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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 &% behaviour in the higlg 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 towardsvhigher
when the polymer concentration increases in agreement with the theoretical predictions. When the concentration iscfixaldigtiae the

peak maximum increases when the charge parameter increases,

© 1999 Elsevier Science Ltd. All rights reserved.

but a discontinuity appears in the range of the conformational transition.
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1. Introduction

Poly(methacrylic acid) [PMA] is a weak polyacid of
particular interest because it exhibits a conformational

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

transition upon increasing its ionization degree. A great these last years to the study of the intermolecular correla-
number of works have been devoted to that phenomenontions in polyelectrolytes solutions [19-25]. In free salt
through several kinds of experimental investigations: solutions, the scattering function exhibits a maximum for
potentiometry [1-5]; viscosimetry [1—-7]; solubilization of a scattering vectog*, whose variations with various para-
hydrophobic molecules [8—15]; and calorimetry [16]. It is meters, e.g. concentration, charge parameter and ionic
generally described as a change from a compact conforma-strength, were the object of numerous theoretical predic-
tion to an extended [4] coil conformation (globule to coil). tions [26—30]. In the dilute regime, the electrostatic repul-
Nevertheless, the origin of such a transition is yet poorly sions between the polyions induce the formation of a three-

understood. Moreover, the assumption of a globule con-

dimensional periodic latticej* of the associated correlation

formation should be associated with a negative second viriel peak is predicted to vary a$/3, and to be independent of the

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 of\, close to 0 suggested that PMA is in theta
conditionsin HC| 0.002 M at 3. However, Skouri [17] has
found thatA, is a decreasing function of temperature and
becomes 0 foll = 72°C [17]. This confirms that PMA solu-
tions exhibit a lower critical solution temperature (LCST), as

* Corresponding author.

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 meshg, as for neutral polymers. Due to the
electroneutrality conditions (incompressibility), a correla-
tion peak is observed whose maximum positigh is
proportional to¢ ~*. The theoretical predictions are [28]:

)
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In the concentrated regime, the electrostatic repulsions areFurther purification is achieved by dialysis and ionic
completely screened out and the chains can be considered asxchange (cationic resins from Merck), which reduces the
gaussian. In this case, the complete scattering function hagpercentage of these elements down to 0.2, 0.09 and O respec-
been calculated by several authors, using the mean fieldtively, close to the values estimated from the number average
approximations. Borue and Erukhimovich [29], and Joanny molecular weight of the sample and assuming the presence of
and Leibler [30] predict a mesophase separation under par-a mercaptoethylbutylamine at one end of the chain.
ticular conditions near the theta point, when the attractive = The sample was characterized by size exclusion chroma-
dispersions forces are compensated by repulsive electro-tography either in agueous medium (using a mixture of water/
static interactions. In the weak coupling limit, the more or acetonitrile, 80/20 volume per volume and a double detec-
less hydrophobic character of the polyion backbone must betion; refractometry and small angle light scattering detection,
taken into account [30]. Chromatix apparatus) or in tetrahydrofuran (refractometric
A whole set of experimental data obtained on various and multi-angle light scattering detection) after esterification
polyelectrolytes using small angle neutron (SANS) and X- [48]. The weight average molecular weidWt, was found to
ray (SAXS) scattering, and elastic light scattering (ELS), are be 58000 and 54 000 from the two methods, respectively.
in rather good agreement with such predictions [19—25]. The polydispersity index was approximately 2.
Nevertheless, the presence of heterogeneities, often )
described as the ‘extraordinary phase’, introduces someZ2-2. Experimental methods
confusion in the interpretation of the results [31-36]. )
The PMA has been extensively studied by scattering 2-2:1. Potentiometry .
methods [37—47]. At low values of and for concentrations The potentiometric titrations were performed using a pH
higher than the critical overlap concentration*, the meter Metrhom 605 using a combined glass electrode. The
reasonably consistent with the predictions for the concen- Polymer concentration. The measurements were made at
trated regime. Plestil and co-workers [41—44] have studied 20°C under nitrogen, with constant stirring.
the variations ofy* with ¢, and«, and made an attempt to . .
. . 2.2.2. Viscosimetry
characterize the persistence length (SAXS and SANS . : . .
: . The viscosity of the polymer solutions was measured with
measurements), and using deuterated PMA chains they . : . . i
, . . . an automatic capillary viscometer of the Gramain—Libeyre
have determined the dimensions of the chains. Nevertheless : : ) .
. i . ““type (SEMATECH, Viscologic TI1) using a capillary of
in these works, the influence of the conformational transi- :
. ) ) . 0.56 mm i.d. The apparatus was thermostated &€ 20
tion on the scattering functions was never considered.

The aim of the present work is to discuss a series of SAXS 3 2 3. Light scattering

experiments performed with a low molecular weight sample  The Jight scattering experiments were carried out using
of PMA (M., = 50 000) in pure water in the whole range of g different apparatus: a commercial one (SEMATECH)
o, below and above the transition. Special care will be taken yorking with a laser source He—Ne of wavelength=

for the calculation of the contrast factor through density g320 A and a home-built one equipped with a Ar laser

data. The experimental conditions are fixed according to soyrce § = 5140 A). The scattering anglé, range inves-
the results of potentiometric and viscosimetric studies, tigated was between 30 and 240

which allowed us to determine the transition region as a e will considerl/Kc, o its reciprocal, where is the

function of polymer concentration and estimate the overlap excess of scattered intensity of the solution with respect to
concentratiore,*. A static light scattering study was usedto  the solvent, corrected by the scattering volurogjs the
evaluate the second viriel coefficient as a functiom@nd polymer concentration expressed in g/ml dads the pro-
investigate the homogeneity of the solutions. duct of the apparatus optical constant by the square of the
refractive index increment,nddc.
At first, a batch of solution of the sample under its acid

2. Experimental form was prepared and gently stirred for one day up to
complete solubilization. Then, the pH of the solution was
2.1. Polymer sample adjusted by adding small aliquots of NaOH solution and the

] ~_ neutralized solutions were then filtered on 0.2 mm filters
in water at 70C, using potassium persulfate as initiator and

quaternized mercaptoethylbutylamine as transfer agent. The2.2.4. Refractometry

polymer under its acid form was lyophilized. A first purifi- The measurements of the refractive index incrememis, d
cation was carried out by three times precipitation in ether dc, were measured with a Brice—Phoenix apparatus.

from a solution in methanol. Non-negligible amounts of  For the sample under its acid forrm/dc was determined
sulfur (1%), nitrogen (0.3%) and chlore (1%) are still pre- in pure water, without dialysis, for the partially neutralized
sent after this treatment, as measured by elemental analysissample, it was measured in solution containing 0.05 M NaCl
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after dialysis equilibrium. The variation offtc versusao
was found to be:

dn

dc
for A = 4880 A

=0.171+ 0.092x (ml/g) )

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 1.38the sample-
detector distancP was 0.923 m and the range of scattering
vector was 0.005< g < 0.25A°. The transmission
measurements are made simultaneously with the scatterin

sample, and perpendicularly to the incident beam.

On D24, we used a wavelengih= 1.488 A D = 0.875
and 2.003 m which allow us to cover tigranges: 0.02<
q < 0.45 A7 and 0.005< q < 0.16 A%, respectively. The

transmission measurements were made using a carbon blac

1639

3. Results
3.1. Poly(methacrylic acid) in HCI solution

3.1.1. Light scattering

We have studied by light scattering the PMA sample in a
solution of HCI, 0.1 M. Under these conditions, the average
ionization of the carboxylate groups is T0(taking pK, =
5) which corresponds to less than 0.1 charge per chain. The
experiments were performed for concentrations comprised
between 2*10° and 4*102g/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

. - gextrapolation at zero concentration is 54000, a value in
measurements, using scintillators put after and before the

excellent agreement with that obtained by SEC. This
shows that the agueous solutions of uncharged PMA contain
no aggregates or a negligible amount of them.

Fig. 1 shows that the second viriel coefficient is positive
gnd a value of\, = 1.46*10~* mole.ml.g "2 was found.

sheet automatically put in the beam between the sample and3 12 SAXS

detector, for a short time at the beginning and end of each

measurement run.

The total scattered intensity,(i) registered in channe}
after normation to the incident intensity, is given by
[49]:

liot(i) = Isanli) * Tr(CB) + lcg(i) * Tr(sam) ®3)

wherel ;;mandl g are the intensities scattered by the sample
alone and the carbon black alone, respectivElysam) and

An HClI solution of PMA (4.6*10°2 g/ml) was studied by
X-ray scattering using the D24 instrument and the scattering
curve is represented in Fig.a2 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 valRig=
50 Awas found, meaning that tlgegrange explored does not
correspond to the Guinier ranggRy < 1). In order to pre-

Tr(CB) are transmisgions of the sample and the carbon cisely obtain theRg value, and extract the form facteXq)
black. The transmission of the sample can be calculated ¢ the macromolecule, we have used the following proce-

from:

D lioti) = Tr(CB) * D lsanf()
Tr(sam) = - !

> loa(i)

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

D liorli)
Tr(sam = <

> loa(i)

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

~

(4)

()

lsar@)  led(d)

_ > _¢solv< Isolv(Q) Iec(Q)
Tr(san) Tr(ed v

Tr(solv) B Tr(ec)>

(6)

where the ec index corresponds to the empty cell, solv index

corresponds to the cell filled by the solvest®" is the
volume fraction of the solvent.

dure. The classical Zimm formula can be written:

1 1 /1

At il
16 AK%cpNav< P (q”ZAZc")

e @)

wherem is the molecular weight of the monomer uriit,,
the Avogadro numberA the apparatus constant aKd the
contrast factor.

Moreover, forgRs < 3, P(q) is closed to the Debye
function Pp(qg). For a polydispersed sample, assuming a
Schultz—Zimm distributionPp(q) is given by [50]:

2x— 1+ (1 +ux)

P =" 0% ®)
with
— qz < Ré>Z: q2 < Ré>W (9)
1+2u 1+4+u
and
My
u= My 1 (20)

The fit of the experimental scattering function by Eq. (7) and
Eqg. (8), in the ranggRs < 3, allows us to determine the
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Fig. 1. Light scattering experiment on PMA in HCI, 0.1 M solution: plot KE{/1) s_or Versuscy,.

values ofA*K% and the weight average radius of gyration

< R&>Y2 Avalue of < RE>Y2 = 53 Awas found. In the been clearly elucidated. Firstly, one may consider the value
whole range ofg, the P(g) function is then obtained from  of Rg and compare it to that expected either for a compact
Eq. (7). In Fig. D, theg°P(q) function is plottedversus q sphere or for a gaussian coil. A value ef R5>.> = 53 A

should correspond to a sphere of radits68 A, much

Up to now, the conformation of uncharged PMA has not
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Fig. 2. X-ray scattering experiment on PMA in HCI, 0.1 M solutiag,= 4.6 X 1072 g/ml. (a) Scattering functioh(q) = f(q); (b) plot of g P(q) [P(q)
calculated as explained in the texgrsus o(O); andq®P(q) calculated for a gaussian coi#() and a spherel).
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higher than the valu® = 24 A, calculated from -6.2

3/ Myvep 1074 3
a Ny  4rm

wherevy, is the specific volume of PMA= 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 degrée For instance, thé&l
dependence of the radius of gyration for polyacrylamide in
theta conditions iRs = 3.3N*°[52] which leads tRg = i
79 Afor our PMA samplell = 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. , q

. In Fig. 2a, the q°P(q) func_tlons _fOI’ systems of poly- .. Fig. 3. X-ray scattering experiment on PMA in HCI, 0.1 M solutiop,=
disperse spheres and gaussian coils can be compared wit) g 152 g/ml. Plots of (a) Ing*P(q)) versus § and (b)q°M,/mPy(q)
those deduced from the data treatment described above. Thgersus q
form factor of a sphere and a gaussian coil are given by:

Pepr(Q) = %(sinx— X COSX) ’ with x=qR=q * 24 mass per length uniM,. The value ofL, found using this
X method is 12° Awhich seems reasonable for such a polymer,
(11) but that ofM| = 53 g/A is much higher than that expected
for the PMA moleculeM| = 34.4 A On an other hand, the

In(a*P(a))

0.08 0.1 0.12 0.14 0.16

and radius of gyration of a chain with a persistence length
Ppo(q) = %(exp( —xA)+x% 1) 12 Acan be calculated using the Benoit—Doty formula [54]:
with x=q< R >¥? =q* 53 (12 Rg=L° p—L2+2L3—2L4(1—ep (L)ﬂ
3L L2 ¥ LA Lp

respectively, and we used the molecular weight distribution (15)
function of Schultz—Zimm, withig: = .

M oM The obtained value of 72 & much higher than the experi-
w(M) = —exp <_ —2) (13) mental one. Finally, the persistence length chain model does

Miy M& not lead to a consistent set of data and cannot explain the

The experimental form factor strongly differs from that of a divergence between the experimentdP(q) function and

sphere, while it diverges from that of a gaussian coil in the that of a gaussian particle. Several other models were

highqrange only, Which makes our initial assumption valid. checked, among which that of a bead necklace close to

An approxmateq dependence dP(q) is observedd > the description given by Dobrynin et al. [55] for poly-

0.2A %), while ag~! behaviour is expected due to the local electrolytes in bad solvent. We consider a gaussian chain

rigidity of the chain. Rawiso et al. [53] have demonstrated of N, adjacent beads of diameter each of them containing

that such a divergence can be due to an effect of the chainn, monomers. The form factor is given by

cross-section. In particular, farvalues higher than 112,

wherelL, is the persistence length of the chains, mé P(g) = Sph<q, ) Pp(a; Ny, D) (16)

dependence of the scattered intensity cannot be obtained

when the chain sectioR; is close toL, [54]. It was wherePg,(q; 9) is the form factor of a sphere of radiig2

shown that the form factor must be written: [Eq. (11)] andPp(q; Np, D) is the form factor of a gaussian
PR coil [Eq. (8) Eg. (9) Eq. (10)] of radius of gyration

Pla) =Pol@erp (- 15 (1)

N.D2\ Y2
where Py(q) is the form factor of the persistence length Ro = 6 '

chain. The variation of I{P(g)) versus ¢ must be linear

in the highqg range and the slope gives the valueRf The best fit of the experimental results with Eq. (16) is
Results of Fig. 3, curve a, lead ®. = 3.9 A Then, the obtained with:D = 12.6 A N, = 102 andn, = 6.

Po(g) function can be calculated from Eq. (14), and in the  Fig. 4 shows that this model does not fit the high angle
Holtzer's representation, the plot qfM,/m Py(q) versus q behaviour very well in the Kratky representation. Neverthe-
must tend, fogL, > 3.5 to a plateau whose height gives the less, it is clear that the conformation of the uncharged PMA
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Fig. 4. X-ray scattering experiment on PMA in HCI, 0.1 M solutiop—= Fig. 5. Potentiometric titration of PMAK, = f(a) curves for various values
4.6 X 1072 g/ml. Fit of the experimentaP(q) function (©) with the neck- of cou = 0.00834 M (), 0.02 M (x), 0.0673 M), 0.106 M (), 0.208 M
lace beads model (full line) in the(q) = f(q) (a) and in the Kratky (b) (+),057M ().
representations.

thea < a; anda > a, ranges, by a second order polynome

as proposed by Mandel [58], one can obtain the values of
apKao, corresponding to the dissociation constant of the
uncharged polymepK,, was found to decrease whep

is intermediate between that of a compact sphere and
gaussian coil. Its statistics differ at short distance from
that 0: an)llfs:[jn_ple model orl:_ah(?on, ??dkth's. fuggests :r;)at increases, for both set of curves, in agreement with other
Some focaltolding occurs wiich Is not taken into account by experimental results [59]. Several theories using coil
a simple cross-section effect. By considering the presence of[60 61] or rod [62—64] models were developed to evaluate
helicodal residues in the syndiotactic poly(methyl metha- ’ .
. : . the o dependence akpKy;

crylate) in solution, as well documented in the works of

Kirste [56,57], one may suggest that the syndiotactic _ _ AGq
sequences of the PMA also form such a local hétlabi ApKa=pKa —pKo=0.434 KT

conforma'tlon. Muroga. et al.. [45] have also proppsed a whereAGg, is an electrostatic free energy term which takes
model with curvature persistence for the syndiotactic .

PMA, in order to explain the oscillations in the X-ray inten- into account the work necessary to extract a proton from a

sity curves. We assume that the average cross-section of the yniformly charged polyion. 1pKq is known, it should be
chain is not a constant but may vary with the local stereo- pOSS|bIe to compare the experimental and theoretical pre-

chemistrv of the polvmer dictions, and draw some conclusions on the conformation of
y polymer. the uncharged PMA and the nature of the conformational
transition. In another work [66], we have tried to make these

(17)

3.2. Poly(methacrylic acid) as a function of the confrontations, and found that both models may be compa-

neutralization degree tible with our experimental results. In the coil model, the
radius should increase from 115ab = 110160 Aato =

3.2.1. Potentiometry ay, and in the rod-like model, the diameter of the charged

In this part,a is the degree of dissociation calculated by cylinder should be twice as high in the regi®r< «; than in
taking into account the auto-ionization of the polyacid at the regiona > «,. Then the potentiometric titration results
low values of the neutralization ratio. do not allow us to definitely conclude on the nature of the

While the pK, of a weak polyacid, e.g. PAA, increases transition and, moreover, the uncertainties on i€,
monotonously withy, it is well known that thepK, = f(«) values and its variation with the polymer concentration
curve for PMA exhibits a discontinuity, as represented in make such a confrontation doubtful. What must be kept in
Fig. 5. ThepK, variation is very high in the lowx range, mind is the fact that even at relatively larggvalues, when
thenpK, passes through a maximumeatand aminimumat  the long distance interactions are screened out, the polymer
oy, and in the last part of the curvgsK, increases again.  exhibits a transition and this means that only local confor-
This phenomenon was extensively studied in the past, butmation changes are implied in this transition. In this respect,
there is a lack of data concerning the influence of the poly- the second model of a rod of variable diameter seems more
mer concentration on this effect. Fig. 5 shows that the dis- realistic than a coil model, although the overall dimensions
continuity is observed up top,y = 0.57 M of carboxylate of the uncharged polymer are close to those of a slightly
groups. By fitting separately the experimenill, values, in collapsed coil.
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3.2.2. Viscosity by
Fig. 6a compares the variation @K, and that of the M
reduced viscosityeq With « at two polymer concentrations. ¢, * = 7 (18)
This result confirms that the discontinuity in thK, curves Na—ng
corresponds to an abrupt increase mfz On the other 3
hand, we have also measuregyy for c, = 6.88 X but may be also evaluated through:
10*g/ml at « = 0.75 as a function of the salinitgs 1
(NaCl) and obtained a linear variation @f.q = f(cs'?) Cp* * = — (19)
for c;? < 30. In Fig. @, c, is low enough to consider [7]

that the intrinsic viscosity+] is very close ton.q The For the uncharged PMA, relation (18) can be used, ditice
aim of this viscosimetric study was in fact to evaluate is known, one findg,* = 0.16 g/ml.

the limit between the dilute and semi-dilute regime for In the case of salt-free polyelectrolyte solution, the
our PMA samples in pure water, such information being difficulty in the determination oty* or c,** arises from
necessary for interpreting the X-ray scattering results the variation ofR; with concentration. In the case of acryl-
presented below. The classical definition of tlg*, amide/acrylic acid copolymers, Boudenne and Fois24]
the overlap critical concentration of polymers, is given have proposed a graphical method to avoid this difficulty,
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using the known ionic strength dependence dRg. We

will use the same approach in our case, making the hypoth-

esis according to which,eq varies withl s, as shown in Fig.

6b, even in the absence of sdlf.is expressed as:
ls=Cs+ J0Com OF Is=Cs+ 30.36C,u (20)

under and above the value efcorresponding to the Man-

ning condensation threshold, respectively. Then, one can

calculatel for each polymer concentration and evaluate
[n] from the results of Fig. b.

One finds, forx = 0.75:¢,** = 1.3 10~ g/ml forc, =
4.3 10%g/ml, andc,** = 7.5% 10 g/ml forc, = 9 X
1073 g/ml, which means that the highef 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 wheiincreases and tends,
for « — 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 ofl versus ¢ andq:

I P(q)

Kc,M - 4l 0N
PR 14 (2A2+ #>cpMWP(q)

m2(q? + «?)
wherek? = 4xl,NaJls (k' is the Debye length ant}, the

Bjerrum length). Atg = 0 and if A, can be neglected, Eg.
(21) is reduced to:

(ch 1)
- < o
I Ivlw q=0

(21)

(22)
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I(a.u)

0.25

(b)

0.1 r

q* (&™)

0.01
0.1 o 1

Fig. 8. (a) X-ray scattering experiment on PMA in pure watge= 0.046 g/
ml for different values otv: « =0 (M), « = 0.05 (4 ), =0.15 @A), a =
0.32(x),a =0.48 (¢),x=0.71 ©), « = 0.95 ©O). (b) Logarithmic plot of
g* versusc. 4, ¢, =0.045g/ml;®, c, = 0.009 g/m|;l, c, = 0.033g/ml.
Results of Ref. [42].

account the non-electrostatic viriél,, in Eq. (21), it is
possible to determine from experimental results the electro-
static termA,_ which should be equal tomya®/nPx’. As
shown in Table 1, the experimental values are much lower
than the calculated ones, and the difference decreases when
a andc increase. Such a mean field approximation is only
valid for the concentrated regime and highly interpenetrated

Fig. 7 shows that straight lines are obtained whose slopecoils, and when the chain statistics are gaussian, which is not

increases whert, increases. Moreover, by taking into

the case of our experimental conditions.



3.2.4. X-ray scattering

The PMA solutions were studied on D22 and D24 instru- L
ments for 0< o < 1 and 0.01< ¢, < 0.15 g/ml. L

3.2.4.1. Influence of the degree of neutralizatidrig. L

C. Heitz et al./Polymer 40 (1999) 1637-1650
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3

8a shows examples of scattering curves obtained for the 2 %0

same polymer concentration and for various degrees of . o
neutralization (the scattered intensities are not normalized "= | o
to the contrast factor). The scattering peak appeara &8
low as 0.05 and is shifted towards higleevalues whenx

(1/c

increasesg* is plotted versusa for two concentrations B o

studied in this work and the results of Plestil et al. [42]
obtained for anotherc, value are also reported for

comparison (Fig. B). Both sets of data show a discontinuity
in the curves, which exhibit three different parts:

1. o < 0.2, which corresponds to the existence of the com- P

pact conformation, the following power laws are obtained:

C,=0.045gmlq=* =~ o

¢, =0.0090 gml g ~ a®*°

to the dilute rangeg* is almost independent of, as
predicted by the theories. For the higher one, the expo-
nent is close to that expected for the isotropic model.

(23)

0.6 0.8 1

(24) Fig. 9. X-ray scattering experiments on PMA in pure water: variation of the
intensity atg*, (l/cp)* versuse; ¢, = 0.045 g/ml: full symbols;c, =

The exponents of such laws are intermediate between0-0088 g/mi: open symbols.

those expected for the dilute and semi-dilute regimes.

For the lower concentration, which corresponds surely 3 ./ < o5 in this rangeq® varies very little witha. This

can be ascribed to Manning [67] condensation.

Fig. 9a shows the variation witlx of the intensity at*,

This is not inconsistent with the viscosity results which 1, for two different polymer concentrations. The curves
suggest that this concentration belongs to the cross-overexhibit a minimum at anx value of about 0.5, while a
continuous decrease and plateau are expected before and

between the two regimes.

2. 0.2< o' < 0.5, range of the transition according to the
viscosity and potentiometry studies; increases much
more witha. We attribute this behaviour to the confor-

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-

mational change. Indeed, the scattered function is relatedtron scattering]* decreases as qualitatively expected. An

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 with The

influence of the transition on the evolution of the scatter-
ing functions was never clearly indicated in the previous

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 « and the Manning condensation, abewvg.

We have calculated the contrast factor by considering the

works. However, the results of Plestil et al. [43,44] are in Scattering particle as a copolymer constituted by:
excellent agreement with ours, and also reveal the same; ignized (COO, fractiona) and acid units (COOH, frac-

phenomenon.

tion 1 — ) for a < ay;

Table 1

Cp @ Kf 2ell Aze”

(g/ml) (A7D (mol cm®g?) Z(exp)(mol cnig?)

6.88*107* 0.020 8.65*10° 0.34 0.0443
0.1 4.33*10° 1.69 0.337
0.3 1.30*10°* 5.06 0.59

9.03*10°° 0.0131 7.44*10° 0.0168 0.00263
0.9 5.11*10° 0.116 0.176

4.14*107? 0.011 2.87*10* 0.00308 0.00043
0.3 7.82*10°2 0.084 0.0234
0.9 23.46*10° 0.252 0.0678
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Fig. 10. Variation of the X-ray contrast facteersusa: values calculated neglecting Manning condensation {aking into account Manning condensation,

and usingvcoon = 59.3 ml/mole [51] ©) or Vcoon = 55 mi/mole (see text).

2. (COQ, fraction ay), (COOH, fraction 1— «) and
(COONa units, fractionx — ayy) for a > ay.

The average scattering lengt,, is:

KX = (1 — a)KCOOH+ (XKcoo_ fora < oM (25)
Ky =(1— a)Kcoon+ amKeoo- + (o — am)Keoona
for a > ay (26

whereK; for each monomer of typkis expressed by

Ki = <(o; — po)

N.. (27)

i is the scattering length density:

p;i =0.282x 10~ 12 ZiNay

whereZ; is the number of electrons of the scatteredits
partial molar volumeps is the scattering length density of

which can be calculated from:

Cl.VNa+ 'CpM a.VNa—i- -CpM
— —Na+ -~pM 1 —NaT -pM
Ps="1000 PN+t ( 1000 )P0
for a < ay (28
oM ~VNa+ -CpM o -Vna + -CpM
— M-Nat pM 1 MNaT pM
Ps 1000 "N+t ( 1000 )P0
for a > ay (29

pH,0 @andpy,, are the scattering length density of water and
sodium ion, respectively, angly,, is the partial molar
volume of Na'.

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

V, 0.28210 2zN
KX — PMA ( av _ ps> (30)
Nay Vpma
where
VPMA = Vex — @VNa+ (31)

Vex iS the value of the partial molar volume of the partially
neutralized PMA including counter ions. We have used the

the solvent, assumed to contain water and counter ions,data of Yamashita and Kwak [68].
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Fig. 11. (a) X-ray scattering experiments on PMA in pure water: variation
of (I/K,cp)* versusa; ¢, = 0.045 g/ml: full symbolsg, = 0.0088 g/ml:
open symbols. (b) Logarithmic plot of*(chp) versusw. @, ¢, = 0.046
g/mi; W, c, = 0.044 g/ml;O, ¢, = 0.009 g/ml.

In a first step, forx > a, Vcoonandveoo- 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 « = 1) and 50, by using the relation:
Vex — &MVNa+ — @mVcoo-

1-— [07V]

Vcoona= (32)

Nevertheless, some problem arises from the valua-gén
which was determined by Tondre and Zana [51hat O
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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
Vcoo- IS correct, a new average value \gfoon ( = 55 ml/
mole) can be calculated from the literature data, using
relation (25).

Fig. 10 shows thak? continuously increases with,
when the Manning condensation is neglected, while the
curve presents a discontinuity at = ay with a higher
slope fora > ay than fora < ay. This effect is slightly
more important when the value @foon = 55 ml/mole than
for veoon = 59.3 ml/mole.

The variations/ersusx of I* normalized toK% andc, are
given in Fig. 1B, and a plateau is obtained above the
Manning threshold, as expected. However, in a logarithmic
representation, a discontinuity appears indh@nge corre-
sponding to the transition (Fig. b}

Onthe other hand, by using the same method of calculation,
we found a continuous decrease of the contrast factor in
neutron scattering3euron With . For a equal to 0, 0.36
and 1, KZeuon 1.41*10 % cm?,  2.23*10 ¢,
0.24*10 % cm?, 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
gl(q) is a decreasing function af after the maximum, an
increase of this function is observed at highvalues
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 thisg range is not known.

3.2.4.2. Influence of the concentratiofrig. 13 gives
examples of scattering curves obtained by keeping
constant and varying, The shift of the peak wheg,
increases can be adjusted by the following power laws,
according to thex value:
031

a'=0.09q* =cp (33)
a'=020q% ~cp*® (34)
a'=095q% ~co* (35)

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

27

3 IVIN
cpN,, 10~ 24

This leads tap* = 0,1%;°in rather good agreement with the
experimental law obtained fetr’ = 0.09:q* = 0.16¢5*.

q* (36)
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Fig. 12. X-ray scattering experiments on PMA in pure water: Kratky representation of the scattered intensity for different values of
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Fig. 13. X-ray scattering experiments on PMA in pure waies: 0.09 g/ml for different values af, (9/ml): ¢, = 0.0091 (0)c, = 0.018 (), ¢, = 0.032 (¢ ),
¢, = 0.065 (A), ¢, = 0.098 (+ ), ¢, = 0.14 (x)



C. Heitz et al./Polymer 40 (1999) 1637-1650 1649

0.08 I3 0.015 &
L A
0.06 I
—_
© 0.01 | A
3' ~ L O ¢
~ 0.04 w | A
— + o
Z vt s .
— c‘ - O
0.02 0.005 A
.
Ca
A
i S .
0 | o a
Olllill‘}”l%ll‘Il'I%”I%“'
0 0.02 004 0.06 0.08 0.1 0.12 0.14
1/2
0.0003 OCp
Fig. 15. Variation ofy? + «° versusucy? for variousa valuesa = 0.09 (A),
o = 0.20 (#) [this work], & = 0.05 (0),& = 0.02 ), « = 0.109 ()
[46,47]
0.0002
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N (low « value) by the expression (21), considering three
~ adjustable parameters: the contrast factor, the non-electro-
o static viriel and the length of the statistical segment. Fig. 14
0.0001 a, b show that by using the same method, the comparison

between the calculated and experimental curves seems good

in the 1(g) = f(q) representation, but the curves diverge

significantly in the highg range in the Kratky representa-
o}t tion. This confirms that the form factor of a weakly charged

PMA is different from that of a gaussian coil. Besides, the
K% value given by the fits was found to be four times higher

than the calculated one. Finally, expression (21) implies the
2

0 0.1 0.2 01.3 0.4 0.5
q(A)

Fig. 14. X-ray scattering experiments on PMA in pure water. Example of fit following variation ofq* 2 + &
of the scattering curves by relation (21, = 0.045 g/ml,c = 0.05: (a)
1(q) = f(q) representation, (b) Kratky representation

05
48l b:| 05 (37)

b2 (Y

The exponent increases with indicating that the coil ) o )
expansion induces the interpenetration of the chains. For!n (',:5'9 15, we have reported the vgnauocqfsz + Kk Versus
°, as obtained in this work, and in that of Moussaid et al.

o = 0.95, the semi-dilute regime is reached and therefore *Cp o
the theoretical exponent 0.5 is almost obtained. [46,47]. It seems difficult to gather all the results corre-
sponding to differentx 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
Franois [24], who have clearly shown the occurrence of a_lt low ionizatipn of the polymer, the mean field approxima-
concentration, molecular weight or charge parameter cross-ion cannot give a good account of the scattering results.
overs between the dilute and semi-dilute regimes. This set ofMuch more concentrated solutions have to be studied to
experimental results confirms, in terms of scaling laws, the VETify these predictions.
behaviours predicted by the de Gennes et al. [26] and Pfeuty
[28] theories.

Nevertheless, due to its hydrophobic character, PMA was 4. Conclusion
often considered as a poor solvent in water, and it appeared
as a good model to check the predictions of the mean field The poly(methacrylic acid) exhibits a conformational
approach. Moossaid et al. [46,47] were able to adjust their transition. Although the nature of the compact conformation
experimental results obtained in the weak coupling limit was not completely elucidated, this X-ray study suggests

q*z +K2:|:

3.2.4.3. DiscussiorOur results seem to be consistent with
previous finding of Kaji et al. [22], or Boudenne and
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that the uncharged PMA has overall dimensions intermedi- [20] Nierlich M, BoueF, Obertfiu R. J Phys France 1985,46:649.
ate between those of a compact sphere without water mole-[21] Williams CE, Nierlich M, Cotton JP, Jannink G, Boé Daoud M,

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 highbehaviour of the

Farnoux B, Picot C, de Gennes PG, Rinaudo M, Moan M, Wolff C. J
Polym Sci, Polym Letters Ed 1979;17:379.

[22] Kaji K, Urakawa H, Kanaya T, Kitamaru R. J Phys France
1988;49:993.

scattering curves, and this may be due to syndiotactic [23] Xiao L, Reed WF. J Chem Phys 1991;94 (6):4568.
sequences. A systematic study of the scattering behaviourl24] Boudenne N, Framis J. Macromol Chem Phys 1995;196:3941.

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.

[25] Forster S, Schmidt M, Antonietti M. Polymer 1990;31:781.

[26] de Gennes PG, Pincus P, Velasco RM, Brochard F. J Phys (Paris)
1976;37:1461.

[27] Odijk T. Macromoleules 1979;12:688.

When the ionization increases, the scattering functions [28] Pfeuty P. J Phys (Paris) 1978;C2:149.

exhibit a correlation peak whose positigh has been sys-
tematically investigatedersughe concentration and charge
parameter. As far as the concentration dependengeaifa

[29] Borue V, Erukhimovitch I. Macromolecules 1988;21:3240.
[30] Joanny JF, Leibler L. J Phys France 1990;51:545.

[31] Hara M, Nakajima A. Polymer J 1980;12:711.

[32] Lin SC, Lee WI, Schurr JM. Biopolymers 1985;17:1041.

given ionization is concerned, one finds again that the [33] Nicolai T, Mandel M. Macromolecules 1989;22:2348.

results are consistent with the cubic lattice in the dilute
regime and the isotropic model in the semi-dilute regime.
The variation ofg* versusthe ionization degree exhibits a

discontinuity which is a manifestation of the conformational

[34] Reed WF, Ghosh S, Medjadi G, Fraie J. Macromolecules
1991;24:6189.

[35] Sedlak M, Konak C, Stepanek P, Jakes J. Polymer 1987;28:873.

[36] Sedlak M. Macromolecules 1993;26:1158.

[37] Moan M, Wolff C, Ober R. Polymer 1975;16:781.

transition, and the results cannot be simply interpreted in the [38] Moan M, Wolff C, Cotton JP, Ober R. J Polym Sci 1977;61:1.

framework of the polyelectrolyte theories.
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