups

of PEO can yield charged complexes of highly variable

structure, namely the number and nature of the charged

groups per chain. They were characterized in terms of their

behavior in methanol and aqueous solutions in the dilute and

semidilute regime, and the phase transition upon heating.
2. Experimental
2.1. Materials

The reagents were purchased from Aldrich. NIPAM was

recrystallized from a 65:35 (v/v) mixture of hexane and

benzene. Ethylene oxide (EO) and methyl iodide were

distilled. N,N-dimethylaminoethanol was distilled under
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reduced pressure. Azobis(isobutyronitrile) (AIBN) was

recrystallized from methanol. Tetrahydrofuran (THF) was

refluxed over sodium–potassium alloy and distilled. All

other reagents and a-methoxypoly(oxyethylene) 2000

(MeE45) were used as received.

2.2. Synthesis of monomers and polymers

2.2.1. 3-[N-(3-Methacrylamidopropyl)-N,N-

dimethyl]ammoniopropane sulfonate) (SPP)

SPP was obtained from N-[3-(Dimethylamino)propyl]-

methacrylamide and 1,3-propane sultone in acetonitrile

according to the procedure given by Lee et al. [36].

2.2.2. Poly(N-xSPP)

Copolymers of NIPAM and SPP were prepared by

radical polymerization in methanol by varying the mole

fraction of SPP in the feed. The NIPAM concentration was

1.5 mol lK1 and the SPP feed content (x) was 1, 3, 5, or

10 mol%. The initiator was AIBN (0.1 or 0.2 mol%). The

copolymerization was performed at 50 8C for 2 days in

ampoules sealed under vacuum after utilization of freeze-

thaw technique. The solution was precipitated into diethyl

ether. The composition of the copolymers was estimated by
1H NMR in D2O from the relative peak area of the methine

proton resonance of the isopropyl groups at dZ3.78 ppm

and that of (CH3)2N
C proton resonance of the sulfobetaine

unit at dZ3.04 ppm. The content of SPP in the copolymer,

determined by 1H NMR, was equal to its content in the feed.

2.2.3. Poly(ethylene oxide) modified with ionic groups

(IMPEO)

2.2.3.1. a-(2-Trimethylammonioethyl)poly(oxyethylene)

(MQEn). The synthesis was performed in two successive

steps: anionic polymerization of EO initiated by potassium

alkoxide of dimethylaminoethanol to obtain a-(2-dimethy-

laminoethyl)poly(oxyethylene), and its quaternization with

methyliodide as previously described [37].

2.2.3.2. a-(2-Trimethylammonioethyl)-u-trimethylammo-

niopoly(oxyethylene) (MQEnMQ). MQEnMQ was prepared

by quaternization of trimethylamine with a-(2-bromoethyl)-

u-bromopoly(oxyethylene) according to the procedure

given by Bückmann et al. [38]. The process was monitored

by 1H NMR in D2O by the disappearance of the signal due

to –CH2Br protons at dZ3.74 ppm and appearance of a

signal at dZ3.04 ppm due to (CH3)3N
C protons.

2.2.3.3. 3-{N-[2-(a-Hydroxypoly(oxyethylene)ethyl]-N,N-

dimethyl]}ammoniopropane sulfonate (SBEn). The syn-

thetic procedure was the same as the one for MQEn, except

that the quaternizing agent was 1,3-propane sultone.

2.2.3.4. 3-[a-Methoxypoly(oxyethylene]propane sulfonate

sodium salt (SE45). MeE45 (10 g, 5 mmol OH) was dried by
azeotropic distillation with toluene and dissolved in 55 ml

of THF. NaH (0.19 g, 7.5 mmol) was added to the stirred

polymer solution under nitrogen and the mixture was

maintained at 60 8C overnight. 1.3-Propane sultone (1.0 g,

8.2 mmol) was added and the mixture was stirred at 60 8C

for 3 days. The mixture was filtered, concentrated and

precipitated into diethyl ether. The completeness of the

reaction was evidenced by the 1H NMR spectrum of the

product in D2O. The ratio of the intensities of CH3O protons

at dZ3.3 ppm and CH2–SO
K
3 protons at dZ2.83 ppm was

3:2.

2.2.3.5. 3-[a-(3-Sulfonatopropyl)oxypoly(oxyethylene)]pro-

pane sulfonate disodium salt (SEnS). The synthetic pro-

cedure was the same as the one for SEn, except that

bifunctional PEG-2000 or PEG-4000 were modified with

1,3-propane sultone. The completeness of the reaction was

evidenced by the 1H NMR spectra of the products in D2O.

The ratio of the intensities of the oxyethylene protons at dZ
3.51 ppm and CH2–SO

K
3 protons at dZ2.83 ppm was equal

to the predicted one.

2.3. Complexes between poly(N-xSPP) and IMPEO

All complexes were prepared at stoichiometric ion–

dipole ratio. The solutions of the complexes were kept at

room temperature for 2 days before measurements.

2.4. Measurements

2.4.1. Measurement of the LCST

The LCST was determined by UV–Vis spectroscopy.

The copolymer solutions were poured into 1 cm cell. The

cell holder was heated at a rate of 0.1 8C minK1. The phase

transition temperature was determined by monitoring the

transmittance at 500 nm. The LCST was defined as the

temperature at which the transmittance becomes 50% of its

initial value at 20 8C.

2.4.2. SEC measurements

SEC measurements were performed on a system

(Waters) consisting of M510 pump, U6K injector, refract-

ometer 410, and a set of CATSEC Å (Eprogen Inc. and

Eichrom Techn. Inc. USA) columns 100 and 300. The

mobile phase was 0.2 M CH3COONa, 0.4 M CH3COOH,

and 2% ethylene glycol eluting at a flow rate of 0.5 ml minK1

at 30 8C.

2.4.3. Light scattering measurements

Static light scattering measurements (SLS) were carried

out on a multi-angle laser light scattering detector DAWN

DSP Laser Photometer (Wyatt Technology Corp.) equipped

with an argon laser emitting at a wavelength of 632.8 nm.

Analyses were performed in a microbatch mode at 25 8C.

The weight average molar mass, the radius of gyration, Rg,

and the second virial coefficient, A2, were obtained from the
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Berry plots processed with Astra (Wyatt Corp.) software.

The specific refractive index increments at 25 8C were

measured on an Optilab 903 Wyatt interferometric refract-

ometer and determined by the Wyatt dn/dc softwate. The

dn/dc values for the copolymers and for the complexes are

listed in Tables 1–3.

The stock solutions for the light scattering measure-

ments of P(N-xSPP) were prepared at concentration of

1!10K3 g mlK1, while those of the complexes at total

concentration of 1!10K2 g mlK1. They were purified of

dust using filter of 0.2 mm pore size (PVDF filter) and

diluted with filtered solvent.

2.4.4. Viscosity measurements

Solution viscosities of the individual polymers and of

polymer mixtures were determined with an Ubbelohde

viscometer at 25 8C. The total polymer concentration ranged

from 0.2 to 1 g dlK1.

2.4.5. Rheology measurements

Rheology measurements were performed on a Rhe-

ometer RheoStress 600 (Thermo Electron Corp.) in the

plate/plate geometry (diameter 60 mm). The viscoelastic

properties of P(N-xSPP) and their complexes with IMPEO

were measured in both steady state and dynamic mode in the

temperature range from 25 to 70 8C. The storage modulus

(G 0) and the loss modulus (G 00) were measured as a function

of the angular frequency, u ranging from 0.1 to 100 rad sK1.

The strain was 0.01.

For the rheological measurements the aqueous solutions

of the complexes were prepared at a constant concentration

of P(N-xSPP) equal to 5 wt%.
3. Results and discussion

3.1. Characterization of the copolymers P(N-xSPP)

The incorporation of sulfobetaine units into the PNIPAM

chain affects its properties, which can be readily found by

viscosity, optical and light scattering measurements. P(N-

xSPP) copolymers are soluble in methanol and water at

room temperature. However, the aqueous solutions become
Table 1

Characteristics of P(N-xSPP) in aqueous solutions

Code LCST 8C [h] (dl gK1)a S

Salt-free 0.5 M KSCN d

P(N-1SPP) 32.3 0.851 0.831

P(N-2SPP) 34.8 0.96 0.95 0

P(N-3SPP) 36.2 0.834 0.854 0

P(N-5SPP) 52.1 0.98 0.74 0

P(N-10SPP) 70.1 1.11 0.85 0

a Determined at 25 8C.
b In the concentration range of 2!10K4 to 1!10K3 g mlK1 at 25 8C.
turbid when heated above their LCST. Copolymerization of

NIPAM with SPP shifts the LCST to higher temperatures in

line with the more hydrophilic nature of the SPP units

(Table 1).

It is well known that zwitterionic groups associate intra-

or intermolecularly depending on the concentration and the

copolymer composition. Salt addition has been shown to

disrupt the ionic cross-links and promote chain expansion

[24,39]. Studying the effect of the composition on the

solution behavior of water-soluble sulfobetaine containing

polymers McCormick and Salazar observed a decrease in

the second virial coefficient with increasing sulfobetaine

content [40]. In pure aqueous solutions, the polysulfobe-

taines exhibit negative A2 values, which increase and

change to positive values upon addition of salt [20].

The dilute solution properties of P(N-xSPP) were studied

by SLS measurements on water and methanol solutions in

the concentration range from 5!10K5 to 1.0!10K3 g mlK1.

Methanol is a better solvent for PNIPAM than water.

Although A2 for PNIPAM in both methanol and water is

positive, its value is larger in methanol [41].

Tables 1 and 2 show the apparent molecular weights,

Mapp, and the second virial coefficients for P(N-xSPP) in

water and methanol at 25 8C as determined by Berry plots

[Fig. 1(a)]. The values of Mapp for the copolymers in

aqueous solution are larger than those in methanol. The

values for A2 differ in sign being negative in water and

positive in methanol. Large Rg values were determined in

aqueous solutions. These results suggest that in aqueous

solutions attractive intermolecular interactions result in the

formation of large aggregates. It is plausible that the values

for Mapp and A2 listed in Table 1 indicate the contribution

from both individual chains and multichain aggregates.

Viscosity measurements are usually used to discriminate

inter—from intra-molecular interactions. The data for the

intrinsic viscosities of P(N-xSPP) in salt-free and 0.5 M

KSCN solutions at 25 8C (shown in Table 1) can be

rationalized in terms of simultaneous disruption of intra-

and inter-chain electrostatic interactions upon salt addition.

P(N-5SPP) and P(N-10SPP) display a substantial viscosity

decrease with the addition of KSCN. This indicates that the

likelihood for intermolecular interactions increases with the

increase in the SPP content.
LSb

n/dc Mapp!10K5

(g molK1)

A2!103

(mol ml gK2)

Rg (nm)

.201 3.0 K1.1 27

.207 2.4 K1.4 56

.207 2.5 K1.1 71

.204 3.8 K1.8 94



Table 2

Characteristics of P(N-xSPP) and their complexes with SE45 in methanol at 25 8C

Code Copolymer SLS Complex SLSa

dn/dc Mapp!10K5

(g molK1)

A2!103

(mol ml gK2)

dn/dc Mapp!10K5

(g molK1)

A2

(mol ml gK2)

Rg (nm)

P(N-2SPP) 0.24 0.7b 1.3b

P(N-3SPP) 0.225 0.9b 1.2b 0.155 4.0 9.7!10K5 54

P(N-5SPP) 0.187 2.9c 1.2c 0.143 6.0 1.0!10K4 56

P (N-10SPP) 0.166 1.2c 4.3c 0.142 11.0 7.0!10K5 77

a In the concentration range of 1.0!10K3 to 1.0!10K2 g mlK1.
b In the concentration range of 1.0!10K4 to 1.0!10K3 g mlK1.
c In the concentration range of 5.0!10K5 to 4.0!10K4 g mlK1.
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The rheological behavior of P(N-xSPP) copolymers was

compared with that of PNIPAM with molecular weight

1.5!105. At temperatures below the LCST the 5 wt%

aqueous solution of PNIPAM is a viscoelastic fluid

exhibiting G 0!G 00. The dynamic moduli sharply increase

close to the LCST and G 0 becomes larger than G 00. Further

increase in temperature causes precipitation of the aggre-

gated species.

The behavior of the copolymers at temperatures below

the LCST depends on their sulfobetaine content. The

solution properties of P(N-2SPP) are similar to those of

PNIPAM below the LCST but quite different above the

LCST. The increase in temperature above the LCST does

not cause precipitation and the system exhibits storage

modulus larger than the loss modulus.

Quite distinct is the behavior of P(N-xSPP) copolymers

with SPP content xS3 at temperatures below the LCST

(Fig. 2). The value of the storage modulus is above that of

the loss modulus indicating the formation of a temporary

network due to dipole–dipole interactions. The increase in

temperature induces shrinkage and aggregation of the

PNIPAM entities which causes sharp increase in the

dynamic moduli. In contrast to the case of the PNIPAM

solution no phase separation occurs at temperatures above

the LCST probably due to the stabilization of the aggregates

by the hydrophilic sulfobetaine units located on their

surface.

3.2. Complex formation between P(N-xSPP) and IMPEO

In mixtures of P(N-xSPP) with IMPEO dipole–ion

interactions between the zwitterionic groups randomly

distributed along the PNIPAM chain and the terminal

ionic groups of IMPEO can form positively or negatively
Table 3

Light scattering data of complexes between P(N-5SPP) and IMPEO in water at 2

Polymers SLSa

Copolymer IMPEO dn/dc M

(g

P(N-5SPP) MQE90MQ 0.186 6

P(N-5SPP) SE90S 0.188 4

a In the concentration range of 2.0!10K4 to 3.0!10K3 g mlK1.
charged graft-like complexes. The design of such structures

is a novel approach to the development of associative

polymers that respond to environmental stimuli.

3.2.1. Thermal phase transition

Fig. 3(a) shows the light transmittance versus the

temperature plots for 1 wt% aqueous solution of P(N-

2SPP) as well as for its mixtures either with IMPEOs or with

MeE45. The phase transition temperatures of the aqueous

mixtures are higher than that of the pure P(N-2SPP)

solution. The increase in the LCST when P(N-2SPP) is

mixed with the nonionic MeE45 suggests an interaction

between the polymers that makes the sulfobetaine contain-

ing polymer more hydrophilic. The enhancement of the

LCST is more pronounced when P(N-2SPP) is mixed with

IMPEO. In such mixtures, the formation of graft-like

complexes due to dipole–ion interactions can be proposed.

Actually, similar shift of the LCST to higher temperatures

has been observed upon grafting of PEO chains onto

PNIPAM backbone [42].

The effect of concentration on the phase transition

temperature of the graft-like complexes is presented in Fig.

3(b). 1 or 5 wt% solutions of P(N-3SPP) were mixed with

SE45 at 1:1 dipole/ion ratio. No shifting of the LCST of P(N-

3SPP) was observed in this concentration range. On the

contrary, the phase transition temperature of the mixture is

concentration-dependent and shifts to lower temperatures

with increasing concentration. Actually, the same phenom-

enon has been observed in the case of PNIPAM-g-PEO

copolymers [42]. It has been argued that in concentrated

solutions of PNIPAM-g-PEO large core-shell particles are

formed at temperatures below the LCST and the high

density of PNIPAM in the core facilitates its thermally-

induced transition.
8 8C

app!10K6

molK1)

A2 (mol ml gK2) Rg (nm)

.0 K1.0!10K5 140

.6 6.1!10K4 144



 

   

Fig. 1. Berry plot for P(N-5SPP): (a) in pure aqueous solution in the

concentration range of 2.0!10K4 to 1.0!10K3 g mlK1 and (b) in aqueous

mixture with MQE90MQ at 1:1 dipole/ion ratio in the concentration range of

2.0!10K4 to 3.0!10K3 g mlK1.

 

  
  
  
  

Fig. 3. Temperaure dependence of the transmittance at 500 nm for: (a)

1 wt% P(N-2SPP) aqueous solution, and its mixtures with the nonionic

MeE45, and with IMPEO, and (b) 1 and 5 wt% P(N-5SPP) aqueous

solutions and their mixtures with SE45 at 1:1 dipole/ion ratio.
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3.2.2. Static light scattering measurements

SLS measurements of methanol and aqueous mixtures of

P(N-xSPP) with IMPEO provide evidence for complex

formation at temperatures below the LCST (Tables 2 and 3).

The SLS data for the complexes formed in aqueous

mixtures of P(N-5SPP) with either SE90S or MQE90MQ

[(Fig. 1(b)] are summarized in Table 3. The square

reciprocal reduced scattered intensity at zero angle, (Kc/
Fig. 2. Frequency dependence of the storage modulus G 0 (filled symbols)

and the loss modulus G 00 (open symbols) for 5 wt% aqueous solution of

P(N-3SPP) at 25 and 55 8C.
R0)
1/2, varied linearly with concentration, which implies that

the complexes are stable on dilution. The complexation of

P(N-5SPP) with telechelic IMPEOs could be either intra- or

interchain. It is the interchain complexation that yields large

nanoparticles stabilized by both PEO chains and charged

groups located on their surface.
3.2.3. Viscometric studies and SEC analysis

Viscometry is an effective method to establish com-

plexation in mixed polymer solutions. The effect of the

intermolecular interactions on the solution viscosities of

mixtures of P(N-xSPP) with IMPEO was studied with

respect to the nature of the PEO terminal groups. The total

polymer concentration of the mixed solutions was 1 g dlK1,

which was lower than the overlap concentration of P(N-

xSPP) (c*z1/[h]). In this regime, if there were no specific

interactions between the unlike polymer chains, the

viscosity of the solution would follow the additivity law.

Fig. 4 shows the concentration dependence of the

reduced viscosity of the aqueous mixture of P(N-5SPP)

with MQE45. The viscosities of the pure components and

those calculated for a mixture, which obeys the additivity

low, are also included. The reduced viscosities of the

mixture highly deviate from the calculated ones. This



Fig. 4. Concentration dependence of the reduced viscosity in deionized

water at 25 8C of: P(N-5SPP), MQE45, mixture of P(N-5SPP) with MQE45,

and a theoretical curve for the mixture calculated according to the additivity

law.
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behavior is common for most of our systems, whatever the

nature of the PEO terminal group. It can be considered as an

indication that intermolecular specific interactions result in

the formation of graft-like complexes, which hydrodynamic

volume differs from those of the component polymers.

The complex formation in an aqueous mixture of P(N-

5SPP) with MQE45 was monitored by SEC analysis under

conditions suitable for elution of cationic polymers. Fig.

5(a) shows the SEC traces of the component polymers while

Fig. 5(b) illustrates the elution of the complex formed in the

mixture kept for 24 h at room temperature. The complex has

a larger elution volume than that of the parent P(N-5SPP).

Since in SEC experiments the factor determining the

retention of the macromolecules is their hydrodynamic

volume, one can assume that the graft-like complex exhibits

a compact conformation. This suggestion is in agreement

with the viscosity data for the same complex shown in Fig.

4. Recently, Virtanen and Tenhu have also established that

increasing the number of PEO grafts makes the confor-

mation of PNIPAM-g-PEO copolymers more compact [43].
3.2.4. Rheological properties of the complexes in semidilute

regime

Rheological measurements performed on aqueous
Fig. 5. SEC curves of: (a) P(N-5SPP) and MQE45 and (b) mixture of P(N-

5SPP) and MQE45 kept for 24 h at room temperature.
mixtures of P(N-3SPP) or P(N-5SPP) with IMPEO provide

evidence for complex formation between the component

polymers.

Fig. 6 depicts the temperature dependence of the storage

and loss moduli at 0.5 Hz for 5 wt% aqueous solution of

P(N-3SPP) and for its mixture with SE45. In the case of P(N-

3SPP), the value of the storage modulus is always above that

of the loss modulus indicating the formation of temporary

networks at temperatures below and above the LCST. The

addition of SE45 to the solution of the same copolymer

changes its rheological properties. At temperatures lower

than 40 8C the value of the storage modulus for the mixture

is below that of the loss modulus. The dynamic moduli,

especially G 0, sharply increase at about 45 8C, and G 0

exceedsG 00. This observation indicates that in the mixture of

P(N-3SPP) with SE45 the formation of a network occurs just

above the LCST. Such behavior appeared to be common for

the complexes between P(N-xSPP) and IMPEO bearing one

terminal ionic group. Measurements were also performed on

mixtures of P(N-3SPP) or P(N-5SPP) with PEO bearing a

terminal sulfobetaine group (SBE45). Although the inter-

acting groups were zwitterionic the temperature dependence

of the dynamic moduli was similar to that of the complexes

formed between P(N-xSPP) and semitelechelic IMPEOs.

The results suggest that the rheological properties of these

complexes are governed rather by the presence of grafted

PEO chains than of charged groups. The fact that at

temperatures below the LCST the value of G 0 for the

mixture is smaller than that of G 00 can be explained by

disruption of the intermolecular dipole–dipole cross-links

upon complex formation.

Substituting the telechelic SE90S for the semitelechelic

SE45 has a pronounced effect on the rheological behavior of

its mixture with P(N-5SPP). Fig. 7(b) shows that at

temperatures below the LCST the value of G 0 for the

complex is above that of G 00 and much larger than the value

of G 0 for the pure copolymer solution [shown in Fig. 7(a)].

This fact can be rationalized by the assumption that the
Fig. 6. Temperature dependence of the storage modulus G0 (filled symbols)

and the loss modulus G 00 (open symbols) at 0.5 Hz for 5 wt% aqueous

solutions of: P(N-3SPP), and mixture of P(N-3SPP) with SE45.



Fig. 7. Temperature dependence of the storage modulus G0 (filled symbols)

and the loss modulus G 00 (open symbols) at 0.5 Hz for 5 wt% aqueous

solutions of: (a) P(N-5SPP) and (b) mixture of P(N-5SPP) with SE90S.

A.N. Nedelcheva et al. / Polymer 46 (2005) 2059–20672066
complex formation between P(N-5SPP) and SE90S results in

an increase in the number density of the elastically effective

chains.

The temperature-induced changes in the dynamic moduli

are in line with changes in the steady shear viscosity of the

respective mixed solutions. The viscosity of 5 wt% mixtures

of P(N-5SPP) either with SE45 or with SE90S indicates a

pronounced shear thickening at temperatures below 50 8C.

Fig. 8(a) shows that the mixture of P(N-5SPP) with SE90S

exhibits a strong shear thickening at a low shear rate

followed by shear thinning. The shear thickening is usually

considered as a result of shear-induced modification of the

sizes of the aggregates existing at rest. At a certain shear

rate, the shear forces are strong enough to extend the

aggregated structures and to cause a disruption of intra-

chain cross-links. The associating groups released can form

intermolecular associations, leading to viscosity increase.

At high temperatures the collapsed and aggregated

species are stabilized not only by the grafted PEO chains

but also by the charges located on their surface. Their

repulsion prevents further aggregation and precipitation

does not occur over broad temperature range.
Fig. 8. Shear rate dependence of viscosity for 5 wt% aqueous mixture of

P(N-5SPP) with SE90S at temperatures: (a) 45 8C, and (b) 60 8C.
4. Conclusions

A new approach for the preparation of graft-like

complexes consisting of a thermosensitive backbone and

PEO side chains was described. The complexes were

formed by dipole–ion interactions between sulfobetaine

containing PNIPAM copolymers and PEO bearing either

cationic or anionic terminal groups. Optical, static light

scattering, viscosity, and rheological measurements gave

evidence for complex formation in the dilute and semidilute

regime.

In semidilute aqueous solutions of sulfobetaine contain-

ing PNIPAM copolymers, the addition of PEO bearing

terminal cationic or anionic groups caused rupture of the

zwitterionic dipole–dipole cross-links. The rheological

properties of the complexes between P(N-xSPP) and

IMPEOs at temperatures below the LCST depended on

the functionality of IMPEO. At temperatures above the

LCST the complexes formed gels stable over a wide

temperature range.
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