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ABSTRACT: The hydrogen-bonding interpolymer complexation between poly(acrylic acid) (PAA) and the poly-
(N,N-dimethylacrylamide) (PDMAM) side chains of the negatively charged graft copolymer poly(acrylic acid-
co-2-acrylamido-2-methyl-1-propanesulfonic acgtaft-poly(N,N-dimethylacrylamide) (P(AAco-AMPSA)-g-
PDMAM), containing 48 wt % of PDMAM, and shortly designated as G48, has been studied by small-angle
neutron scattering in aqueous solution. Complexation occurs at low pH<(BtY5), resulting in the formation

of negatively charged colloidal particles, consisting of PAA/PDMAM hydrogen-bonding interpolymer complexes,
whose radius is estimated to be around 165 A. As these particles involve more than five graft copolymer chains,
they act as stickers between the anionic chains of the graft copolymer backbone. This can explain the characteristic
thickening observed in past rheological measurements with these mixtures in the semidilute solution, with decreasing
pH. We have also examined the influence of pH and PAA molecular weight on the formation of these nanoparticles.

Introduction sulfonic acid)g-poly(N,N-dimethylacrylamide) (P(AAco-AMP-

The formation of hydrogen-bonding interpolymer complexes S)9-PDMAM), by grafting polyN,N-dimethylacrylamide)
between weak polyacids, such as poly(acrylic acid) (PAA) or (PPMAM) chains onto an acrylic acide-2-acrylamido-2-
poly(methacrylic acid) (PMAA), and proton acceptor polymers, methy-l-p:opanesulfonlc acid copolymer (P(A&-AMPSA))
such as poly(ethylene oxid&) polyacrylamideg; 11 poly(vinyl backbone* PDMAM is a V\_/ater-sol_uble polymer with important
ethers)-14 etc., in aqueous solution has been widely studied Proton acceptor properties, Wh'czlg forms hydrogen-bonding
in the past four decades. A considerable amount of work on INterpolymer complexes with PAR;2°that precipitate out from
such hydrogen-bonding interpolymer complexes has been'Vater even at pH values as high as ¥7SVhen these graft
presented in two review:16 In general, in aqueous solutions ~ COPOlymers are mixed with PAA in a low-pH aqueous solution,
of mixtures of such complementary polymers, interpolymer Nydrogen-bonding interpolymer complexes between the PD-
association due to successive hydrogen bonding between thd"AM side chains and PAA are also formed. Nevertheless, the
carboxylic groups of the polyacid and the proton acceptor groups Presence of the negatively charged AMPSA units in the graft
of the polybase leads to the formation of compact interpolymer cOPOlymer backbone provides these hydrogen-bonding inter-
complexes” soluble only within a narrow pH window. At pH polymer cqmplexes with sufficient hydrophilicity, which ensures
values higher than 4-55.5 (where the ionization degree of the their solubility even at low pH valug$ At these low pH values,
weak polyacid is higher than £5%), dissociation occufé; 2! viscosity measurements |n_d||u_te solution showed the formation
while at pH values lower than-34 they precipitate as the  ©f compact hydrogen-bonding interpolymer compleiedore-
fraction of the carboxylate anions in the polyacid chain (which Ve, rheological measurements in the semidilute solution
is mainly responsible for the solubility of the complex) decreases SU99€st the appearance of a gel-like behavior; this can be
considerably:236111314The pH dependence of the rate of explained by the format!on of a network between the negatively
aggregation as well as the determination of the size of the charged backbone chains of the graft copolymer as a result of
aggregate particles has been studied by dynamic light scatterN€ hydrogen-bonding interpolymer complexes formed between
ing.22 A small-angle neutron scattering (SANS) study has also PAA and the PDMAM side chains of the graft copolyniér.
directly shown the formation of complexes of a dense structure _ !N the present work, SANS experiments have been used to
between PEO and partially neutralized-@%6) PMAA (i.e., in study_the mlcrogtructure of the apove-meqtloned_electr_ostatlcally
the regime of the formation of soluble hydrogen-bonding stabilized colloidal system. An increase in the intensity of the

interpolymer complexes) in dilute solutions 06® and HO spectrum at low pH values and the appearance of a prominent
mixtures23 correlation peak atj ~ 0.01 A1 are here attributed to the

formation of colloidal nanopatrticles; in a semidilute solution,
these are functioning as stickers between the extended anionic
chains of the graft copolymer backbone, thus leading to the
formation of an infinite network? The effect of pH and PAA
molecular weight on the structure of these complexes is
discussed here in detail.

Extending the solubility of the hydrogen-bonding interpoly-
mer complexes in the low-pH region is very important, as this
would allow original properties to be observed, thus greatly
enlarging the spectrum of the their potential applications. We
have recently synthesized an anionically charged graft copoly-
mer, poly(acrylic acidzo-2-acrylamido-2-methyl-1-propane-

Experimental Section
T University of Patras.
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Scheme 1. A Schematic Depiction of the Graft Copolymer 100 5
P(AA-co-AMPSA)-g-PDMAM (G48)

anionic P(AA-co-AMPSA) backbone

side chains

0,13

10° g/mol, respectively-were dissolved in a 0.01 N HCI solution, 3

dialyzed against water through a cellulose membrane with a ]

molecular weight cutoff equal to 12 kDa (Sigma), and finally 0014

obtained by freeze-drying. T3
The monomers acrylic acid (AA), 2-acrylamido-2-methyl-1-

propanesulfonic acid (AMPSA) (Polysciences), &ahti-dimethyl- RS " .

acrylamide (DMAM) (Aldrich) were used as received. Ammonium ' qA™ '

persulfate (APS, Serva), potassium metabisulfite (KBS, Aldrich), ) )

2-aminoethanothiol hydrochloride (AET, Aldrich), and 1-(3-(di- Figure 1. SANS intensity], vs wave vectorq, for pure PAA9O 0),

. A L - _ G48 @), and G48/PAA90 polymer mixtures of different polyacid/
methylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC, Al polybase unit mole ratios, = [PAAJ[PDMAM] 0.25 (M), 0.5 (»), 1

drich) were used for the synthesis of the graft copolymers. (a), and 1.50 [0), in semidilute solutions in BD, at pH= 2. The
For the preparation of the buffer solutions, citric acid (CA) and  concentration of G48 is 1.4& 10°2 g/cn®, both in the pure G48
NaHPO, (Merck) were used. solution and in its mixtures with PAA90. The concentration of the pure

Water was purified by means of a Seralpur Pro 90C apparatus PAA90 solution is 1.00x 1072 g/cne.
combined with a USF Elga laboratory unit. For the SANS
experiments (Aldrich), deuterium oxide was used. Small-Angle Neutron Scattering (SANS)SANS measurements

Polymer Synthesis and Characterization.Amine-terminated were carried out at the LaboratoirédreBrillouin (Saclay, France).
PDMAM was synthesized by free radical polymerization of DMAM  The data were collected on beamline PACE at three configurations
in water at 3C°C for 6 h using the redox couple APS and AET as (6 A, sample-to-detector distances 1 and 4.7 m; 13 A, 4.7 m),
initiator and chain transfer agent, respectively. The polymer was covering aq range from 0.005 to 0.32 & for the semidilute
purified by dialysis against water through a membrane with a Solutions, while the (20 A, 4.7 m) configuration, covering the very
molecular weight cutoff equal to 12 000 g/mol (Sigma) and finally low q range (of 0.00340.022 A), was also used for the dilute
obtained by freeze-drying. Its number-average molecular weight solutions. 2 and 5 mm light path quartz cells for the semidilute
was determined by end-group titration with NaOH after neutraliza- and dilute solutions, respectively, were used. Empty cell scattering
tion with an excess of HCI, using a Metrohm automatic titrator was subtracted, and the detector was calibrated with 1 @ H
(model 751 GPD Titrino) equal to 17 000 g/mol. scattering. All measurements were carried out at room temperature.

A copolymer of AA and AMPSA, P(AAco-AMPSA), was Data were converted to absolute intensity through a direct beam
prepared by free radical copolymerization of the two monomers in measurement, and the incoherent background was determined with
water, after partial neutralization (90 mol %) with NaOH at pH ~ H20/D:0 mixtures.
6—7, at 30°C for 6 h, using the redox couple APS/KBS. The Preparation of the Polymer Mixture Solutions. The solutions
product obtained was then fully neutralized (pH11) with an used were either semidilute or dilute solutions of mixtures of the
excess of NaOH and purified by ultrafiltration with the above graft copolymer G48 with the polyacids PAA50, PAA90, PAA250,
Pellicon system and received in its sodium salt form after freeze- and PAA450 in RO, at different pH values, adjusted with citric

drying. Its composition, determined by aciblase titration and ~ acid—phosphate buffers. For the relatively low ionic strength of
elemental analysis, was 18% in AA units. Its apparent weight- the solutions used, the crossover concentration between the dilute

average molecular weighkl,, = 2.7 x 105, was determined by and the semidilute regime has been viscometrically estimated to
static light scattering in 0.1 M NaCl. As this is a statistical De in the region (46) x 102 g/cn® of G48. The concentration of
copolymer and the refractive index increment values of its G48 in each semidilute solution was constant, equal to £.4072
constituents not very different (equal to 0.168 and 0.135, respec- 9/cn¥, while the quantity of the polyacid (i.e., of PAA) was varying,
tively), the error in the molecular weight determination should not depending on the polyacid/polybase unit mole ratio measured

be important. (polybase is the PDMAM grafted on the P(A#-AMPSA)
The graft copolymer, P(AA0-AMPSA)-g-PDMAM, was syn- backbone of G48). The dilute solutions used were prepared through
thesized by a coupling reaction between P(BAAMPSA) and a 5 times dilution of the semidilute solutions with,® buffer

amine-terminated PDMAM. The two polymers were dissolved in solutions. The pH of the solutions was checked with a Metrhom
water at a 1:1 weight ratio. Then, an excess of the coupling agent,PHmeter equipped with a combined pH glass electrode. The
EDC, was added7 and the solution was left under Stirrim@fb at SO|utI0nS after thell’ pl’epal’atlon were |et Under Stlrrlng fOr 24 h at
room temperature. Addition of EDC was repeated for a second time. F00m temperature.

The product was purified with a Pellicon system, equipped with a ) )
tangential flow filter membrane (Millipore, cutoff 100 kDa), and Results and Discussion

freeze-dried. Its composition in PDMAM side chains was found to Semidilute Solutions.Figure 1 shows the variation of the
be equal to 48 wt % (using elemental analysis), corresponding to SANS intensity, |, vs the scattering wave vectay, for pure
about 15 chains per graft macromolecule. A schematic of the graft 548 and PAA90 and for G48/PAA9D mixtures, at four different

copolymer is presented in Scheme 1. ; ; e —
Complex Density. The PAA/PDMAM hydrogen-bonding inter- l(J)n2|t5m8I(; pcilyc’icgj /F;gly;? Szt([FF’)ﬁAEO]ZI[PIEVI\gﬁl\ff]) (r;itlgos}’s a

%KEZ;C:{TEXXV;OS ;)ltg?lri(e)(_j3a§/2ngrsvcﬁﬁlt2t|e3€$c;r,\ﬂmg |3%<equal polyelectrolyte, it does not exhibit a structure factor peak in
102 g/cn® aqueous solution, pkk 2.0, and dried in high vacuum  the region ofg values between 16 and 10* A, probably

for 2 days. Its density was determined in a methyl salicylate/ due to the relatively high ionic strength that results from the
methylene chloride liquid mixture and was found equal to 1.28 presence of citric acid to the buffer pH2° PAA9D (a weak
glce. polyelectrolyte, practically neutral at this pH) exhibits aIS%BV
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Scheme 2. Negatively Charged Colloidal Particles Formed
through Hydrogen-Bonding Interpolymer Complexation of PAA
with the PDMAM Side Chains of the Graft Copolymer
P(AA-co-AMPSA)-g-PDMAM (G48), at Low pH - 60 §
E I
# ¢
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r = [PAA90]/[PDMAM]

; : ; Figure 2. Variation of the maximum in the scattering intensikyax,
typical (for polymers) neutron scattering behavior. Nevertheless, for the G48/PAASO polymer mixtures in semidilute solution iRcD

as some PAA9Q is added in the G48 solution (for instanae at ¢ 1 =2, vs their unit mole ratia = [PAA9O)/[PDMAM].
= 0.25), a noteworthy increase in the scattering intensity is
observed in the lowq region, characteristic of a system 100 5
structured at the scaledlf.e.,~100 A. The only way to explain 3
the peak in this rather low range is to assume the formation
of bigger objects, formed by complexation. Anyway, in this low-
pH region, insoluble hydrogen-bonding interpolymer complexes
are known to be formed between PDMAM and PAAThe
scattering intensityl, increases further, asincreases up to 1
= 1, while remains constant by further adding PAA90. The ~ 14
behavior observed is explained by the hydrogen-bonding £ ]
complexation of PAA90 with the PDMAM side chains grafted =
onto the anionic P(AAc0-AMPSA) backbone of the graft
copolymer, G48. As a result, compact colloidal complex
particles, stabilized by the anionic chains of the graft copolymer
backbone, are formed, schematically presented in Scheme 2,
that are evidenced by this high scattering. 0,01 4

The low q intensity corresponds to a first approximation to ; I— ——rrry
the Guinier regime of the scattering of individual noninteracting, 0,01 0.1
dense object? their radius leads to a characteristic decrease q @A™

in 1, whose magnitude is related to their mass. If the objects Figure 3. Variation ofl vs g for the G48/PAA90 polymer mixture in

are spheres of radil® a semidilute solution in BD, forr = 1.1 and pH= 2.0: experimental
) points and an “RMSAt+ high g tail” fit.
| =1, exp(—Rq/5) (1a)

CLM: R, = 87A
RMSA: R, = 100A
R =165A

is exploited in Figure 3, where the variation bfwith g is
with presented for the G48/PAA90 mixture with= 1.1, in a DO
semidilute solution, at pH 2. A structure peakogt= 0.0095
lg= goApZVO (1b) A-1 shows up corresponding to the most probable distance of
the particles, consisting of the compact hydrogen-bonding
where Vp denotes the volume of an individual objegt,the interpolymer complexes formed between the PAA90 chains and
volume fraction of the objects, antlp the scattering contrast.  the PDMAM side chains of the G48 graft copolymer. This
In the present case, these objects appear to interact presumablinformation can be used to estimate the “dry” radiBg,, of
due to electrostatic charges, which introduce some structure,the particles, by using a simple cubic lattice model (CLM) based
namely, an intensity peak aroundv 0.01 A1 At high g, the on the mass conservation of the polymer, with the distance
same scattering intensity is found as for pure G48 solution.  between the particles given throuBh= 27/c. Rary cOrresponds
As indicated above, even after a partial complexation of G48 to the radius of the complex particles with all solvent molecules
with PAA9O, i.e., in the presence only of some not too strong, being expelled. Since the volume of each particle can be
yet repulsive structure factor, the scattering intensity exhibits a estimated through/ = ¢D3, whereg is the volume fraction of
maximum, related to the mass of the complexes. In Figure 2 the complex particlesRy, can be calculated by the equation
the maximum of the scattering intensitiy,ay, is plotted as a
function of the unit mole ratior,, for the G48/PAA90 polymer 3 2
mixtures in the semidilute regime, at pH I2.x is observed to Riry = 6”3‘/7
increase with increasinguntil r = 1.1, which should correspond V o
to the stoichiometry of the hydrogen-bonding interpolymer
complex that is formed between PAA90 and PDMAM,; then, a For ¢ equal to 9.5x 1072 (calculated by taking into account
plateau is practically attained. the concentration of the complex particles formed by the
Solution Structure: Estimation Based on a Simple Cubic hydrogen-bonding interaction of the PDMAM side chains of
Lattice Model.The information provided by the structure factor G48 with the PAA90 chains and the mass density oféttg-v

)
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complex),Ryry comes out to be equal to 87 A. FroRa, we 100
can also obtain the molecular madé,, of the dry complex R gg 22
particle through o pH3.0
104 m pH35
M, = (4/3)7Ry, *d, N, ®3) = ° P4z

I(cm™)

whereN, is Avogadro’s number. Equation 3 givebg = 2.1 x

10° Da. On the basis of the complex composition, this implies
that each particle should contain about 70 PDMAM side chains,
corresponding to at least five graft copolymer chains. That is,
for every complex particle to be formed at least five graft
copolymer chains should be involved. This inevitably leads to ] \
the formation of a network and explains the noteworthy
thickening behavior that has been observed with such mixtures  0.013
in semidilute aqueous solution at low pH valgés’ T —————T

The intensity agg— 0 could be estimated from eq 1b, where '
Vo = 47Ry,%/3. The scattering contrashp, was equal to 5.0 q A"
x 100 cm=2, asAp = ps — pe, Whereps is the neutron scattering
length density of the solvent gD), 6.4 x 10 cm™2, and p. { v
that of the dry complex (PAA/PDMAM, with a 1.1/1 unit mol |
ratio), 1.4x 10 cm-%. Then, eq 1b with the CLM gives the
theoretical valuég y, = 64 cnT?, not very far from the value of
the 95 cn1?, which, as we will see shortly, is the value of the
real prefactor of the form factor.

Solution Structure: Estimation Using the Rescaling Mean 10
Spherical ApproximationiVe will now try to reproduce the main ]
features of the observed intensity pattern with a simple structural
model to check whether the interpretation of our data is indeed
compatible with the experimental observations. The model is
based on a simple form factor for the complexes and a repulsive
interaction between charged particles. The form factor has been
estimated by fitting the Guinier law at intermediate angles, i.e., 14
at g > o Its zero angle intensity is 95 crh and the 3 .
corresponding radius is 165 A. An effective Yukawa potential 2 4
can be used for the description of the repulsive structure factor. pH
The corresponding quasi-analytical structure factor has beengigyre 4. () I vsqfor the G48/PAA9O mixture in semidilute solution
calculated by Hayter and Penfold (mean spherical approxima-in D;O, forr = 1.10, at five different pH values: pH 4.2 @); pH
tion) 3! with the rescaling proposed by Hansen and Hayter = 3.5 @); pH= 3.0 ©); pH = 2.5 (a); pH = 2.0 @). (b) ImaxVvs pH
(RMSA)32 The parameters are the effective charge on the for the same mixture.
complex, its dry radius, the Debyéliickel length (character-  (high g region) is almost unchanged upon complex formation.
izing the length scale of the interactions in the solution), and The number of charges per complex particle is difficult to
the complex volume fraction. The features which need to be determine.This charge is provided by the AMPS units of the
reproduced are the osmotic compressibility (given by the low- anionic graft copolymer backbone, which is not participating
angle limit of the structure factor) and of course the peak in the formation of the dense hydrogen-bonding complex
position and height, after they have all been multiplied with particles but plays an important role in the stabilization of the
the above-mentioned structure factor. To obtain the experimentalparticles. Since about 70 PDMAM chains are involved in the
peak position which is determined by the degree of repulsion formation of each particle (and since they are grafted onto the
between complexes and the mass conservation, the dry complexanionic backbone of AMPS units), at least two of them (the
radius needs to be set to 100 A. According to eq 1b, this first neighbors) should be considered as a part of the particle
corresponds tdg = 99 cnt?! and is thus consistent with the  surface. It means that a number of 140 could be realistic for
form factor fit (95 cntl). We have then fixed the Debye the particle charge. Nevertheless, as this charge is along a
Hiickel length to 45 A and varied the charge in order to achieve polyelectrolyte chain, ion condensation should be taken into
a satisfying fit of the total intensity. account, resulting in a considerably lower number. Because of

A good fit with a value for the charge equal to 70 is shown these reasons, the value estimated by the RMSA structure factor
in Figure 3, where in the high region we have also included seems to be realistic. Note that the scope of the RMSA
a power law scaling of with g of the forml ~ g9 to account procedure was to find a satisfying description of the structure
for the polymer scattering, with a value for the exporeagual factor in order to have access to the shape of the complexes.
to 1.6 (i.e., close to 5/3 characteristic of a chain with excluded The solution found is not unique, and a smaller Debye length
volume)3® The good overall agreement indicates that the (e.g., equal to 40 A, i.e., closer to the 30 A estimated from the
description is not too far from reality. ionic strength) with a higher charge (e.g., 90) reproduces the

It is interesting to note that the wet radius given by the form scattering just as well. The order of magnitude, however,
factor (which corresponds to the real, hydrated size of the remains unchanged and stays compatible with the values of the
complexes) is considerably larger than the dry one. This meansparameters deduced from the physical chemistry.
that much of the volume of each complex particle is occupied pH Dependencdn Figure 4a, we present the intensltys

by water, probably explaining why the polymer chain scattering q for the G48/PAA90 mixture withh = 1.10, at five differentCDV

I(em™)
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100 5

PAA50
PAA90
PAA250
PAA450

open

0,01

0,01
q@A”)
Figure 5. | vs q, for mixtures of the graft copolymer G48 with four
different molecular weight PAA samples, PAASE)( PAA9D (@),

PAA250 (a), and PAA450 ), in semidilute solution in BO, forr =
1.10 and pH= 2.0.

pH values. We observe that at high enough pH values (e.g., pH
= 4.2) where the hydrogen-bonding complexation between G48
and PAA9O is prevented due to the negative charge of the
partially neutralized PAA90 chain, the scattering curve is
representative of a macromolecular chain in solution, with
maximum scattering intensity lower than 1 cthand aq
exponent close to 1, corresponding to a rigid ¥&grobably

due to the expanded form of PAA at this pH.

As pH decreases (e.g., down to pH3.5), the intensity at
low g values is observed to increase by almost by 1 order of
magnitude (down to around 9 c®), indicating a chain
organization in the system. In the highregion, a higheq
exponent is obtainedi(= 1.7), corresponding to a polymer coil
in a good solvent (chain with excluded volume). At this pH
(which is lower than the critical pH value, pH= 3.75), a
hydrogen-bonding interpolymer complex between PAA90 and
the PDMAM side chains of the G48 graft copolymer is formed,
explaining the observed behavior. By further decreasing the pH
value, the intensity at lowg values increases further reaching a
peak of 62 cm! at g = 0.0095 A for pH = 2. It is also
observed that the values of the scattering intensity forspH
2.5 and pH= 3.0 are not much different, which indicates that
at pH= 3.0 the complex formed has almost assumed its final

form so that by further decreasing the pH value no considerable

changes take place.

In Figure 4b the maximum of intensitymax iS plotted as a
function of pH. A sigmoidal curve is found to fit the experi-
mental data quite well, showing that at around pH equal to 3.5
a transition occurs. Its origin should be related to the formation
of the interpolymer complex due to hydrogen bonding and the
structural organization of the system. In this pH region, the
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Figure 6. (a) | vs g for the G48/PAA90 mixture in a dilute solution
in DO, forr = 1.1 and pH= 2.0 @), and superposition of the
corresponding semidilute solution curve (originally shown in Figure
3) after dividing the scattering intensitywalues by 5, i.e., the dilution

ratio (O). (b) | vs g for the dilute solution of the G48/PAA90 mixture
of (a) in the lowq region. Experimental points and an “RMSA” fit.

—T
0,005

ing the PAA molecular weight, the viscosity and the reptation
time also increas¥.

Dilute Solutions. The scattering curve of the G48/PAA90
mixture in a BO dilute solution (obtained from the correspond-
ing semidilute solution witlh = 1.10, at pH= 2.0, after a five
times dilution) is shown in Figure 6a over a broad rangej of
values. Also shown in the figure is the curve corresponding to
the semidilute mixture (initially shown in Figure 3), after
dividing the scattered intensity by the dilution ratio, i.e., by 5.
We see that the two curves practically coincide, except from

scattered intensity increases by about 2 orders of magnitude asome minor deviations at large values due to the difficult

the value of the pH decreases from about 4 to about 3.

Influence of the Molecular Weight of PABigure 5 shows
the scattering curves obtained with mixtures of G48 and four
PAA samples of different molecular weights, ranging from
50 000 Da (PAA50) to 450 000 Da (PAA450), with= 1.10,
at pH=2.0. We observe that the four curves for all the mixtures

background subtraction, and the presence of thegstvucture
peak at the higher concentration. This means that the size of
the formed particles is not influenced by the concentration of
the solution, or equivalently, the structure of the complex
particles does not change with concentration.

Moreover, a model RMSA-calculation for the dilute solution

with different molecular weights of the PAA samples practically data with the same parameters as for the semidilute solution
coincide, indicating that the size of the particles formed is not (besides the concentration) has been performed. The result is
influenced by the molecular weight of the weak polyacid. expressed by the continuous line in Figure 6b and shows a
Nevertheless, interconnectivity should change, since by increas-satisfying agreement with the experimental data in the (reIe\/éBQ/
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