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Introduction

When weak polyacids, such as poly(acrylic acid) (PAA) or poly(methacrylic acid) (PMAA), and proton acceptor polymers, such as polyethyleneoxide (PEO), or polyacrylamides, are mixed in solution at pH lower than 3-4, a associative phase separation takes place, 1,2,3,4,5,6,7 as a result of the formation of hydrogen-bonding interpolymer complexes (IPCs). A considerable amount of work on such hydrogenbonding IPCs has been presented in two reviews. 8,9 The potential applications of these IPCs to various fields, such as drug delivery formulations, 10,11,12 biomaterials, 13 emulsifiers, 14 and membrane and separation technology, 15,16 has further stimulated the research interest in this field.

In order to extend the solubility of the hydrogen-bonding IPCs in the low pH region, some efforts have recently been undertaken. 17,18 In one of them, an anionically charged graft copolymer, poly(acrylic acid-co-2-acrylamido-2-methyl-1-propane sulfonic acid)-g-poly (N,N-dimethylacrylamide) (P(AA-co-AMPSA)-g-PDMAM), has been synthesized by grafting poly (N,N-dimethylacrylamide) (PDMAM) chains onto an acrylic acid-co-2-acrylamido-2-methy-1-propane sulfonic acid copolymer (P(AAco-AMPSA)) backbone. PDMAM is a water-soluble polymer with important proton acceptor properties, forming hydrogen-bonding IPCs with PAA, 19,20 which precipitate out from water even at pH values as high as 3.75. 17 When these graft copolymers are mixed with PAA in a low pH (pH < 3.75) aqueous solution, hydrogen-bonding IPCs between the PDMAM side chains and PAA are formed. Nevertheless, the presence of the negatively charged AMPSA units in the graft copolymer backbone prevents their precipitation. 17 Moreover, rheological measurements in a semi-dilute solution have shown a gel-like behaviour in this low pH region. 21 This behaviour has been attributed

to the interconnection of the negatively charged backbone chains of the graft copolymer by means of the hydrogen-bonding interpolymer complexes formed between the PDMAM side chains of the graft copolymer and the PAA chains.

Small-angle neutron scattering (SANS) measurements, already used to show the formation of dense hydrogen-bonding IPCs between PEO and partially neutralized (3 -9%) PMAA, 22 were also used to study the microstructure of the above-mentioned electrostatically stabilized colloidal system in D 2 O. 23 Core-shell nanoparticles comprised by an insoluble hydrogen-bonding IPC core and a hydrophilic negatively charged corona surrounding it, was supposed to be formed. The formation of similar colloidal complexes has been also observed as a result of the interaction of polyelectrolyte-neutral block copolymers or of comb-type polyelectrolytes with oppositely charged synthetic or biological macromolecules 24,25,26,27,28 and surfactants. 2930,31,32,33 However, there is a major difference in our case. The colloidal nanoparticles formed are pH sensitive as they are formed at low pH and dissociate at pH > 3.75. 17 In this work we have proceeded to a thorough study of the interactions between a P(AA-co-AMPSA)-g-PDMAM graft copolymer, containing 48 wt % of PDMAM, shortly designated as G48, and PAA, at pH = 2.0, in a broad concentration region, ranging in the dilute and the semidilute regime. In such a low pH insoluble IPCs are formed 17 as a result of successive hydrogen bonds between the carboxylic groups of PAA and the amide groups of PDMAM. 6,34 Nevertheless, the particles formed do not precipitate but remain in a colloidal form in the solution, due to the anionic backbone of the graft copolymer. Rheology measurements were used for the determination of a critical concentration, c * , over which gel formation takes place.

Dynamic light scattering (DLS) and SANS measurements indicated the formation of core-shell nanoparticles, transformed to bigger clusters as concentration increased above c * , with their cores remaining unchanged. Static light scattering in dilute solution was used to determine the molecular weight of the isolated nanoparticles, and atomic force microscopy (AFM) to estimate their size after evaporation of the solvent. were used for the synthesis of the graft copolymers.

Experimental Section

Materials

For the adjustment of the pH citric acid (CA) (Merck) was used.

Water was purified by means of a Seralpur Pro 90C apparatus combined with a USF Elga laboratory unit. For the SANS experiments, deuterium oxide (Aldrich) was used.

Polymer synthesis and characterization. Amine-terminated PDMAM was synthesized by free radical polymerization of DMAM in water at 30 ºC for 6 h using the redox couple APS and AET as initiator and chain transfer agent, respectively. The polymer was purified by dialysis against water through the same membrane above, and finally obtained by freeze-drying. Its number average molecular weight was determined by end group titration with NaOH after neutralization with an excess of HCl, using a Metrohm automatic titrator (model 751 GPD Titrino) and 17,000 g/mol were obtained.

A copolymer of AA and AMPSA, P(AA-co-AMPSA), was prepared by free radical copolymerization of the two monomers in water, after partial neutralization (90% mole) with NaOH at pH ≈ 6-7, at 30 ºC for 6 h, using the redox couple APS/KBS. The product obtained was then fully neutralized (pH=11) with an excess of NaOH, purified by dialysis against water, and received in its sodium salt form after freeze-drying. Its composition, determined by acid-base titration and elemental analysis, was 18% in AA units. Its apparent weight average molecular weight, M w = 2.7 x 10 5 g/mol, was determined by static light scattering in 0.1 M NaCl.

The graft copolymer, P(AA-co-AMPSA)-g-PDMAM, was synthesized by a coupling reaction between P(AA-co-AMPSA) and amine-terminated PDMAM. The two polymers were dissolved in water at a 1:1 weight ratio. Then, an excess of the coupling agent, EDC, was added and the solution was let under stirring for 6 h at room temperature. Addition of EDC was repeated for a second time. The product was purified with a Pellicon system, equipped with a tangential flow filter membrane (Millipore, cut off = 100 kDa), and freeze dried. Its composition in PDMAM side chains was found to be equal to 48 wt% (using elemental analysis), corresponding to about 14 chains per graft copolymer. A schematic depiction of the graft copolymer is presented in Scheme 1. Its apparent molecular weight, M w = 4.8 x 10 6 g/mol, was determined by static light scattering in 0.1 M NaCl.

Rheology. Steady-state shear viscosity measurements of semidilute aqueous polymer mixtures were performed using a Rheometrics SR 200 controlled-stress rheometer, equipped with a cone and plate geometry (diameter = 25 mm, angle = 5.7°, truncation = 56 µm). An Anton Paar AMVn automated microviscometer, equipped with a 1.8 mm diameter glass capillary and a 1.5 mm diameter steel ball, was used to measure the viscosity of the dilute solutions. The temperature was fixed at 25±0.1 °C.

Dynamic Light Scattering (DLS).

The intensity time correlation functions g (2) (t) of the polarised light scattering were measured at θ = 90° at 24 °C with a full multiple tau digital correlator (ALV-5000/FAST) with 280 channels. The excitation light source was a He-Ne laser (Melles-Griot) operating at 632.8 nm, with a stabilised power of 17 mW. The incident beam was polarised vertically with respect to the scattering plane using a Glan polariser. The scattered light from the sample was collected through a Glan-Thomson polariser (Halle, Berlin) with an extinction coefficient better than 10 -7 . The samples used were dust-free and optically homogeneous. The intensity time correlation functions g (2) (t) were analysed using the inverse Laplace transformation (ILT) method with the aid of the CONTIN code. 35 From the relaxation times obtained by the ILT analysis, the translational diffusion coefficient, D T , of the particles was determined by means of the equation

D T = (τq 2 ) -1 (1)
where τ is the relaxation time and q the wave vector given by q = 2πnsin(θ/2)/λ, where n is the refractive index of the medium and λ the wave length of the light beam. D T was related to the hydrodynamic radius, R H , of the particles through the Stokes-Einstein equation,

R H = K B T/6πη 0 D 0 (2)
where K B is the Boltzmann constant, T the absolute temperature, η 0 the viscosity of the solvent and D 0 the translational diffusion coefficient at zero concentration. Atomic Force Microscopy (AFM). AFM images were collected under ambient conditions (23°C, 50 % RH) using tapping mode AFM (TM-AFM) on a NanoScope III multimode scanning probe microscope (Veeco, USA). Silicon tips with a spring constant of 42 N m -1 and a resonance frequency of approximately 320 kHz were used. In tapping mode 36 , the cantilever oscillates at its resonance frequency (typically 200-400 Hz in air), so that the tip interacts very briefly with the surface during each oscillation cycle with a small amplitude (A ~ 10 nm). The reduction of the cantilever oscillation from its set point value, due to interactions between the AFM tip and the sample during the scan, is used to determine the topography of the surface. In order to minimise the forces of interaction, the ratio of the set point value to the free amplitude of the cantilever was maintained at approximately 0.9 ("light tapping") by adjusting the vertical position of the sample. Images were recorded with a resolution of 512 x 512 pixels and a scan rate of 0.5-0.8 Hz. Height and lateral dimensions of the particles were measured using the Nanoscope image analysis software (NanoScope V6.13) Samples were prepared by depositing a drop (5µL) of polymer mixture solution (3,6 × 10 -5 g.cm -3 ) on freshly cleaved mica. The sample was then gently allowed to evaporate under ambient conditions in a Petri Dish and observed after 20 minutes.

Static Light Scattering (SLS). SLS measurements

Preparation of the polymer mixture solutions. Stock solutions of the mixture G48/PAA were prepared by mixing a 5.50 x 10 -2 g/cm 3 G48 solution with a 2.10 x 10 -2 g/cm 3 PAA solution in D 2 O for the SANS measurements and a 5.2 x 10 -2 g/cm 3 G48 solution with a 2.00 x 10 -2 g/cm 3 PAA solution in H 2 O for all the other measurements, at pH = 2.0, adjusted with CA. The mixtures prepared were considered to contain PAA chains in equivalent quantities with the PDMAM side chains of the graft copolymer G48, that is, in a unit mole ratio PAA/PDMAM 1.1/1, according to our previous study 23 . At this point, we consider it useful to point out that a simple complex should be comprised by one G48 macromolecule and almost two PAA chains, so that its molecular weight should be of the order of 7 x 10 5 g/mol. All dilutions were realized with 0.05M CA (pH = 2.0). The solutions after their preparation were let under agitation for 24 hours at room temperature.

Results and Discussion

Rheology. Figure 1 shows the variation of the Newtonian viscosity, η, vs. the concentration, c, for a G48/PAA mixture in an aqueous solution, at pH = 2.0. We have chosen the stoichiometric composition, corresponding to a unit mole PAA/PDMAM ratio 1.1, as determined from SANS measurements at different polymer mixture ratios in a previous work 23 . We see that a critical concentration c * = 7.0 x 10 -3 g/cm 3 appears separating the dilute from the semidilute concentration regions. In the semidilute concentration region η increases with c and follows a scaling law with an exponent equal to 7.5. This high value shows that a physical gel is formed, due to the interconnection of the anionic backbone chains of G48 in a transient network, through the hydrogen bonding interpolymer complexes formed between its PDMAM side chains and PAA. DLS. Figure 2 shows the intensity time correlation functions, g (2) (t), and the ILT distributions for the same as above G48/PAA mixture in solution at pH = 2.0 at six different concentrations, from 0.55 x 10 -3 g/cm 3 to 1.8 x 10 -2 g/cm 3 . The time correlation functions curves obtained are generally indicative of a system comprised of colloidal particles. We observe that at low concentrations, c = 0.55 x 10 -3 g/cm 3 , 1.10 x 10 -3 and 1.7 x 10 -3 g/cm 3 , Figures 2(a), (b) and (c) respectively, single ILT distributions, around 1 x 10 -3 s appear. At a higher concentration, c = 6.8 x 10 -3 g/cm 3 , Figure 2(d), i.e. close to c*, a broadening of the distribution to higher times appears, indicating a slowing of the diffusion times, explained by an increase in the interactions between the particles. This behavior, that is in accordance with the viscosity behavior observed above, is even more accentuated as concentration increases further at c = 9.0 x 10 -3 g/cm 3 , Figure 2(e), that is higher than c * , where a second peak in the distribution curve appears at about one order of magnitude higher.

Finally, at c = 1.80 x 10 -2 g/cm 3 , Figure 2(f), a third peak appears at much higher time, while the correlation function curve is not anymore indicative of any independent particles in the system. A dramatic slow down in motion occurs due to the formation of a transient network taking place in this high concentration region.

Figure 3 shows the concentration dependence of the diffusion coefficient, D, calculated by means of eq 1, for the three dilute solutions shown in Figures. 2 (a), (b) and (c). The relaxation time for each solution was obtained by the peak of the corresponding ILT distribution curve. From the value obtained by extrapolation to zero concentration, D 0 = 2.33 x 10 -8 cm 2 s -1 , and using eq 2, where we have put T = 277 K as the room temperature and η 0 = 0.89 cp for the viscosity of water, a value equal to 105 nm was obtained for the hydrodynamic radius R H of the particles at infinite dilution.

SLS. SLS measurements at different angles were performed with dilute solutions and by extrapolation to zero angle and zero concentration, according to a

Zimm plot shown in Figure 4, the weight average molecular weight, M w , and the radius of gyration, R G , of the colloidal nanoparticles were determined. A value of M w = 5.7 x 10 6 g/mol was obtained for the molecular weight, somewhat higher but comparable to the value M = 4.5 x 10 6 g/mol, calculated after SANS measurements in the following. An aggregation number equal to 6 -8 can be calculated on the basis of these molecular weight results, showing that each colloidal nanoparticle should be comprised by 6 -8 graft copolymer chains and 12 -16 PAA chains. Regarding the radius of gyration, the value R G = 85 nm was obtained, which combined with the hydrodynamic radius, R H = 105 nm, found above, shows that the colloidal particles should be of a spherical form, as R G /R H is close to the square root of 3/5.

SANS.

Figure 5 shows the variation of the SANS intensity, I, versus the scattering wave vector, q, for the same G48/PAA90 mixture at six different concentrations in D 2 O, at pH = 2. The scattered intensity can be discussed separately for three different q regions. At low q, roughly q < 0.01 Å -1 , typical Guinier scattering is found at low concentration, indicative of the finite size of aggregates. At intermediate q, 0.01 < q < 0.1 Å -1 , we observe that I decreases abruptly, following a scaling law of the form I ~ q -d . As the values of the exponent d vary between 3.5 and 4.0, the presence of three-dimensional objects with smooth or fractal surfaces is indicated, [START_REF] Higgins | Polymers and Neutron Scattering[END_REF] which we attribute to the insoluble hydrogen-bonding interpolymer complexes formed between the PDMAM side chains of the graft copolymer and the PAA chains. 17,23 At high q, q > 0.1 Å -1 , finally, chain scattering is found, which should be attributed to the anionic backbone of the graft copolymer, comprising the hydrophilic shell of the colloidal particles formed. Furthermore, as the concentration becomes higher than c * , the critical overlapping concentration, the form of the intensity curves changes, with a tendency to shift to lower values at low q and to exhibit a structural peak, at around 0.01 Å -1 , which becomes clear only in the most concentrated solution, Figure 3(f), reflecting the interactions between the objects. By considering that it corresponds to the most probable distance between them, we can apply a cubic lattice model based on the mass conservation of the complex particles, with the distance between the particles given through D = 2π/q 0 . Since the volume, V, of each particle can be estimated by V = φD 3 , where φ is the volume fraction of the particles, their "dry" radius, R dry , can be calculated by

R dry = 3 3 0 2 6 q ϕ π (3)
In the case of the most concentrated solution, Figure 5(f), where q 0 = 0.0108 Å -1 , and φ equals to 1.85 x 10 -2 , calculated by taking into account only the compact complex particles formed between the PDMAM side chains of G48 and the PAA chains and their mass density, d c = 1.28 g/cm 3 , determined elsewhere 23 , R dry comes out to be equal to 9.5 nm.

The low q intensity region corresponds to a first approximation to the Guinier regime of the scattering of individual non-interacting, finite-sized objects; 38 their radius leads to a characteristic decrease in I, whose magnitude is related to their mass.

If the objects are spheres of radius R c :

I = I 0 exp (-R c 2 q 2 /5) (4a) 
with

I 0 = φ ∆ρ 2 V 0 (4b)
where V 0 denotes the dry volume of an individual object, φ the volume fraction of the objects and ∆ρ the scattering contrast between the solvent and the dry polymer.

Then, from eq 4(b), by taking ∆ρ = 5.0 x 10 10 cm -2 , 23 we obtain the value of 165 cm -1 for the intensity at zero q, I 0 . Using this value in the Guinier form expressed by eq 4(a), we obtain a relatively good fit for the data of Figure 5(f), if we use a value equal to 16 nm for the radius, R c , of the compact particles. We also observe that we have relatively good Guinier fitting for all the concentrations measured by using as I 0 the value occurring from the initially estimated quantity for the most concentrated solution, 165 cm -1 , adjusted each time proportionally to the concentration. The value for the radius of the particles obtained is practically stable at 16 -17 nm. It should also be considered as a "wet" radius representing about 80% hydrated particles.

Moreover, it should be compared to the hydrodynamic radius of the particles, R H = 105 nm, obtained from DLS measurements in dilute solution. It is noteworthy that this hydrodynamic radius includes not only the insoluble core of the compact hydrogenbonding interpolymer complexes formed between PAA and the PDMAM side chains of the graft copolymer, but also a hydrophilic shell comprised by its anionic backbone. A representative schematic depiction of the colloidal nanoparticles formed is presented by Scheme 2. The hydrophilic shell is comprised by loops and single strands of the anionic backbone, extended, due to their charge and the low ionic strength of the solution, while their length should be related with the distribution of the PDMAM side chains in the ionic backbone and its length, estimated to be over the 330 nm on the basis of its molecular weight.

From the volume of the particle we can also obtain the molecular mass, M c , of the dry complex particle

M c = V d c N A ( 5 
)
where N A is Avogadro's number. Eq 5 gives M c = 2.8 x 10 6 Da, corresponding to a value equal to 4.5 x 10 6 Da for the whole particle. This core molecular weight value also implies that each particle contains about 90 PDMAM side chains involving more than six graft copolymer chains. This leads to the formation of a transient network explaining the increase in viscosity observed in semidilute solution, Figure 1, and the gel formation already studied. 17 It is well established that lateral dimensions, determined by AFM, are overestimated due to the convolution effect of the AFM tip when scanning small objects. 39 Assuming a tip radius of 10 nm (the actual size of commercial AFM tips is given between 5 and 15 nm) we can estimate a true lateral size around 22.5 nm. From these dimensions and assuming spherical cap geometry, the particles volume deposited on the substrate is about 3200 nm 3 . It appears that this estimated volume is lower than the one of the insoluble core in solution, as determined by SANS (17150 nm 3 ), but it is in a fairly good agreement with the dry volume of the core, as it has been estimated to be 80% hydrated. On the other hand, the drying procedure used in the preparation of the sample before AFM imaging, which is useful to immobilize the polymer on the mica substrate (both mica and the polymer are negatively charged), may induce a collapse of the colloidal nanoparticules due to a conformation change upon deposition on the mica and/or a possible dehydration of the polymer. As a consequence, the observed dimension and shape of the nanoparticles observed by AFM should look like the one of the dry core. This finding emphasizes the fact that it is a multi-scale organized particle with a central hydrophobic core, hydrated up to 80%, comprised by the hydrogen-bonding IPC formed between PAA and the PDMAM side chains of G48, and an hydrophilic shell made of the P(AA-co-AMPSA) anionic backbone of the G48.

Conclusions

We have studied the hydrogen-bonding interpolymer complexation between PAA and PDMAM grafted onto a negatively charged backbone (P(AA-co-AMPSA))

by viscometry, dynamic and static light scattering, as well as by SANS and AFM. The results obtained in aqueous solution at pH = 2.0 revealed a structured system consisting of anionic colloidal nanoparticles. According to dynamic and static light scattering results spherical particles are formed with a hydrodynamic radius of about 105 nm. They are comprised by a compact core of PAA/PDMAM hydrogen-bonding interpolymer complexes, and a hydrophilic shell of anionic P(AA-co-AMPSA) chains.

SANS measurements showed that the hydrophobic core presents a radius of 16 -17 nm and a molar mass of 2.8 x 10 AFM revealed the formation of particles with a size approaching that of the hydrophobic core. 

  . A sample of PAA (Polysciences), with a nominal molecular weight of 9.0 x 10 4 Da, was dissolved in a 0.01N HCl solution, dialyzed against water through a cellulose membrane with a molecular weight cutoff equal to 12 kDa (Sigma), and finally obtained by freeze-drying. The monomers, acrylic acid (AA), 2-acrylamido-2-methyl-1-propane sulfonic acid (AMPSA) (Polysciences), and N,N-dimethylacrylamide (DMAM) (Aldrich), were used as received. Ammonium persulphate (APS, Serva), potassium metabisulphite (KBS, Aldrich), 2-aminoethanothiol hydrochloride (AET, Aldrich) and 1-(3-(dimethylamino) propyl)-3-ethyl-carbodiimide hydrochloride (EDC, Aldrich)

  were conducted by means of a Model MM1 SM 200 spectrometer (Amtec, France). An He-Ne 10mW laser operating at 633 nm was used as a light source and a complete series of measurements at different angles and concentrations were conducted for molecular weight determination. The solutions used, dust-free and optically transparent, were centrifuged for two hours at 15.000 turns per minute. The refractive index increment, dn/dC, value was measured by means of a Chromatix KMX 16 differential refractometer operating also at 633 nm. The results obtained were subjected to a Zimm analysis, and the molecular weight of the complexes was determined as the average of the values found by extrapolation to zero angle and zero concentration.Small-angle neutron scattering (SANS). SANS measurements were carriedout at the Laboratoire Léon Brillouin (Saclay, France). The data were collected on beam line PACE at three configurations (6 Å, sample-to-detector distances 1 m; 7 Å and 18 Å, 4.55 m), covering a broad q range from 0.0023 to 0.32 Å -1 . 5 mm light path quartz cells were used. Empty cell scattering was subtracted and the detector was calibrated with 1 mm H 2 O scattering. All measurements were carried out at room temperature. Data were converted to absolute intensity through a direct beam measurement, and the incoherent background was determined with H 2 O/D 2 O mixtures.

, 21 AFM.

 21 Figure 6 represents an AFM image showing globular particles homogeneously distributed on the mica surface. The particles obtained are characterized by lateral dimensions of about 60 nm, with a height of about 1.5 -2 nm.
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 12 Scheme 1. A schematic depiction of the graft copolymer P(AA-co-AMPSA)-g-PDMAM (G48).

Figure 1 .

 1 Figure 1. Viscosity, η, versus concentration, c, for the polymer mixture G48/PAA in aqueous solution at pH = 2.0.

Figure 2 .

 2 Figure2. Intensity time correlation functions, g(2) (t), and ILT distributions for the polymer mixture G48/PAA in aqueous solution at pH = 2.0, at different (a), c = 0.55 x 10 -3 g/cm 3 (b), c = 1.1 x 10 -3 g/cm 3 ; (c), c = 2.2 x 10 -3 g/cm 3 ; (d), c = 6.8 x 10 -3 g/cm 3 ; (e), c = 9.0 x 10 -3 g/cm 3 ; (f), c = 1.8 x 10 -2 g/cm 3 .

Figure 3 .

 3 Figure 3. Variation of the translational diffusion coefficient D T as a function of the concentration, c, in the low concentration region, for the mixture G48/PAA at pH = 2.0, and extrapolation to zero concentration.

Figure 4 .

 4 Figure 4. Zimm plot the polymer mixture G48/PAA at = 2.0.

Figure 5 .

 5 Figure5. SANS intensity variation vs. the wave vector q, for the G48/PAA polymer mixture in solution in D 2 O, at pH=2, at different concentrations: (a), c = 1.6 x 10 -3 g/cm 3 ; (b), c = 3.2 x 10 -3 g/cm 3 ; (c), c = 6.3 x 10 -3 g/cm 3 ; (d), c = 9.5 x 10 -3 g/cm 3 ; (e), c = 1.9 x 10 -2 g/cm 3 ; (f), c = 3.8 x 10 -2 g/cm 3 .

Figure 6 .

 6 Figure 6. Tapping mode AFM picture of the G48/PAA polymer mixture deposited on mica and observed under ambient conditions.
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