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Abstract

We study aqueous solutions of maleic acid—vinyl acetate alternating copolymers in a wide range of goyrdesaltC; concentrations
by means of static and dynamic light scattering. Dependin@ andC,, the decay of the autocorrelation function of the scattered electric
field is characterized by one or two modes of relaxation. This feature allows one to define the dilute and semi-dilute regimes in@-diagram
C,. The fast mode of relaxation has the usual behavior reported for polyelectrolyte solutions. The slow mode of relaxation can be linked with
the occurrence of chain aggregation. The proposed driving force for the aggregation is the lactonization of the monomers that decreases their
solubility in water. Ultimately a phase separation occurs after a time of several weeks that depErasigl@y © 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction a conformational transition that had not been observed with
other methods [20].

Maleic acid copolymers are known for their biomedical On the contrary, DLS measurements were intensively
applications as drugs and as drug or enzyme catrriers [1-5].used in the last years to investigate the interaction between
The polyelectrolyte behavior of alternating maleic acid opposite charged polyelectrolytes, particularly between
copolymer in aqueous solution was presented in many synthetic polyelectrolytes and various proteins [21]. The
reports. Several characteristic properties have been studiec¢tharacterization of polymeric systems for drug or gene
the two-step dissociation of carboxylic groups [6—10] and controlled delivery was also studied by means of DLS and
binding of counterions [11-13], pH-induced conforma- it seems that this topic is in progress [22,23].
tional transitions [14-17], a remarkable behavior of In this paper we report an experimental study of a maleic
viscosity that exhibits a maximum at the half-neutralization acid-alt-vinyl acetate copolymer in aqueous solution, with-
point [10,14,17,18]. These results were obtained from out or with low molecular electrolyte, using static and
potentiometric, viscometric, conductometric, dilatometric dynamic light scattering technigues. Owing to its chemical
and calorimetric measurements. structure, this polymer can tolerate high concentrations of

Static or dynamic light scattering experiments were much added salt even at high polymer concentration allowing an
less used to study maleic acid copolymers. A study of a extensive study in a wide range of polymer and salt
maleic anhydride—ethyl vinyl ether copolymer in anhydride, concentrations.
acidic or Na salt form by means of static light scattering
(SLS) and viscometric measurements provided information
about molecular weight of the copolymer and its conforma- 2. Experimental
tion in solution [19]. Dynamic light scattering (DLS)
measurements performed on the same copolymer exhibitec?.1. Polymer synthesis

A sample of maleic anhydride (MA)-alt-vinyl acetate
" Corresoonding. author. National Institute of Biosci 4 H (VA) copolymer (I) was synthesized by radical copolymer-
* orresponaing autnor. ational Institute o loscience an uman . . . s .
Technology, 1-1 Higashi, Tusukuba, Ibaraki 305, Japan. Fe#0-32- |z§tlon of eqwmolar ,quantlt_le,s_ of MA and VA in benzene,
140413, extn: 34; fax:40-32-211-299. using benzoyl peroxide as initiator [24]. All the substances
E-mail addresschita@ichpp.tuiasi.ro (G.C. Chitanu). used were purified by the known methods [25,26]. The
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chemical composition of | was assessed by conductometric
titration in 1:1 (vol) acetone—water mixture with 0.1 N 0.2 ¢
aqueous NaOH [27], using a radiometer AB Copenhagen 0 . :
conductometer type CDM 2d and a CDC 114 cell. The acid 10" 10° 100 10° 10° 10° 10°
number was 0.439 g NaOH/g, corresponding to a 1:1 t (ps)
(moles) ratio between MA and VA units. Thi#¢d NMR
spectrum was recorded with a Brucker AC 300 MHz spec- 12
trometer, using deuterated acetone as solvent and its signal
atd = 2.05 ppm as the internal standard. The IR spectrum 1h e ggum ALY
was recorded with a Perkin—Elmer 577 spectrophotometer 08 | ¥ S 0001
in KBr pellet. Both spectra were in agreement with a rather S A o 0002
alternating distribution of monomers along the polymer = 06} s 0.02
chain [28,29], according to the chemical formula presented e0 04l
in Scheme 1 which depicts the chemical structure of MA- T
alt-VA copolymer. 0.2+t
The molecular weight of | estimated from viscometric P .
measurements [30] was 1@a, corresponding to a poly- 100 10° 100 102 100 10%
merization degree ~ 540 t (us)

Fig. 1. Effect of polymer and salt concentrations on the shape of the corre-
lation functions: (top) at Cyaci=1M, varying C. Below C=

N ope S 2% 1072 g/t:m3 the decay can be considered as monomodal; (bottom) at
The solvent used was deionized water purified by a Milli- - """, 27 = g/c?, varying Cs, For Cuag = 2x 10°% M, the decay

Q purification system, with or without a low molecular .an pe considered as monomodal.
electrolyte (LWE). The LWE were pro analysi NaCl or
HCI (Merck). Before the preparation of polyelectrolyte titration and IR spectra. The acid number was 0.384 g
solutions the solvent was filtered through Millipore GS NaOH/g corresponding to a 99.7% conversion. In the IR
0.22pm pore size filter. To clear it from the air bubbles spectra the bands at 1850 and 1780 tiscribed to anhy-
the NaCl or HCl solution was prepared at least 1 day before dride cycles disappeared.
diluting the samples. The stock solutions were diluted with water or NaCl or
The samples were prepared from stock solutions with HCI stock solution and they were allowed to homogenize
concentration 1-2 g/dl, obtained by polymer dissolution in 12—24 h at room temperature. The light scattering measure-
water, at room temperature, during 24 h. Other authors havements were performed after 2—4 h of centrifugation. Our
mentioned longer dissolving periods of time [31] and heat- experiments were carried out at a polymer concentration
ing of solutions, but we have avoided such conditions C between 510 “g/ml (2.7% 10 2 monomoll) and
because of the chemical structure of our copolymer. In 107! g/ml (5.4 x 10" monomoll).
water the anhydride rings undergo hydrolysis and a MA—
VA copolymer (ll) is obtained with the chemical structure
of maleic acid-alt-vinyl acetate copolymer presented in
Scheme 2. The optical source of the light-scattering apparatus was a
It was checked by conductometric titration and IR spectra Spectra-Physics argon ion laser operating\ at 4880A.
that this sample preparation allows a complete reaction of An Amtec Goniometer allowed to vary the scattering
anhydride units. A sample of Il prepared according to this angle# between 20 and 140This allows scattering wave-
method was spray-dried and examined by conductometricvectorsq in the range of & 10™* = q(A™1) = 3x 10 3.
In the dynamic light scattering (DLS) experiments, the time

2.2. Preparation of samples

2.3. Light scattering measurements

—CH CH—CHy—CH—3; dependent correlation function of the scattered intensity was
obtained by using a 64-channels digital correlator Brook-
COOH COOH OCOCH3 haven BI 2030 or a correlator ALV 5000 with 256 channels.

This latter was used to record the correlation functions
Scheme 2. presenting two distinct decay rates. The samples were
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Scheme 3.

thermostated during the measurements at-ZD1°C. As
low molecular electrolytes, NaCl with a concentrati@,
between 10° and 2 M or HCI with a concentratiorC,
between 2 10 2 and 1 M were used.

Static scattering intensitielg, C) were normalized by
the intensityl,, scattered from a toluene standard. In the
dilute regime of polymer concentration, linear fitting of
lo/1(0, C) vs. g plots yielded values for the zero-angle
scattering intensityl, (in units of toluene scattering
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Fig. 2. Evolution with aging time of the apparent diffusion coefficients
measured af = 90°. The inserts show the time evolution of the amplitude
of the slow mode: (topLC = 4 x 10 2 g/cm?®, Cg = 0.2 M; (bottom)C =
10t g/em®, Cg = 2 M.

intensity) and for an apparent radius of gyration. The latter
was found in most cases to be too small to be considered
reliable.

Dynamic light scattering experiments provided the
normalized time correlation functiog®(q,t) of the scat-
tered intensity (ICF) defined as:

(1(9,0)l(q, 1))

@(q.t) =
@Y= G0y

D

wherel(qg, t) is the scattered intensity at tintelf the scat-
tered field is assumed to have Gaussian statistics, the
normalized intensity autocorrelation functia®(q,t) is
directly related to the normalized electric field autocorrela-
tion functiong®(q, t) through the Siegert relation:

g?@.t =1+ Alg”(q. v’ ©)
where A is an equipment-dependent amplitude factor.
Depending on the polymer and salt concentrations,
g®(q,t) was characterized by a single mode of relaxation
or by two more or less separated modes of relaxation
(Fig. 1). In a few cases, there was some evidence for a
third relaxation mode.

The monomodal correlation functions were analyzed by a
cumulant expansion fit to calculate the average decay rate
(I') and the variance. The correlation functia(t) show-
ing two modes of relaxation were fitted using thenTIN
program [32]. The area8; of the distribution peaks were
calculated as well as the corresponding average decay rates
I or the apparent diffusion coefficien® = I/q?. They
were labeled ag=f and s for the fast and slow mode of
relaxation, respectively. Note that we have + A;=1
when only two modes are present.

For the polymer solutions in pure water or at low salt
content (Co=103M), the DLS experiments were
repeated until the scattering intensity remained stable during
an experiment. Generally, the values presented are averaged
from several experiments.
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10° presented some of the results concerning the time evolution

. of DLS parameters at variodd andCs.

. As a general trend)s increases and; decreases with

Iz - aging while the slow relaxation becomes less important, i.e.

107t W77 its amplitude decreases. After a few months, the samples are
" 0 phase-separated with the formation of a gel-like opaque

e phase at the bottom of the cell. The time evolution is

o more pronounced for large values @fandC,. It could be

m)

[m}

explained by the secondary reactions mentioned above and
also by a “salting out” effect already known for polyelec-
trolyte solutions [36]. Some other polylectrolytes as
- o . poly(adenylic acid) or linear poly(ethyleneimine) were

10 10 10 o )

reported to present a similar behavior [37,38], whereas

sodium poly(styrenesulfonate) solutions provided quite
Fig. 3. C—Cs diagram: the open and full squares correspond to a mono- constant ICF’s [38—43]. All these observations suggested
modal or bimodal decay aj(t), respectively. Crossed squares represent US to avoid the sample preparation several days before LS
cases where the distinction is difficult and, in some instances, the CONTIN experiments. Generally a set of measurements in which was

analysis yields three decay modes (see in the text). The overlap concentra—checked the influence of a parameter liRe C,, g, was
tion C* was estimated using th® measured by DLS in dilute regime and is f d th td s
shown as the dashed area. The boundary line correspoiiis-tGs. periormed on the same or next day.

O o o o

—3 1l 1
105 10* 10° 107
C.M)

2.4. Time stability of solutions 3. Results and discussion

The chemical structure of MA-VA copolymer allows 31 General features of the static and dynamic light
some secondary reactions as deacetylation, esterificationgcattering results and diagram C<C
lactonization [33]. In acid solution, at higher temperature
it can be observed a deacetylation of about 60% and a lacto- Depending on the salt concentration and the polymer
nization [34], according to Scheme 3 which shows the concentrationg®(t) is monomodal or bimodal. In a few
chemical reactions of MA-alt-VA copolymer by decreasing cases it is more Comp|ex and the~NTiN program gives
its solubility. three components. Examples are given in Fig. 1. In the

The lactone rings strongly lower the water solubility of top portion of the figure, correlation functions obtained for
the copolymer. To avoid these undesired reactions in the systems with the same salt conté®t= 1 M and various
industrial production of MA—VA copolymer the synthesis polymer concentrations show that, at low polymer concen-
conditions such as temperature, pressure, and time must bgration (C= 2x 10 2g/cm®), the decay of g¥(t) is
carefully checked [35]. Taking into account these phenom- governed by a single mode of relaxation whereas, at a higher
ena we have performed DLS measurements for samplesconcentration, a slow mode shows up whose amplitude
with different polymer and salt concentrations at times of jncreases witfC. In the bottom portion of Fig. 1, the corre-
1-14days from sample preparation. The ICFs were [ation functions obtained at fixed polymer concentration
obtained at? = 90° and the apparent diffusion coefficients (¢ = 0.125 gcm3) show two modes of relaxation at low
of fast and slow modes were evaluated. In Fig. 2 are salt content. AboveC, = 2x 10 °M, the distribution of
relaxation rates can be considered as monomodal.

The ensemble of observations concerning the shape of
g®(t) can be summarized diagramaticalB-C, (Fig. 3).
A single exponential decay af’(t) is observed at high
salt and low polymer concentrations. In the rest of the
6 diagram one observes essentially two modes of relaxation.

.08 14 Theg dependences of the slow and fast relaxation modes

4F e p o give more information on the structural properties of the
2 oD ” 12 systems investigated. We have not analyzed in detail all
0
0

12

10 F
8L

F 08

D (10 cm?%s)
(s/,wo , 01)’a

4 0 6 - 5 - . .
e systems shown in Fig. 3 but the following general features
1

L 1 1

N 1 0
10° 410° 810° 12107

can be drawn out.

2 (42 In the case where one observes a monomodal correlation
q° (A7) function, the relaxation rate varies g§ thus indicating a

Fig. 4. Dependence of apparent diffusion coefficiebtsand Ds on the diffusive process characterized by a diffusion coefficient

squared wavevectorC(= 8x 102 g/em®, Cs=0). In the insert is As this region corresponds to dilute solutions with screened

presented the? dependence of the amplitude of the slow mode. electrostatic interactions, one is entitled to calculate fibm
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Fig. 5. Dependence of rati@/lo on polymer concentration for different
concentrations of NaCl.

the value of an hydrodynamic radius through the Stokes—

Einstein relationship.

In the case where the decay of the correlation function
exhibits two modes of relaxation, one obtains agaig®a
dependence for the fast relaxation rétewvhereas the char-

3687

right corner of the diagram in Fig. 3. The polymer concen-
tration ranges from .85x 10 % to 10 2 g/cm® and the salt
concentrations from 1 to 2 M. In this domain of salt
content, one can expect the electrostatic interactions to be
screened to a large extent and because the polymer concen-
tration is small, we are likely to be in the dilute regime as
already stated above. The experimental results are in agree-
ment with this expectation.

Static light scattering intensity shows a very weak depen-
dence org. The experimental accuracy does not allow us to
determine from these experiments the radius of gyration,
which would indicate for the latter values below about
260 A. Fig. 5 shows the concentration dependences of
Cll, for different salt contents. Within the experimental
accuracy, the variation dZ/ly with C can be described by
straight lines extrapolating to the same origin. This origin is
proportional to the inverse of the weight average molecular
weight. The slope o€/l vs. C, which is a measure of the
second virial coefficient, is a decreasing function of the salt
concentration. This effect is characteristic of polyelectrolyte

acteristic rate of the slow mode generally obeys an equationsolutions and can be attributed to the screening of the elec-

of the form:

% = Dy(0)(1 + ccf) 3
wherec is a positive constant.

In Fig. 4 is given an example of this behavior correspond-
ing to a salt free solution witl = 0.08 gcm®. The insert of
this figure shows the variation witty’ of the amplitude of
the slow modeA(q). Usually this variation can be well
described by a law of the form:

AL(Q) = A0)(1 — ')

wherec’ is a positive constant.

We will come back later on the behavior of the systems
with two modes of relaxation and focus first on the simplest
cases where only one mode of relaxation is presegtit).

4)

3.2. Dilute regime with screened electrostatic interactions

trostatic interactions by the added salt. At high salt concen-
trations the interactions are dominated by the excluded
volume of the neutral polymer. It can be seen in Fig. 5
that in the high salt content regim€; = 1 M), the slope

of C/ly vs. C s still positive.

The results of static light scattering are confirmed by the
dynamic light scattering measurements. In the investigated
C-C, region, g¥(t) can be analyzed by the cumulant
method, the experimental variance being less than 0.2.
Fig. 6 shows the variation of the diffusion coefficidhtas
a function ofC for different salt contents. These variations
can be described by straight lines whose slope decreases
smoothly upon increasing the salt content. This behavior
as well as the zero slope at high salt content can be
compared with the effect of added salt on the second virial
coefficient (Fig. 5). The differences illustrate the intricate
effects of thermodynamic and hydrodynamic interactions
that govern the variation dd with polymer concentration.
The straight lines representative®fC) extrapolate a€ =

This regime corresponds to the points located in the lower O to the same ordinate within the experimental accuracy

-7
310 s
] :
—~ 2107
L : ;
E f%g g L3 I
L [ A o
A 1107 | . 001
o 02
d c™m o 7
0100 PR | | . |2 s
010° 210° 410° 610° 810% 1107

C (g/em’)

Fig. 6. Dependence of average diffusion coefficient on polymer concentra-
tion in the dilute regime for different salt concentrations.

Do = 1.2x 10 " cn? s 1. From the Stokes—Einstein rela-
tion one obtains for the hydrodynamic radiBg = 176 =
20A, in agreement with the weak dependence of the static
scattering intensity on the scattering vector.

One is tempted to infer from these results that, at high salt
concentration, the apparition of a second mode of relaxation
with the increasing polymer concentration corresponds to
the transition between the dilute and the semidilute regimes
of polymer concentration. Indeed an estimation of the over-
lap concentratiorC* from the above measured hydrody-
namic radius is shown as the dashed area in Fig. 3 and is
in agreement with this picture.

We have also performed light scattering measurements
on copolymer solutions containing from 10to 1 M of
hydrochloric acid (HCI). The addition of HCI shifts the
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Fig. 7. Dependence of rati@/l, on polymer concentration for different o} O
concentrations of HCI. To facilitate the comparison with Fig. 5, the axis s , <
scales have been set the same. “H
Scheme 4.

acido-basic equilibrium so that the dissociation of
carboxylic groups is reduced. Figs. 7 and 8 illustrate the
effect of the addition of HCI on the concentration depen- charge formed. The monocarboxylate ion is stabilized by
dence ofC/ly and D. The observed behavior is strikingly the chelation of the proton of the second carboxylic group
different from that obtained on the addition of NaCl. A according to Scheme 4 which shows the dissociation equili-
concentration of the added HCIl as small as 4M is brium in agueous solution of MA-alt-VA copolymer.
enough to suppress the effect of the electrostatic interactions Light scattering results can be related to the fact that in
as inferred from the&C/I, vs. C curves. Some differences in  the absence of salpH ~ 2-3) only one carboxylic group of
the extrapolated values 6fly andD in Figs. 5—8 are within the copolymer is dissociated. Under addition of a small
the experimental accuracy, but small effects of the nature of amount of HCI, the equilibrium is shifted towards the top
the LWE on the hydrodynamic radius (foxC)) and on the in Scheme 4, the copolymer becomes quasi-neutral and the
refractive index increment (fa/lo(C)) cannot be excluded. interactions are only due to the polymer excluded volume.
The effects of the added HCI can be understood in terms
of displacement of the dissociation equilibrium as for 3.4. Semidilute regime

poly(acrylic acid) or poly(methacrylic acid). The dissocia- We consider now the systems located on the left-hand

tion of the carboxylic groups in the copolymers of maleic . . . . :
acid is a two-step process, because of the strong electrostatilé_'.de and above the boundary lines drawn in the diagram in

. . : : ig. 3. They are all characterized by a bimodal autocorrela-
interactions between neighbor groups, witk,p~ 34 and . . . . .
) tion function of the scattered light. Fig. 9 shows the ampli-
pK, ~ 7-10 [44]. The difference between these two values .
. ) ) . tude of the slow mode measuredéat 90° as a function of
result mainly from the inductive effects of the adjacent

. . ; . polymer concentration for different salt contents. In the

carboxylic groups. The presence of neighboring dipoles . : .

z . X absence of added salt, the slow mode is predominant in

favors the ionization of carboxylic groups. Once the first the whole ranae of polvmer concentration investioated and
carboxylic group dissociated, the dissociation of the second 9 boly 9

one is unfavored by the repulsive electrostatic effect of the As keeps a constan_t value of about 0.8 !rrespectlve of the
polymer concentration. On the contrary, in the presence of

salt, A; is a monotonously increasing function of the

3107
1
E . . ;
~ 2107 | o8 g e
> g § & o6l © R
£ 38 s .o
~ 1107 £ ~a a c M)
A e 001 <" 04r g :
i C,M o 02 é e 0
o 1 02 L[ (} 8 (1)2
0100 I R B | [ é . 2
010° 2103 410° 6103 810° 1102 oL_e. & . .\ . .
C (g/em?) 0 0.2 0.4 0.6
c™)

Fig. 8. Dependence of average diffusion coefficient on polymer concentra-
tion in the dilute regime for different acid concentrations. To facilitate the Fig. 9. Polymer concentration dependence of the amplitude of the slow
comparison with Fig. 6, the axis scales have been set the same. mode(q = 90°) for different salt contents.



G.C. Chitanu et al. / Polymer 41 (2000) 3683—-3692 3689

7 @ can be split into two contributions arising from the aggre-
> 6F ° gates and from the remaining solution. Standard derivation
2 f ¢ R, ~770A then shows that this distinction allows one to split the total
_3 St *e static scattering intensiti(q) (in toluene scattering units)
g 4 i ‘e, . into the contribution of aggregates and of the remaining
> 3Ff Ce. solution as [46-50]:
= :

8 2¢ (@ = A(@l (@) (5
=1 F ° o0 000000
Y SOV TSS SO 11(@) = A(@I(@)
010 110 2 wq (A-1)3 10 Fig. 10 illustrates the results of this procedure for some of
our samples and it is clearly apparent that the angular depen-
100 ® dence of the total scattering intensity is attributed to the
@ * intensityl 4(q) scattered from the aggregates while the inten-
g 80 . R, ~900A sity associated with the fast fluctuations of concentration is
. i * g independent within the experimental accuracy for the
=S 60 ® . three examples shown in Fig. 10. Standard linear analysis
2 a0f ®e, of 1/15(q) vs.q? plots yields apparent radii of gyratidtyy ~
2 % 10° A (see Fig. 10).
55’ 20 Fig. 11 displays the variation with polymer concentration
- 9 0,0 90000000 (Cs = 1 M) of the total intensitytgo Scattered aff = 9C°, the
8100 "‘1 1'0,3 2103 - 3 1'0_3 total scattering intensity, extrapolated at zero angle, the
q (A intensity, l; 9o associated with the fast modé = 90°) and
the corresponding valug, extrapolated at zero angle for
50 R © one polymer concentratioi€ = 0.10 gcm?®). For the latter
_:2: s . R =1390 A value to be calculated, it is necessary to perform DLS
5 . * experiments in the whole range of scattering vectors to
< 30F * . obtain A,(g— 0). These time consuming measurements
E N could not be done for all the samples. One example is
2 2F . given here to show the trends. In the whole range of polymer
% 0 ,0° 00,8 g 0o concentration, the total scattering intensitiggand lq, are
g 10¢ ¢ increasing functions of the polymer concentration. This
e behavior contrasts with that of solutions of neutral polymers
8100 1103 2103 3103 for which the zero angle scattering intensity goes through a
q(A'l) maximum in the vicinity ofC* and then decreases as a

power law of concentration with an exponent0.31
Fig. 10. Splitting of the total scattering intensity into the contributions from (good solvent) or—1 (theta solvent) On the contrary the

the intensities associated to the fast (open circles) and slow (full circles) L
components for different experimental conditions:Gay 2 x 102 g/icn®, latter behavior is observed fayq, and thel;, measured for

Cs=0; (b)C=8x10"2glen?, Cs = 0; (c) C = 10 g/en?, Cs = 1 M. C=010 g’cm3 shows that;, would exhibit the same trend
The indicated values for the apparent radius of gyraRgyare obtained if it would be measured in the whole range of concentration.
from theq’ dependence dfls(q) (see text). Although the exponents measured heré at 90° are in the

good range {0.32 forC;,=0.2M and —0.61 for C; =

polymer concentration. Its extrapolation@= 0 coincides 2 M), the correction for the angular variation is likely to
with the shaded area in Fig. 3. For a fixed polymer concen- affect slightly these values. Thus the intensity associated
tration, e.g.C = 0.5 M, A; seems to be a non-monotonous to the fast relaxation behaves with polymer concentration
function of the salt concentration but this appearance could as in regular semidilute solutions of neutral polymers. The
be a mere consequence of different angular dependences fomaximum is located around = 0.02 g'cm® which is again
As as a function of salt content (see for example Fig. 4). No consistent with our estimation for the overlap concentration
time was available to explore that feature in detail. C” in Fig. 3. This means that the increase of the total inten-

Theq dependence of boths andAsis consistent with the  sity with polymer concentration abo®' is because of the
scattering behavior of polydisperse aggregates in dilute intensity associated with the slow mode of relaxation which
solution [45] and can be possibly considered as a signatureis in agreement with the hypothesis that aggregates are
of the presence of clusters of chains. Thus an explanation forpresent at these concentrations.
the slow mode observed in our solutions would be the occur- A similar analysis can be made with the same parameters
rence of aggregation. Following this idea, we can then measured a€s = 0 (Fig. 12). In the absence of salt, it is
assume that the electric field scattered from the solution remarkable that we géf oo00C, in full agreement with the
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Fig. 13. Variation of the fast diffusion coefficient with polymer concentra-

Fig. 11. Variation with polymer concentration of the total scattering inten- " ’
tion for different salt contents.

sity and of the intensityl; associated with the fast process of relaxation
(Cs = 1 M). Subscripts 0 and 90 refer to values extrapolated at zero scat- ) _ ) ) _
tering angle and measured &= 90, respectively. scattering intensity, large contribution of the slow mode)

and should be considered with caution. In fact, if we discard
expected variation for the scattering intensity of a polyelec- them, we would better conclude tHat is rather insensitive
trolyte solution where the osmotic compressibility is to polymer concentration, in agreement with recent works
governed by the entropy of the counterions [51]. Again it on salt-free polyelectrolyte solutions in this polymer
would be necessary to perform a full analysis and geds a concentration range [39,42,43,52].
function of polymer concentration to bring a definitive In the presence of salt, again a classical behavior for
conclusion but the trends are clearly present. polyelectrolyte solutions [38,40,41] is observed, namely
Thus, from the above results, it seems justified to split the an increase ob; with polymer concentration, which is in
total scattering intensity as the sum of the contributions qualitative agreement with the scaling approach [53].
arising from aggregates and from a regular semi-dilute However, for a given polymer concentration, the diffusion
solution. For the latter contribution, depending on the salt coefficient decreases for increasing salt content and
concentration, the behavior is characteristic of a previous studies [38,40,41] have shown that this effect
polyelectrolyte solution or of a neutral solution (screened cannot be described correctly by this theory. Although
polyectrolyte regime). We can now turn to the behavior of some non-trivial effects of salt addition on the thermody-
the apparent diffusion coefficients associated to the two namic quality of the solvent or on the frictional effects have
modes of relaxation. been invoked to explain this discrepancy [38,40,41], more
In Fig. 13 is reported the variation of the fast diffusion recent works have also shown that the variation of the elec-
coefficient with the polymer concentration for different salt trostatic persistence length with ionic strength might be
contents. In salt free solutions, there seems to be a trend forinvolved [54—-56].
a small decrease &; by a factor about 3 when the concen- Turning now to the slow relaxation rate, as it is generally
tration is increased in a two-decades range. However, theq dependent according to Eqg. (3), one can determine a diffu-
values measured at the lowest polymer concentrations aresion coefficientD4(0) [45], theq dependence ddy(q) being
obtained under very difficult experimental conditions (low associated with the large size of the aggregates. The
constant in Eq. (3) is proportional to the squared radius of
gyration of the aggregates with the proportionality constant
0 varying between 0.1 and 0.2 depending on the shape,
% e ° conformation and polydispersity of the aggregates [45].
Lo . ° Taking the average value 0.15 for this constant, the deduced
10" L ' o radii of gyration are a factor of about 2 smaller than those
measured from the? dependence of/I(qg) (see above).
o This fair agreement for values obtained independently
o thus confirm that the apparent radii of gyration are in the
range 500-1000 An these samples. On the contrary, using
10! the picture of aggregates diffusing in the semi-dilute solu-
C (g/em?) tion, we can deduce an apparent hydrodynamic raliug
from D40) by using the Stokes—Einstein relation. If the
Fig. 12. Variation with polymer concentration of the total scattering inten- Viscosity of the solvent is used for that calculation, then

sity and of the intensityl; associated with the fast process of relaxation . . _ 3
(Cs = 0). Subscripts 0 and 90 refer to values extrapolated at zero scattering the ratio Rh,ag/Rag' Varies from about §C = 0.02 gcn,

3
angle and measured at= 90°, respectively. The straight line corresponds  Cs = 0) to about 34C = 0.08 gcm”, Cs = 0 M).
to a slope unity (see text for details). This discrepancy was already noted in Refs. [42,43] and
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102 107 COD g0 n ~ CY? with no added salt anej ~ C¥* with excess of
: salt. Thus, if only the viscosity of the solution was respon-
» sible for the variation obswith polymer concentration, our
c el data would be consistent with the prediction of the semi-
107 ¢ . i o ] dilute entangled regime in the absence of salt while the data
) obtained at high salt concentration would correspond to
. some crossover between the entangled and the unentangled
o 0.2 °g regimes. However, we have to keep in mind that the size of
5 é the diffusing aggregates is very likely dependent on the
100 L t polymer concentration [42,43] and that this point could be
102 5 107 settled down only through a thorough study of the angular
C (g/em’) dependence db(q) for all the experimental conditions. In
Fig. 14. Variation of the slow diffusion coefficient with polymer concentra- fact, the values reported in Fig. 14 have been measured for a
tion for different salt contents (values measureddes 90°). fixed scattering angléd = 90°) and no definitive conclu-
sions can be reached.
was attributed to the fact that, for aggregates such that the _
condition qR,, < 1 is no longer fulfilled, the apparent 3.5. Final remarks
diffusion coefficient does no longer reflect the translational
diffusion alone but the internal dynamics as well. However,

as pointed out by other authors [42,43], the origin of the hase separation takes place after a few months. A possible
contrast of the clusters by comparison with the surrounding P -paration place W mo - A POSSI
explanation for this evolution is the progressive aggregation

solution is not clear. If it is a concentration difference, then f1h vmer the lactonization tak | deicted
we have no reason to think in terms of a two-densities .0 € polymers as Ine lactonizalion taxes place as depicte

model, with well-defined boundaries. Instead, the aggre- " Scheme 3. Thus our solutions cannot be considered as
gates ’would more likely consist of .a core \’Nith higher model polyelectrolyte solutions, where the electrostatic
density than the surrounding solution, and é corona, with interactio.ns are dominan'.t, and the d_riving force for.the
density comparable or smaller than the surrounding solu- aggregation Is proba}bly different than in NaPSS solutions,
tion. In this picture, the contribution of the static intensity although hydrophobic forces have been shown to play a

significant role in the latter [58]. Therefore our results
Is(q) or the q dependence oD¢(g) would come from the . .
cores while, for the dynamics, the influence of the corona should not be used in the heated debate about the origin

would slow down the motion of the aggregates and decreasemc the slow moqle n polyelegtrolytg solutions [59].
the value oDJ0), in agreement with the experimental beha- We can mention that we tried to filter some of the salt-free
vior. This eff;ct é:ould be rather important if the aggregates solutions and obtained qualitatively different behavior about
contained multiple cores the amplitude of the slow mode, which was then observed to
On the contrary, more recently, it was suggested [50] that decrease with decreasing polymer concentration. Presumably
for very large dorr;ainqua > 1)'in a neutral semi-dilute " this behavior is masked in unfiltered solutions by the predo-
solution (characteristic Ier?gtfl) the relaxation of concen- minant aggregation that ultimately leads to phase separation.
tration fluctuations with wave, vectay such thatqé > 1 This experimental procedure was not pursued further because
should involve a viscosity higher than that of the solvent itdid not corresponq to'the original scope of this paper, which
because it occurs through the collective motion of many was the character_lzatl_on of the MA-VA copolymer .SOIU.'
tions. Afterwards, it might be necessary to use filtration in

blobs. However, this idea does not seem to hold true in order to investigate the formation of intermacromolecular
the NaPSS solutions investigated by Sedlak and Amis [42] 9 . g s
complexes upon addition of drugs or other additives since,

isnt:heen}fcr;g(rzrti ;Wf%(_g svr:tinf ingi[:‘gr\l:t:or?]gzgﬁlre without filtration, this phenomenon might be masked by the
LS i aggregation evidenced in the present paper.

degree of polymerizatiorin = 540). Nevertheless, in the

present system, we obtain a much more pronounced

decrease oD (Fig. 14) with apparent exponents (deter- 4. Conclusion

mined for C > 10 °g/cm®) ranging between 1.4 (no

added salt) and 2.8C; = 1 M). The set of results reported here is the first attempt to
For the comparison, Dobrynin et al. [57] calculated the investigate aqueous solutions of maleic acid copolymers

concentration dependence of the viscosity in polyelectrolyte by means of static and dynamic light scattering in a wide

solutions and, in the semi-dilute entangled regime, they range of polymer and salt concentration. According to the

predict n ~ C¥2 in the absence of salt ang ~ C*¥* in shape of the autocorrelation functions obtained by dynamic

the high-salt regime. In the semi-dilute non-entangled light scattering a diagram was established in which mono-

regime, where the overlap of the chains is not large enoughmodal autocorrelation functions are located at IGwand

to form entanglements, the variations are weaker, i.e. high Cs while bimodal autocorrelation functions are found

As mentioned at the beginning of this paper, our solutions
present a significant evolution with time and ultimately a
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at highC whatever i<Cs, in general agreement with existing
data for other natural or synthetic polyelectrolytes.
At low C and high LWE concentration, which corre-

sponds to the dilute regime, we compared the effects of

salt and acid addition on the interactions in solution. Repul-

sive electrostatic interactions decrease faster upon acid
addition due to the associated shift of the acido-basic equi-
librium that decreases the dissociation of the first carboxylic

group in maleic acid copolymers.
In the remaining region of th€—Cs diagram, the chains

overlap due to high enough polymer concentration and/or

chain expansion (low salt limit). The slow mode of relaxa-

tion that appears in the correlation functions is related to the [23]
presence of aggregatgs. The proposeq dr'iving force for the[24]
progressive aggregation is the lactonization of the mono-
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