
X-ray scattering study of a poly(methacrylic acid) sample as a
function of its neutralization degree

Caroline Heitza, Michel Rawisob, Jeanne Franc¸oisa,*
aLaboratoire de Recherche sur les Mate´riaux Polymères, CNRS, Universite´ de Pau et des Pays de l’Adour, Helioparc, 2 rue du pre´sident Angot 64 000,

Pau, France
bInstitut Charles Sadron, ULP-CNRS, 6 rue Boussingault, 67083 Strasbourg, Cedex, France

Received 28 October 1997; revised 16 March 1998; accepted 16 March 1998

Abstract

A sample of poly(methacrylic acid) [PMA] of molecular weight 50 000 was investigated as a function of its degree of neutralization and
the concentration in pure water by X-ray scattering. Complementary potentiometric and viscosimetric studies were made in order to
determine the range of ionization degree where the conformational transition occurs, and the limits between the dilute and semi-dilute
regimes. Light scattering measurements show that filtered solutions of PMA are aggregate free. The scattering curves of the PMA in excess of
chlorydric acid exhibit aq¹3 behaviour in the highq range, which reveals the collapsed conformation of the chain at short distance. For the
partially neutralized PMA, the peak of scattering curves, characteristic of the polyelectrolyte character, is shifted towards higherq values
when the polymer concentration increases in agreement with the theoretical predictions. When the concentration is fixed, theq value at the
peak maximum increases when the charge parameter increases, but a discontinuity appears in the range of the conformational transition.
q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Poly(methacrylic acid) [PMA] is a weak polyacid of
particular interest because it exhibits a conformational
transition upon increasing its ionization degree. A great
number of works have been devoted to that phenomenon
through several kinds of experimental investigations:
potentiometry [1–5]; viscosimetry [1–7]; solubilization of
hydrophobic molecules [8–15]; and calorimetry [16]. It is
generally described as a change from a compact conforma-
tion to an extended [4] coil conformation (globule to coil).
Nevertheless, the origin of such a transition is yet poorly
understood. Moreover, the assumption of a globule con-
formation should be associated with a negative second viriel
coefficient [2], which is not clearly ascertained by the
literature data. Katchalsky and Eisenberg’s studies [6]
which show a Mark–Houwink law with an exponent of 0.5
and a value ofA2 close to 0 suggested that PMA is in theta
conditions in HCl 0.002 M at 308C. However, Skouri [17] has
found thatA2 is a decreasing function of temperature and
becomes 0 forT ¼ 728C [17]. This confirms that PMA solu-
tions exhibit a lower critical solution temperature (LCST), as

already demonstrated by Eliassaf and Silberberg [18]. Then,
temperatures around room temperature would correspond to
rather good solvent conditions.

On the other hand, many works were dedicated during
these last years to the study of the intermolecular correla-
tions in polyelectrolytes solutions [19–25]. In free salt
solutions, the scattering function exhibits a maximum for
a scattering vectorq*, whose variations with various para-
meters, e.g. concentration, charge parameter and ionic
strength, were the object of numerous theoretical predic-
tions [26–30]. In the dilute regime, the electrostatic repul-
sions between the polyions induce the formation of a three-
dimensional periodic lattice.q* of the associated correlation
peak is predicted to vary ascp

1/3, and to be independent of the
charge parameter [26,28]. The system is disordered at
extremely high dilution. In the semi-dilute regime, accord-
ing to the isotropic model [26], the chains overlap without
order in the solution and they constitute a temporary
network of meshy, as for neutral polymers. Due to the
electroneutrality conditions (incompressibility), a correla-
tion peak is observed whose maximum positionq* is
proportional toy¹1. The theoretical predictions are [28]:

q p ~ c1=2
p :a1=3 (1)
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In the concentrated regime, the electrostatic repulsions are
completely screened out and the chains can be considered as
gaussian. In this case, the complete scattering function has
been calculated by several authors, using the mean field
approximations. Borue and Erukhimovich [29], and Joanny
and Leibler [30] predict a mesophase separation under par-
ticular conditions near the theta point, when the attractive
dispersions forces are compensated by repulsive electro-
static interactions. In the weak coupling limit, the more or
less hydrophobic character of the polyion backbone must be
taken into account [30].

A whole set of experimental data obtained on various
polyelectrolytes using small angle neutron (SANS) and X-
ray (SAXS) scattering, and elastic light scattering (ELS), are
in rather good agreement with such predictions [19–25].
Nevertheless, the presence of heterogeneities, often
described as the ‘extraordinary phase’, introduces some
confusion in the interpretation of the results [31–36].

The PMA has been extensively studied by scattering
methods [37–47]. At low values ofa and for concentrations
higher than the critical overlap concentration,cp*, the
SANS experiments of Mossaid et al. [46,47] seem to be
reasonably consistent with the predictions for the concen-
trated regime. Plestil and co-workers [41–44] have studied
the variations ofq* with cp anda, and made an attempt to
characterize the persistence length (SAXS and SANS
measurements), and using deuterated PMA chains they
have determined the dimensions of the chains. Nevertheless,
in these works, the influence of the conformational transi-
tion on the scattering functions was never considered.

The aim of the present work is to discuss a series of SAXS
experiments performed with a low molecular weight sample
of PMA (Mw ¼ 50 000) in pure water in the whole range of
a, below and above the transition. Special care will be taken
for the calculation of the contrast factor through density
data. The experimental conditions are fixed according to
the results of potentiometric and viscosimetric studies,
which allowed us to determine the transition region as a
function of polymer concentration and estimate the overlap
concentrationcp*. A static light scattering study was used to
evaluate the second viriel coefficient as a function ofa and
investigate the homogeneity of the solutions.

2. Experimental

2.1. Polymer sample

The PMA sample was prepared by radical polymerization
in water at 708C, using potassium persulfate as initiator and
quaternized mercaptoethylbutylamine as transfer agent. The
polymer under its acid form was lyophilized. A first purifi-
cation was carried out by three times precipitation in ether
from a solution in methanol. Non-negligible amounts of
sulfur (1%), nitrogen (0.3%) and chlore (1%) are still pre-
sent after this treatment, as measured by elemental analysis.

Further purification is achieved by dialysis and ionic
exchange (cationic resins from Merck), which reduces the
percentage of these elements down to 0.2, 0.09 and 0 respec-
tively, close to the values estimated from the number average
molecular weight of the sample and assuming the presence of
a mercaptoethylbutylamine at one end of the chain.

The sample was characterized by size exclusion chroma-
tography either in aqueous medium (using a mixture of water/
acetonitrile, 80/20 volume per volume and a double detec-
tion: refractometry and small angle light scattering detection,
Chromatix apparatus) or in tetrahydrofuran (refractometric
and multi-angle light scattering detection) after esterification
[48]. The weight average molecular weightMw was found to
be 58 000 and 54 000 from the two methods, respectively.
The polydispersity index was approximately 2.

2.2. Experimental methods

2.2.1. Potentiometry
The potentiometric titrations were performed using a pH

meter Metrhom 605 using a combined glass electrode. The
titrant was a NaOH solution (0.1–5 M), according to the
polymer concentration. The measurements were made at
208C under nitrogen, with constant stirring.

2.2.2. Viscosimetry
The viscosity of the polymer solutions was measured with

an automatic capillary viscometer of the Gramain–Libeyre
type (SEMATECH, Viscologic TI1) using a capillary of
0.56 mm i.d. The apparatus was thermostated at 208C.

2.2.3. Light scattering
The light scattering experiments were carried out using

two different apparatus: a commercial one (SEMATECH)
working with a laser source He–Ne of wavelengthl ¼

6320 Å and a home-built one equipped with a Ar laser
source (l ¼ 5140 Å). The scattering angle,v, range inves-
tigated was between 30 and 1408.

We will considerI/Kcp or its reciprocal, whereI is the
excess of scattered intensity of the solution with respect to
the solvent, corrected by the scattering volume,cp is the
polymer concentration expressed in g/ml andK is the pro-
duct of the apparatus optical constant by the square of the
refractive index increment, dn/dc.

At first, a batch of solution of the sample under its acid
form was prepared and gently stirred for one day up to
complete solubilization. Then, the pH of the solution was
adjusted by adding small aliquots of NaOH solution and the
neutralized solutions were then filtered on 0.2 mm filters
(Dynagard) directly in the measurement cells.

2.2.4. Refractometry
The measurements of the refractive index increments, dn/

dc, were measured with a Brice–Phoenix apparatus.
For the sample under its acid form, dn/dc was determined

in pure water, without dialysis, for the partially neutralized
sample, it was measured in solution containing 0.05 M NaCl
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after dialysis equilibrium. The variation of dn/dc versusa
was found to be:

dn
dc

¼ 0:171þ 0:092a ðml=gÞ (2)

for l ¼ 4880 Å.

2.2.5. Small angle X-ray scattering
The SAXS experiments were made at the LURE labora-

tory using two different apparatus D22 and D24.
On D22, the wavelength was set at 1.38 A˚ , the sample-

detector distanceD was 0.923 m and the range of scattering
vector was 0.005, q , 0.25 Å¹1. The transmission
measurements are made simultaneously with the scattering
measurements, using scintillators put after and before the
sample, and perpendicularly to the incident beam.

On D24, we used a wavelengthl ¼ 1.488 Å, D ¼ 0.875
and 2.003 m which allow us to cover theq ranges: 0.02,
q , 0.45 Å¹1, and 0.005, q , 0.16 Å¹1, respectively. The
transmission measurements were made using a carbon black
sheet automatically put in the beam between the sample and
detector, for a short time at the beginning and end of each
measurement run.

The total scattered intensityI tot(i) registered in channeli,
after normation to the incident intensityI 0, is given by
[49]:

I tot(i) ¼ Isam(i) p Tr(CB) þ ICB(i) p Tr(sam) (3)

whereI samandI CB are the intensities scattered by the sample
alone and the carbon black alone, respectively.Tr(sam) and
Tr(CB) are transmissions of the sample and the carbon
black. The transmission of the sample can be calculated
from:

Tr(sam) ¼

∑
i

Itot(i) ¹ Tr(CB) p
∑

i
Isam(i)∑

i
ICB(i)

(4)

When the termTr(CB)*I sam(i) is low, one can make the
following approximation:

Tr(sam) ¼

∑
i

Itot(i)∑
i

ICB(i)
(5)

With both apparatus, the excess of scattered intensityI
of the solution with respect to the solvent is obtained
from:

I ¼
Isam(q)

Tr(sam)
¹

Iec(q)
Tr(ec)

� �
¹ fsolv

v
Isolv(q)

Tr(solv)
¹

Iec(q)
Tr(ec)

� �
(6)

where the ec index corresponds to the empty cell, solv index
corresponds to the cell filled by the solvent,fsolv

v is the
volume fraction of the solvent.

3. Results

3.1. Poly(methacrylic acid) in HCl solution

3.1.1. Light scattering
We have studied by light scattering the PMA sample in a

solution of HCl, 0.1 M. Under these conditions, the average
ionization of the carboxylate groups is 10¹4 (taking pKa ¼

5) which corresponds to less than 0.1 charge per chain. The
experiments were performed for concentrations comprised
between 2*10¹3 and 4*10¹2 g/ml, and as expected for the
relatively low molecular weight of the sample, no angular
dysymmetry and no small angle excess of scattered intensity
were observed. Moreover, the molecular weight obtained by
extrapolation at zero concentration is 54 000, a value in
excellent agreement with that obtained by SEC. This
shows that the aqueous solutions of uncharged PMA contain
no aggregates or a negligible amount of them.

Fig. 1 shows that the second viriel coefficient is positive
and a value ofA2 ¼ 1.46*10¹4 mole.ml.g¹2 was found.

3.1.2. SAXS
An HCl solution of PMA (4.6*10¹2 g/ml) was studied by

X-ray scattering using the D24 instrument and the scattering
curve is represented in Fig. 2a. It does not exhibit a
maximum, which confirms the absence of charges along
the chain. In a first attempt to get an approximate value of
the radius of gyration, we have used a Zimm representation
and neglected the second viriel coefficient: a valueRG ¼

50 Å was found, meaning that theq range explored does not
correspond to the Guinier range (qRg , 1). In order to pre-
cisely obtain theRG value, and extract the form factorP(q)
of the macromolecule, we have used the following proce-
dure. The classical Zimm formula can be written:

1
I (q)

¼
1

AK2
x

m2

cpNav

1
Mw

P¹ 1(q) þ 2A2cp

� �
(7)

wherem is the molecular weight of the monomer unit,Nav

the Avogadro number,A the apparatus constant andKx
2 the

contrast factor.
Moreover, for qRG , 3, P(q) is closed to the Debye

function PD(q). For a polydispersed sample, assuming a
Schultz–Zimm distribution,PD(q) is given by [50]:

PD(x) ¼
2[x¹ 1þ (1þ ux)¹ 1=u]

(1þ u)x2 (8)

with

x¼
q2 , R2

G.z

1þ 2u
¼

q2 , R2
G.w

1þ u
(9)

and

u¼
Mw

MN
¹ 1 (10)

The fit of the experimental scattering function by Eq. (7) and
Eq. (8), in the rangeqRG , 3, allows us to determine the
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values ofA*Kx
2 and the weight average radius of gyration

, R2
G.1=2

w . A value of , R2
G.1=2

w ¼ 53 Å was found. In the
whole range ofq, the P(q) function is then obtained from
Eq. (7). In Fig. 2b, theq2P(q) function is plottedversus q.

Up to now, the conformation of uncharged PMA has not
been clearly elucidated. Firstly, one may consider the value
of RG and compare it to that expected either for a compact
sphere or for a gaussian coil. A value of, R2

G.1=2
w ¼ 53 Å

should correspond to a sphere of radius¼ 68 Å, much

Fig. 1. Light scattering experiment on PMA in HCl, 0.1 M solution: plot of (Kcp/I) v¼908 versuscp.

Fig. 2. X-ray scattering experiment on PMA in HCl, 0.1 M solution,cp ¼ 4.6 3 10¹2 g/ml. (a) Scattering functionI(q) ¼ f(q); (b) plot of q2*P(q) [P(q)
calculated as explained in the text]versus q(W); andq2*P(q) calculated for a gaussian coil (l) and a sphere (A).
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higher than the valueR ¼ 24 Å, calculated from

R¼

������������������������������
Mw:vsp:1024

Nav

3
4p

3

s
wherevsp is the specific volume of PMA¼ 0.68 ml/g [51].
On the other hand, many vinyl polymers [polystyrene,
poly(methylmethacrylate), polyacrylamide] have in theta
and in good solvents approximately the same dimensions
for the same polymerization degreeN. For instance, theN
dependence of the radius of gyration for polyacrylamide in
theta conditions isRG ¼ 3.3 N0.5 [52] which leads toRG ¼

79 Å for our PMA sample (N ¼ 581), a value higher than the
experimental one. Then, the neutral PMA dimensions seem
to be intermediate between those of a compact coil and a
gaussian coil.

In Fig. 2a, the q2P(q) functions for systems of poly-
disperse spheres and gaussian coils can be compared with
those deduced from the data treatment described above. The
form factor of a sphere and a gaussian coil are given by:

Psph(q) ¼
3
x3(sinx¹ x cosx)
� �2

with x¼ qR¼ q p 24

(11)

and

PD(q) ¼
2
x4(exp( ¹ x2) þ x2 ¹ 1)

with x¼ q , R2
G .1=2 ¼ q p 53 ð12Þ

respectively, and we used the molecular weight distribution
function of Schultz–Zimm, withMw

Mn
¼ 2:

w(M) ¼
4M

M2
w
exp ¹

2M

M2
w

� �
(13)

The experimental form factor strongly differs from that of a
sphere, while it diverges from that of a gaussian coil in the
highq range only, which makes our initial assumption valid.
An approximateq¹3 dependence ofP(q) is observed (q .
0.2 Å¹1), while aq¹1 behaviour is expected due to the local
rigidity of the chain. Rawiso et al. [53] have demonstrated
that such a divergence can be due to an effect of the chain
cross-section. In particular, forq values higher than 1/2Lp,
where Lp is the persistence length of the chains, theq¹1

dependence of the scattered intensity cannot be obtained
when the chain sectionRc is close to Lp [54]. It was
shown that the form factor must be written:

P(q) ¼ P0(q)exp ¹
q2R2

c

2

� �
(14)

where P0(q) is the form factor of the persistence length
chain. The variation of ln(qP(q)) versus q2 must be linear
in the high q range and the slope gives the value ofRc.
Results of Fig. 3, curve a, lead toRc ¼ 3.9 Å. Then, the
P0(q) function can be calculated from Eq. (14), and in the
Holtzer’s representation, the plot ofq2Mw/m P0(q) versus q
must tend, forqLp . 3.5 to a plateau whose height gives the

mass per length unit,M l. The value ofLp found using this
method is 12 A˚ , which seems reasonable for such a polymer,
but that ofML ¼ 53 g/Å is much higher than that expected
for the PMA moleculeML ¼ 34.4 Å. On an other hand, the
radius of gyration of a chain with a persistence length¼

12 Å can be calculated using the Benoit–Doty formula [54]:

R2
g ¼ L2 Lp

3L
¹

L2
p

L2 þ
2L3

p

L3 ¹
2L4

p

L4 1¹ exp ¹
L
Lp

� �� �" #
(15)

The obtained value of 72 A˚ is much higher than the experi-
mental one. Finally, the persistence length chain model does
not lead to a consistent set of data and cannot explain the
divergence between the experimentalq2P(q) function and
that of a gaussian particle. Several other models were
checked, among which that of a bead necklace close to
the description given by Dobrynin et al. [55] for poly-
electrolytes in bad solvent. We consider a gaussian chain
of Np adjacent beads of diameterD, each of them containing
np monomers. The form factor is given by

P(q) ¼ Psph q;
D
2

� �
:PD(q; Np,D) (16)

wherePsph q; D
2

ÿ �
is the form factor of a sphere of radiusD/2

[Eq. (11)] andPD(q; Np, D) is the form factor of a gaussian
coil [Eq. (8) Eq. (9) Eq. (10)] of radius of gyration

RG ¼
NpD2

6

 !1=2

:

The best fit of the experimental results with Eq. (16) is
obtained with:D ¼ 12.6 Å, Np ¼ 102 andnp ¼ 6.

Fig. 4 shows that this model does not fit the high angle
behaviour very well in the Kratky representation. Neverthe-
less, it is clear that the conformation of the uncharged PMA

Fig. 3. X-ray scattering experiment on PMA in HCl, 0.1 M solution,cp ¼

4.6 3 10¹2 g/ml. Plots of (a) ln(q*P(q)) versus q2 and (b)q2Mw/mP0(q)
versus q.
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is intermediate between that of a compact sphere and a
gaussian coil. Its statistics differ at short distance from
that of any simple model of a coil, and this suggests that
some local folding occurs which is not taken into account by
a simple cross-section effect. By considering the presence of
helicoı̈dal residues in the syndiotactic poly(methyl metha-
crylate) in solution, as well documented in the works of
Kirste [56,57], one may suggest that the syndiotactic
sequences of the PMA also form such a local helicoı¨dal
conformation. Muroga et al. [45] have also proposed a
model with curvature persistence for the syndiotactic
PMA, in order to explain the oscillations in the X-ray inten-
sity curves. We assume that the average cross-section of the
chain is not a constant but may vary with the local stereo-
chemistry of the polymer.

3.2. Poly(methacrylic acid) as a function of the
neutralization degree

3.2.1. Potentiometry
In this part,a is the degree of dissociation calculated by

taking into account the auto-ionization of the polyacid at
low values of the neutralization ratio.

While the pKa of a weak polyacid, e.g. PAA, increases
monotonously witha, it is well known that thepKa ¼ f(a)
curve for PMA exhibits a discontinuity, as represented in
Fig. 5. ThepKa variation is very high in the lowa range,
thenpKa passes through a maximum ata1 and a minimum at
a2, and in the last part of the curves,pKa increases again.
This phenomenon was extensively studied in the past, but
there is a lack of data concerning the influence of the poly-
mer concentration on this effect. Fig. 5 shows that the dis-
continuity is observed up tocpM ¼ 0.57 M of carboxylate
groups. By fitting separately the experimentalpKa values, in

thea , a1 anda . a2 ranges, by a second order polynome
as proposed by Mandel [58], one can obtain the values of
pKa0, corresponding to the dissociation constant of the
uncharged polymer.pKa0 was found to decrease whencp

increases, for both set of curves, in agreement with other
experimental results [59]. Several theories using coil
[60,61] or rod [62–64] models were developed to evaluate
thea dependence ofDpKa:

DpKa¼ pKa¹ pK0 ¼ 0:434
DGel

kT
(17)

whereDGel is an electrostatic free energy term which takes
into account the work necessary to extract a proton from a
uniformly charged polyion. IfpKa0 is known, it should be
possible to compare the experimental and theoretical pre-
dictions, and draw some conclusions on the conformation of
the uncharged PMA and the nature of the conformational
transition. In another work [66], we have tried to make these
confrontations, and found that both models may be compa-
tible with our experimental results. In the coil model, the
radius should increase from 115 A˚ ata ¼ a1 to 160 Åata ¼

a2, and in the rod-like model, the diameter of the charged
cylinder should be twice as high in the regiona , a1 than in
the regiona . a2. Then the potentiometric titration results
do not allow us to definitely conclude on the nature of the
transition and, moreover, the uncertainties on thepKa0

values and its variation with the polymer concentration
make such a confrontation doubtful. What must be kept in
mind is the fact that even at relatively largecp values, when
the long distance interactions are screened out, the polymer
exhibits a transition and this means that only local confor-
mation changes are implied in this transition. In this respect,
the second model of a rod of variable diameter seems more
realistic than a coil model, although the overall dimensions
of the uncharged polymer are close to those of a slightly
collapsed coil.

Fig. 4. X-ray scattering experiment on PMA in HCl, 0.1 M solution,cp ¼

4.6 3 10¹2 g/ml. Fit of the experimentalP(q) function (W) with the neck-
lace beads model (full line) in theP(q) ¼ f(q) (a) and in the Kratky (b)
representations.

Fig. 5. Potentiometric titration of PMApKa ¼ f(a) curves for various values
of cpM ¼ 0.00834 M (A), 0.02 M (x), 0.0673 M (W), 0.106 M (S), 0.208 M
( þ ), 0.57 M (K).
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3.2.2. Viscosity
Fig. 6a compares the variation ofpKa and that of the

reduced viscosityh red with a at two polymer concentrations.
This result confirms that the discontinuity in thepKa curves
corresponds to an abrupt increase ofh red. On the other
hand, we have also measuredh red for cp ¼ 6.88 3
10¹4 g/ml at a ¼ 0.75 as a function of the salinitycs

(NaCl) and obtained a linear variation ofh red ¼ f(cs
¹1/2)

for cs
¹1/2 , 30. In Fig. 6b, cp is low enough to consider

that the intrinsic viscosity [h] is very close toh red. The
aim of this viscosimetric study was in fact to evaluate
the limit between the dilute and semi-dilute regime for
our PMA samples in pure water, such information being
necessary for interpreting the X-ray scattering results
presented below. The classical definition of thecp*,
the overlap critical concentration of polymers, is given

by

cp p ¼
M

Na
4
3
pR3

g

(18)

but may be also evaluated through:

cp p p ¼
1

[h]
(19)

For the uncharged PMA, relation (18) can be used, sinceRG

is known, one findscp* ¼ 0.16 g/ml.
In the case of salt-free polyelectrolyte solution, the

difficulty in the determination ofcp* or cp** arises from
the variation ofRG with concentration. In the case of acryl-
amide/acrylic acid copolymers, Boudenne and Franc¸ois [24]
have proposed a graphical method to avoid this difficulty,

Fig. 6. Reduced viscosityh redof PMA. (a) Plot ofpKa (circles) andh red(triangles) versusa: cp ¼ 6.883 10¹4 g/ml (full symbols),cp ¼ 9.033 10¹3 g/ml (open
symbols). (b) Plot ofh red versus Is

¹1/2; cp ¼ 6.883 10¹4 g/ml.
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using the known ionic strength (I s) dependence ofRG. We
will use the same approach in our case, making the hypoth-
esis according to whichh red varies withI s, as shown in Fig.
6b, even in the absence of salt.I s is expressed as:

Is ¼ cs þ 1
2acpM or Is ¼ cs þ 1

20:36cpM (20)

under and above the value ofa corresponding to the Man-
ning condensation threshold, respectively. Then, one can
calculateI s for each polymer concentration and evaluate
[h] from the results of Fig. 6b.

One finds, fora ¼ 0.75:cp** ¼ 1.33 10¹2 g/ml for cp ¼

4.33 10¹2 g/ml, andcp** ¼ 7.53 10¹3 g/ml for cp ¼ 9 3
10¹3 g/ml, which means that the highercp corresponds to
the semi-dilute regime and the lower one to the limit
between the dilute and semi-dilute regimes.

3.2.3. Static light scattering
By using the method of purification of the solution by

filtration, we never obtained dysymmetry in the scattered
intensity, which shows the absence of aggregates, in the
whole range ofa. As expected for a polyelectrolyte, the
scattered intensity decreases whena increases and tends,
for a → 1, towards values very small and difficult to
measure with a good accuracy. In the presence of salt, the
mean field approximation leads to the following expression
for the variation ofI versus cp andq:

I
KcpMw

¼
P(q)

1þ 2A2 þ
4plba

2Na

m2(q2 þ k2)

� �
cpMwP(q)

(21)

wherek2 ¼ 4pl bNavI s (k¹1 is the Debye length andl b the
Bjerrum length). Atq ¼ 0 and if A2 can be neglected, Eq.
(21) is reduced to:

Kcp

I
¹

1
Mw

� �
q¼ 0

~ a (22)

Fig. 7 shows that straight lines are obtained whose slope
increases whencp increases. Moreover, by taking into

account the non-electrostatic virielA2, in Eq. (21), it is
possible to determine from experimental results the electro-
static termA2el

which should be equal to 4plba
2=m2k2. As

shown in Table 1, the experimental values are much lower
than the calculated ones, and the difference decreases when
a andcp increase. Such a mean field approximation is only
valid for the concentrated regime and highly interpenetrated
coils, and when the chain statistics are gaussian, which is not
the case of our experimental conditions.

Fig. 7. Light scattering experiment of PMA in pure water: plot ofKcp/I
versusa for different concentrations:cp ¼ 6.88*10¹4 g/ml (W), cp ¼

9.03*10¹3 g/ml (A), cp ¼ 4.14*10¹2 g/ml (l).

Fig. 8. (a) X-ray scattering experiment on PMA in pure water;cp ¼ 0.046 g/
ml for different values ofa: a ¼ 0 (B), a ¼ 0.05 (þ ), a ¼ 0.15 (O), a ¼

0.32 (x),a ¼ 0.48 (l), a ¼ 0.71 ((), a ¼ 0.95 (W). (b) Logarithmic plot of
q* versusa. l, cp ¼ 0.045 g/ml;X, cp ¼ 0.009 g/ml;B, cp ¼ 0.033 g/ml.
Results of Ref. [42].
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3.2.4. X-ray scattering
The PMA solutions were studied on D22 and D24 instru-

ments for 0, a , 1 and 0.01, cp , 0.15 g/ml.

3.2.4.1. Influence of the degree of neutralization.Fig.
8a shows examples of scattering curves obtained for the
same polymer concentration and for various degrees of
neutralization (the scattered intensities are not normalized
to the contrast factor). The scattering peak appears fora as
low as 0.05 and is shifted towards higherq values whena
increases.q* is plotted versusa for two concentrations
studied in this work and the results of Plestil et al. [42]
obtained for anothercp value are also reported for
comparison (Fig. 8b). Both sets of data show a discontinuity
in the curves, which exhibit three different parts:

1. a , 0.2, which corresponds to the existence of the com-
pact conformation, the following power laws are obtained:

cp ¼ 0:045 g=ml q p < a0:26 (23)

cp ¼ 0:0090 g=ml q p < a0:15 (24)

The exponents of such laws are intermediate between
those expected for the dilute and semi-dilute regimes.
For the lower concentration, which corresponds surely
to the dilute range,q* is almost independent ofa, as
predicted by the theories. For the higher one, the expo-
nent is close to that expected for the isotropic model.
This is not inconsistent with the viscosity results which
suggest that this concentration belongs to the cross-over
between the two regimes.

2. 0.2, a9 , 0.5, range of the transition according to the
viscosity and potentiometry studies,q* increases much
more witha. We attribute this behaviour to the confor-
mational change. Indeed, the scattered function is related
to the intermolecular correlation and intramolecular
ones, as well. If the form factor of the particles abruptly
changes, the position of the peak will not only reveal the
variation of the intermolecular correlations witha. The
influence of the transition on the evolution of the scatter-
ing functions was never clearly indicated in the previous
works. However, the results of Plestil et al. [43,44] are in
excellent agreement with ours, and also reveal the same
phenomenon.

3. a9 . 0.5, in this range,q* varies very little witha. This
can be ascribed to Manning [67] condensation.

Fig. 9a shows the variation witha of the intensity atq*,
I*, for two different polymer concentrations. The curves
exhibit a minimum at ana value of about 0.5, while a
continuous decrease and plateau are expected before and
after the Manning threshold, respectively. Such a behaviour
was already observed by Plestil et al. [43,44] in their X-rays
scattering studies, and these authors have shown that in neu-
tron scattering,I* decreases as qualitatively expected. An
hydration effect was invoked to explain the difference
between the X-rays and neutron scattering results. Neverthe-
less, we whould like to show that it may also be explained by
taking into account the variation of specific volume of PMA
with a and the Manning condensation, aboveaM.

We have calculated the contrast factor by considering the
scattering particle as a copolymer constituted by:

1. ionized (COO¹, fractiona) and acid units (COOH, frac-
tion 1 ¹ a) for a , aM;

Fig. 9. X-ray scattering experiments on PMA in pure water: variation of the
intensity atq*, ( I/cp)* versusa; cp ¼ 0.045 g/ml: full symbols;cp ¼

0.0088 g/ml: open symbols.

Table 1

cp

(g/ml)
a k2

(Å ¹2)
A2ell

(mol cm3g¹2)
A2ell

S(exp)(mol cm3g¹2)

6.88*10¹4 0.020 8.65*10¹6 0.34 0.0443
0.1 4.33*10¹5 1.69 0.337
0.3 1.30*10¹4 5.06 0.59

9.03*10¹3 0.0131 7.44*10¹5 0.0168 0.00263
0.9 5.11*10¹3 0.116 0.176

4.14*10¹2 0.011 2.87*10¹4 0.00308 0.00043
0.3 7.82*10¹3 0.084 0.0234
0.9 23.46*10¹3 0.252 0.0678
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2. (COO¹, fraction aM), (COOH, fraction 1¹ a) and
(COONa units, fractiona ¹ aM) for a . aM.

The average scattering length ,Kx, is:

Kx ¼ (1¹a)KCOOHþaKCOO¹ for a , aM (25)

Kx ¼ (1¹a)KCOOHþaMKCOO¹ þ (a ¹ aM)KCOONa

for a . aM ð26Þ

whereKi for each monomer of typei is expressed by

Ki ¼
vi

Nav
(ri ¹ rs) (27)

r i is the scattering length density:

ri ¼ 0:2823 10¹ 12 ZiNav

vi

whereZi is the number of electrons of the scattered,vi its
partial molar volume.rs is the scattering length density of
the solvent, assumed to contain water and counter ions,

which can be calculated from:

rs ¼
a:vNaþ :cpM

1000
rNaþ þ 1¹

a:vNa þ :cpM

1000

� �
rH2O

for a , aM ð28Þ

rs ¼
aM :vNaþ :cpM

1000
rNaþ þ 1¹

aM :vNa þ :cpM

1000

� �
rH2O

for a . aM ð29Þ

rH2O andrNaþ are the scattering length density of water and
sodium ion, respectively, andvNaþ is the partial molar
volume of Naþ.

It can be shown that Eq. (25) can be rewritten:

Kx ¼
vPMA

Nav

0:28210¹ 12ZNav

vPMA
¹ rs

� �
(30)

where

vPMA ¼ vex ¹avNaþ (31)

vex is the value of the partial molar volume of the partially
neutralized PMA including counter ions. We have used the
data of Yamashita and Kwak [68].

Fig. 10. Variation of the X-ray contrast factorversusa: values calculated neglecting Manning condensation (W), taking into account Manning condensation,
and usingvCOOH ¼ 59.3 ml/mole [51] (S) or vCOOH ¼ 55 ml/mole (see text).
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In a first step, fora . aM, vCOOH andvCOO¹ were taken as
equal to 59.3 and 37.5 ml/mole, respectively, from Tondre
and Zana [51].vCOONawas deduced from the results of Ref.
[67] (for a ¼ 1) and 50, by using the relation:

vCOONa¼
vex ¹ aMvNaþ ¹ aMvCOO¹

1¹ aM
(32)

Nevertheless, some problem arises from the value ofvCOOH

which was determined by Tondre and Zana [51] ata ¼ 0

before the conformational transition. It is not clear whether
the specific volume of the COOH monomer units remains
the same after the transition. Assuming that the value of
vCOO¹ is correct, a new average value ofvCOOH ( ¼ 55 ml/
mole) can be calculated from the literature data, using
relation (25).

Fig. 10 shows thatKx
2 continuously increases witha,

when the Manning condensation is neglected, while the
curve presents a discontinuity ata ¼ aM with a higher
slope fora . aM than fora , aM. This effect is slightly
more important when the value ofvCOOH¼ 55 ml/mole than
for vCOOH ¼ 59.3 ml/mole.

The variationsversusa of I* normalized toKx
2 andcp are

given in Fig. 11a, and a plateau is obtained above the
Manning threshold, as expected. However, in a logarithmic
representation, a discontinuity appears in thea range corre-
sponding to the transition (Fig. 11b).

On the other hand, by using the same method of calculation,
we found a continuous decrease of the contrast factor in
neutron scattering,Kneutron

2 , with a. For a equal to 0, 0.36
and 1, Kneutron

2 ¼ 1.41*10¹23 cm2, 2.23*10¹23 cm2,
0.24*10¹23 cm2, respectively. This explains the differences
in behaviours in X-rays and neutron scattering observed by
Plestil et al. [43,44] well.

Finally, Fig. 12 gives some scattering results in the
Kratky representation. While for the uncharged PMA, the
q2I(q) is a decreasing function ofq after the maximum, an
increase of this function is observed at highq values
whena . 0.15. It should be tempting to attribute such an
evolution to a rigidification of the chain due to repulsive
electrostatic interactions. Nevertheless, it is difficult to
draw definitive conclusions on the changes in the local
chain conformation, because the contribution of the struc-
ture factor in thisq range is not known.

3.2.4.2. Influence of the concentration.Fig. 13 gives
examples of scattering curves obtained by keepinga

constant and varyingcp. The shift of the peak whencp

increases can be adjusted by the following power laws,
according to thea value:

a9 ¼ 0:09 q p < c0:31
p (33)

a9 ¼ 0:20 q p < c0:36
p (34)

a9 ¼ 0:95 q p < c0:43
p (35)

For the lower value ofa, the exponent is close to that
expected for the dilute regime and the model of cubic lat-
tice, a result consistent with our evaluation ofcp**. In such a
model, theq* values may be calculated from this simple
expression, independent ofa:

q p ¼
2p������������������������
MN

cPNav10¹ 24
3

r (36)

This leads toq* ¼ 0,13cp
1/3 in rather good agreement with the

experimental law obtained fora9 ¼ 0.09:q* ¼ 0.16cp
0,31.

Fig. 11. (a) X-ray scattering experiments on PMA in pure water: variation
of (I/Kxcp)* versusa; cp ¼ 0.045 g/ml: full symbols;cp ¼ 0.0088 g/ml:
open symbols. (b) Logarithmic plot of (I*/K2cp) versusa. X, cp ¼ 0.046
g/ml; B, cp ¼ 0.044 g/ml;W, cp ¼ 0.009 g/ml.
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Fig. 13. X-ray scattering experiments on PMA in pure water:a ¼ 0.09 g/ml for different values ofcp (g/ml): cp ¼ 0.0091 (o),cp ¼ 0.018 (A), cp ¼ 0.032 (l),
cp ¼ 0.065 (K), cp ¼ 0.098 (þ ), cp ¼ 0.14 (x)

Fig. 12. X-ray scattering experiments on PMA in pure water: Kratky representation of the scattered intensity for different values ofa.
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The exponent increases witha, indicating that the coil
expansion induces the interpenetration of the chains. For
a ¼ 0.95, the semi-dilute regime is reached and therefore
the theoretical exponent 0.5 is almost obtained.

3.2.4.3. Discussion.Our results seem to be consistent with
previous finding of Kaji et al. [22], or Boudenne and
François [24], who have clearly shown the occurrence of
concentration, molecular weight or charge parameter cross-
overs between the dilute and semi-dilute regimes. This set of
experimental results confirms, in terms of scaling laws, the
behaviours predicted by the de Gennes et al. [26] and Pfeuty
[28] theories.

Nevertheless, due to its hydrophobic character, PMA was
often considered as a poor solvent in water, and it appeared
as a good model to check the predictions of the mean field
approach. Moossaid et al. [46,47] were able to adjust their
experimental results obtained in the weak coupling limit

(low a value) by the expression (21), considering three
adjustable parameters: the contrast factor, the non-electro-
static viriel and the length of the statistical segment. Fig. 14
a, b show that by using the same method, the comparison
between the calculated and experimental curves seems good
in the I(q) ¼ f(q) representation, but the curves diverge
significantly in the highq range in the Kratky representa-
tion. This confirms that the form factor of a weakly charged
PMA is different from that of a gaussian coil. Besides, the
Kx

2 value given by the fits was found to be four times higher
than the calculated one. Finally, expression (21) implies the
following variation ofq* 2 þ k2

q p2 þ k2 ¼
48plb

b2

� �0:5

ac0:5
p (37)

In Fig. 15, we have reported the variationsq* 2 þ k2 versus
acp

0.5, as obtained in this work, and in that of Moussaid et al.
[46,47]. It seems difficult to gather all the results corre-
sponding to differenta values on the same straight line.
However, the two sets of data are in excellent agreement.
This suggests that, in this range of concentrations and even
at low ionization of the polymer, the mean field approxima-
tion cannot give a good account of the scattering results.
Much more concentrated solutions have to be studied to
verify these predictions.

4. Conclusion

The poly(methacrylic acid) exhibits a conformational
transition. Although the nature of the compact conformation
was not completely elucidated, this X-ray study suggests

Fig. 14. X-ray scattering experiments on PMA in pure water. Example of fit
of the scattering curves by relation (21):cp ¼ 0.045 g/ml,a ¼ 0.05: (a)
I(q) ¼ f(q) representation, (b) Kratky representation

Fig. 15. Variation ofq2 þ k2 versusacp
1/2 for variousa valuesa ¼ 0.09 (O),

a ¼ 0.20 (l) [this work], a ¼ 0.05 (o),a ¼ 0.02 (S), a ¼ 0.109 (K)
[46,47]
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that the uncharged PMA has overall dimensions intermedi-
ate between those of a compact sphere without water mole-
cules inside it and a gaussian coil with a statistical segment
close to that of other vinyl polymers. Portions of helices
may give the best account for the highq behaviour of the
scattering curves, and this may be due to syndiotactic
sequences. A systematic study of the scattering behaviour
as a function of the tacticity of the sample, completed by
molecular modelling, should be useful to characterize the
short distance conformation of the uncharged PMA.

When the ionization increases, the scattering functions
exhibit a correlation peak whose positionq* has been sys-
tematically investigatedversusthe concentration and charge
parameter. As far as the concentration dependence ofq* at a
given ionization is concerned, one finds again that the
results are consistent with the cubic lattice in the dilute
regime and the isotropic model in the semi-dilute regime.
The variation ofq* versusthe ionization degree exhibits a
discontinuity which is a manifestation of the conformational
transition, and the results cannot be simply interpreted in the
framework of the polyelectrolyte theories.
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