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ABSTRACT: We study the behavior of a solvophobic polyelectrolyte in a series of polar organic solvents
of various quality and polarity. Small-angle X-ray scattering is used to measure the semidilute correlation
length ê as a function of polymer concentration. In polar solvents of good quality ê varies as c-1/2 in the
whole concentration range, as expected. Contrastingly, in acetonitrile, a polar solvent of poor quality,
the scaling exponent is found to change from -1/2 to -1/7, in qualitative agreement with the predictions
of the pearl necklace model of Dobrynin and Rubinstein. This behavior is attributed to the crossover
between “string” and “bead-colloid” controlled regimes of the isotropic transient network. At yet higher
concentrations a gel-like phase is found attributed to bead interpenetration. It is thought to be driven by
the small Debye-Huckel screening length at these concentrations, in agreement with recent molecular
dynamics simulations of Micka et al. The crossover concentration for both string/bead-colloid and colloid/
gel regimes can be adjusted by mixing solvents of varying dielectric constant and quality. The effect of
added of salt and temperature is also studied.

1. Introduction

Flexible polyelectrolytes in good solvents have been
well studied both experimentally and theoretically.
Although a quantitative theory of their behavior in
solution is still lacking, scaling approaches have been
successful in providing a qualitative description of their
solution-state features.1-3 In these theories, a monomer-
monomer correlation length ê is introduced to describe
the semidilute solution properties; it characterizes the
average interchain mesh size of an assembly of overlap-
ping chains above the overlap concentration c*. ê is
easily measured in reciprocal space as the inverse of
the position of a broad correlation peak in small-angle
scattering techniques. ê has been shown to depend on
concentration as c-1/2 by scaling theories,1-3 experi-
ments,4-6 and molecular dynamics simulations.7 Note
that below c* a peak is also observed by scattering
techniques, when the range of the interchain repulsive
electrostatic interaction is larger than the distance
between them. In this case,1,5 the 3-d order peak position
scales as c+1/3.

Flexible polyelectrolytes in poor solvents have expe-
rienced comparatively fewer experimental or theoretical
studies. Theoretical progress has been made recently
for the structure of single globular chains motivating
further work.8,9 Single chain globular structures are
predicted to break up into a series of “beads” on “strings”
as their charge increases, due to the Rayleigh charge
instability, i.e., the increase in surface energy is bal-
anced by a decrease in electrostatic energy, because of
the mutual repulsion between charged segments, and
the metastability is realized through capillary wave
fluctuations on the surface of the globule. It is the pearl

necklace model where highly stretched segments alter-
nate with collapsed globules along the chain. This
model, first proposed by Kantor and Kardar8 for polyam-
pholytes (chains containing both positively and nega-
tively charged monomers), was introduced by Dobrynin,
Rubinstein, and Obukhov9 for polyelectrolytes. Extend-
ing their study into the semidilute regime, Dobrynin and
Rubinstein10 found two different regimes above c*,
labeled “bead controlled” and “string controlled”, de-
pending on whether the concentration is sufficient for
the interbead repulsion to become important or not. This
theory has received partial corroboration with the
experiments of Essafi et al.11,12 and Spitteri et al.13 on
partially charged poly(styrenesulfonate) (PSS) in water.
Essafi11 found a ê/c exponent which was a function of f;
for instance, the exponent was -0.38 for 40% charged
PSS (f ) 0.4) in the whole semidilute regime while
totally charged PSS displayed the typical -0.5 behavior.
Similar findings were also reported by Heitz et al.14 for
poly(methacrylic acid) in water as a function of its
neutralization (R): the ê/c exponent was found to vary
from -0.43 to -0.31 when R decreased from 0.95 to 0.09.
Evidence for an intrachain bead correlation peak has
also been seen in the single chain scattering function
in semidilute solutions by small-angle neutron scatter-
ing.13 A very recent investigation by Heinrich and
Rawiso15 of a more complex system of star PSS con-
firmed the general picture; the authors interpret the
appearance of a peak whose position varies as c+1/3 as
being due to a correlation between hydrophobic ag-
gregates, possibly the beads of the model, along the star
arms. Moreover, the important question of counterion
condensation16,17 in these systems has also been studied
experimentally and provides a further layer of rich
phenomena; there is a strong reduction of the number
of osmotically active counterions (or effective charge of
the chains), compared to the prediction of Manning
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condensation,16 which depends on the bare charge
fraction of PSS. Presumably, a proportion of the coun-
terions are trapped into the hydrophobic globular
structures.12,18,19

Micka et al.20 have performed extensive molecular
dynamics simulations of flexible polyelectrolytes in poor
solvents which extend to higher charged fractions and
higher polymer concentrations than the Dobrynin semi-
dilute solution theory. Using discrete ions in their
simulations, they show that pearl necklaces are not
stable at high polymer concentrations, and they collapse
into compact globular conformations which however do
not phase separate. This is in contrast with the picture
of Dobrynin et al., which has a stable bead necklace
phase throughout the semidilute range. At yet higher
polymer concentrations the globular colloids become
unstable, and gelation occurs as the chains begin to
interpenetrate. Further simulation results by Lyulin et
al.21 focus on the sharp first-order phase transitions
displayed by dilute chains as the number of beads on a
chain increases in discrete jumps as a function of
increasing the charge, temperature, and solvent quality.

The motivation behind the current paper is toward a
critical testing of the “necklace” model with respect to
an ionic polymer, which exhibits variable polyelectrolyte
behavior in nonaqueous solvents. The possibility to use
a range of solvents allows one to test separately the
influence of solvent quality and dielectric constant on
the polyelectrolyte behavior. Varying the temperature
also provides a way to control these two parameters. A
further advantage is the possibility to circumvent the
problems associated with the complex structure of
water, its autodissociation, and difficulties in removing
foreign particles.22,23 The polymer is poly[2-(methacryl-
oyloxy)ethyltrimethylammonium 1,1,2,3,3-pentacyano-
propenide] (MPCP), which has been previously shown24

to exhibit variable polyelectrolyte behavior in a series
of nonaqueous solvents, as evidenced by the classic
upturn in reduced viscosity at low polymer concentra-
tions.

There have been a number of previous scattering
experiments showing the polyelectrolyte behavior of
ionomers (polymers containing less than 10-20% of
ionizable monomers) in nonaqueous dissociating sol-
vents,22,25 but they were very weakly charged and their
scaling behavior has not been studied. More relevant
to the problem of solvophobic and hydrophobic interac-
tions is the scaling study of Ermi and Amis,26 who found
that PMVP (poly(N-methyl-2-vinylpyridinium chloride)
has the same peak position/concentration scaling expo-
nent of 1/2 whether the polyelectrolyte is in a good
solvent (ethylene glycol) or a bad solvent (D2O) for the
backbone, in contradiction with the conclusion of the
above-mentioned studies.

In this article we compare the structural character-
istics of semidilute and concentrated solutions of MPCP.
Five different nonaqueous solvents of varying quality
and dielectric constant are studied for various salt

contents and temperatures, by monitoring the position
of the characteristic polyelectrolyte peak in SAXS.

2. Experimental Section
Materials. The polymer is an unfractionated sample of

atactic poly[2-(methacryloyloxy)ethyltrimethylammonium 1,-
1,2,3,3,-pentacyanopropenide] (MPCP) with a molecular weight
Mw of 5.3 × 105 g/mol, corresponding to a degree of polymer-
ization (DP) ) 1600. Its polydispersity index is about 2 (free
radical polymerization, low conversion rate). The reaction
scheme for the synthesis is provided in detail in Jousset et
al.24 The monomer repeat distance b is 2.56 Å, and all the
monomers are quaternary ammonium salts. MPCP is consid-
ered to be a flexible polyelectrolyte by comparison with the
flexible character of the methacrylate backbone.27 The added
homoionic salt28 is tetramethylammonium 1,1,2,3,3-pentacy-
anopropenide, (CH3)4N+PCP-. Polymer and salt have the
following chemical structure:

The solventsscyclohexanone (CH), acetonitrile (AC), N,N-
dimethylformamide (DMF), N-methylformamide (NMF), and
1,2-propylene carbonate (PC)sof the best reagent grade avail-
able were used without further purification. The various
solutions were prepared by weighing the polymer and the
solvent, and their concentrations c in g/L were calculated
assuming a simple volume additivity rule and a constant
partial specific volume of MPCP, v, of 0.92 mL/g (pycnometric
measurement in AC solution). The concentration range was
extended from semidilute solutions up to the occurrence of a
physical gel which could no longer flow; the fluidity limits were
about 422 g/L in AC and 235 g/L in DMF and PC. Even for
the highest concentrations no evidence for microphase demix-
ing of the solvent (critical opalescence) was found. The
dielectric constants of the various solvents and their variation
with temperature were taken from literature compilation.29

The solvent properties are summarized in Table 1. Salt
concentrations were studied in the range 0-0.06 M.

SAXS Measurements. The X-ray experiments were per-
formed on a laboratory-based Guinier camera with a rotating
anode source at a wavelength λ of 1.54 Å (Cu KR). The
scattered X-ray photons were recorded on a linear gas detector
with two sample-to-detector distances of 0.34 and 0.8 m,
depending on the expected peak position. These configurations
allow for q ranges 0.01 < q (Å-1) < 0.4 and 0.009 < q (Å-1) <

Table 1. Summary of the Solvent Properties

solvent abbrev
dielectric constant,

ε (25 °C)
Manning parameter

(f ) b/lb)
solvent quality for

methacrylate backbone
viscosity

behavior24 a

acetonitrile AC 35.9 0.164 poor weak PE
dimethylformamide DMF 36.7 0.167 good PE
N-methylformamide NMF 182 0.826 very poor no PE
propylene carbonate PC 64.9 0.298 good strong PE
cyclohexanone CH 15.6 0.071 good very weak PE
a Polyelectrolyte effects.

1974 Waigh et al. Macromolecules, Vol. 34, No. 6, 2001



0.17, respectively, where q ) (4π/λ) sin (θ/2) with θ the angle
of the scattered radiation to the direct beam. The scattering
profiles have been corrected for background scattering and are
obtained as intensity (in relative units) vs q. Glass capillaries
with a diameter of 1 mm were used as sample containers. The
temperature was changed in situ using a Haake water bath
attached to a brass sample holder with an accuracy of
(0.1 °C.

3. Results

Effect of Solvent Quality. In AC, DMF, and PC the
scattering profiles show a single broad maximum char-
acteristic of polyelectrolytes. These solutions also ex-
hibited polyelectrolyte behavior in viscometry experi-
ments.24 No peak was observed in CH or NMF. Since
there is no obvious reason for the X-ray contrast to be
insufficient in either case (the electron density of NMF
is very close to that of DMF), we thus attribute to these
solutions weak or nonexistent polyelectrolyte behavior,
also in agreement with the previous viscosity measure-
ments.24

The concentration dependence of the peak position
q* is markedly different for the three solvents where it
is visible. With DMF and PC the behavior is similar,
and there is a ∼c+1/2 behavior throughout the data set
(9.9 < c < 292 g/L) as seen in Figure 1 as a straight
line in a q* vs c 1/2 representation. More precisely for a
cR fit we have R ) 0.57 and R ) 0.56 for DMF and PC,
respectively. This is the expected scaling for a semidilute
polyelectrolyte solution in a good solvent within experi-
mental error since q* is proportional to ê-1.1-3 In
contrast to this behavior, in AC one observes four
different regimes in the same concentration range
(noted a, b, c, and d in Figure 1). In the low concentra-
tion regime a (5-83 g/L) the exponent R is 0.45 over a
decade of concentrations. (A linear dependence with a
different slope is seen in Figure 1.) There is then a
strong saturation as concentration increases: this is
regime b, which extends up to 235 g/L. Fitting to a
scaling law gives an exponent of 0.134, close to 1/7. Note
that this value is imprecise as it is determined over half
a decade of concentrations only (83-235 g/L). The
critical concentration at which there is a change of

regime is 83 g/L (cb in Figure 1), and the corresponding
value of the correlation length ê ) 2π/q* is 97 Å. A
monotonic increase of the total scattered intensity with
concentration is seen in regimes a and b up to 235 g/L
(Figure 2a). Regime c corresponds to a featureless region
(235-404 g/L) where there is no polyelectrolyte peak
in the accessible q range and where the intensity
decreases as concentration increases until 422 g/L
(Figure 2b). In regime d, above 422 g/L a peak returns
at still higher q values; it corresponds to spacings of 30-
22 Å at 422-547 g/L, respectively, when the solutions
are gel-like. Note that regimes c and d appear at much
higher concentrations than normally studied in semi-
dilute solutions.

Mixtures of Solvents. The qualitative behavior of
MPCP in binary solvent mixtures of AC was studied,
since it allowed the dielectric constant and quality of
the solvent to be tuned (Figure 3). There was no optical
evidence of demixing at any concentration, which could

Figure 1. Scaling behavior of the peak position (q*) as a
function of concentration (c) with acetonitrile, AC ([), dimeth-
ylformamide, DMF (0), and polycarbonate, PC (4), at 25 °C.
The inset shows the data for AC plotted on a log/log scale. Note
the change with AC at a concentration cb ) 83 g/L between 1/2
and 1/7 scaling exponents which is indicated by a dotted line.
At yet higher concentrations of 260-547 g/L the structure
factor peak is lost, only to return at 414 g/L (0.19 Å-1).

Figure 2. Small-angle X-ray scattering curves from MPCP
in AC at a series of different concentrations (9.9-169 g/L). The
scattered intensity in relative units is shown as a function of
the momentum transfer (q). (a) Lower concentrations: b, 9.6
g/L; ×, 43.5 g/L; 0, 169 g/L. (b) Higher concentrations: ×, 260
g/L; b, 340 g/L; 2, 414 g/L; +, 546.7 g/L. Note the sharp
decrease in intensity between 404 and 422 g/L followed by the
reappearance of a peak.
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be due to a reduced solubility in mixed solvents.
However, note that a quantitative analysis in binary
solvents is difficult because of the possibility of prefer-
ential solvation of parts of the chain by one of the two
solvents. Addition to the MPCP in AC solution of DMF,
a solvent of same dielectric constant but of better quality
causes the crossover concentration (cb) to move to higher
values (116 g/L, ê ) 73 Å for 75/25 AC/DMF); the
concentration domain of regime a is thus increased as
expected for a better solvent. Conversely, addition of
CH, a solvent of lower dielectric constant but better
quality, to MPCP in AC causes cb to move to smaller
values (47 g/L, ê ) 130 Å for 75/25 AC/CH; 33.9 g/L,
ê ) 153 Å for 50/50 AC/CH). Here the effect of the
dielectric constant is seen to be more important than
the quality of the solvent. Furthermore, the concentra-
tion at which the structure factor peak is lost follows a
similar trend, e.g., 126 g/L, ê ) 97 Å for 50/50 AC/CH,
compared to 235 g/L, ê ) 85 Å for pure AC.

Effect of Temperature. The effect of temperature
is expected to be slight on the correlation length with
hydrophobic polyelectrolytes.12 To improve the experi-
mental sensitivity, we considered a whole series of
concentration measurements and used the scaling be-
havior of the multiplicative constant (k) in the q* ) kc1/2

plots to magnify these small changes. This is helpful,
since the temperature is decoupled from the polymer
concentration dependence in the scaling theories and
still allows easy comparison with experiment. With
DMF and PC there is a gradual reduction in the scaling
constant (k) as a function of temperature (Figure 4); the
variations are almost identical for both solvents, at least
for T > 20 °C. For AC in contrast k is barely sensitive
to temperature and is consistently much lower than
with PC or DMF.

Effect of Added Salt. The novel behavior of MPCP
in AC solutions was investigated in the presence of the
homoionic salt (CH3)4N+PCP-, in the “a” and “b” re-
gimes noted in Figure 1. The salt concentrations cs were

kept lower than 0.06 M,30 a concentration range where
the SAXS peak was still clearly visible. In both regimes,
acceptable linear correlations were found (Figure 5):

For comparison in the good solvent DMF at similar
polymer concentrations, linear correlations were also
observed (Figure 5):

4. Discussion
Solvent Quality and Dielectric Properties. For

a comparison with the theory and simulations let us

Figure 3. Scaling of the peak position (q*) of MPCP in a
mixture of solvents: CH, AC, and DMF. The behavior of the
polymer in 100% DMF and in AC is shown for guidance.
Vertical lines on the figure indicate the crossover concentration
(cb) between the 1/2 and 1/7 exponents at low regimes, identified
as the “string controlled” and “bead controlled” regimes (see
text). Symbols: [, 75:25 AC:CH; 9, 50:50 AC:CH; 2, 75:25
AC:DMF; ], 50:50 AC:DMF; *, 100 DMF; O, 100 AC. Note
that the regime where the intensity decreases occurs at 126
g/L for 50:50 AC:CH (9).

Figure 4. Dependence of the scaling constant (k) as a func-
tion of temperature (q* ) k(T)c1/2) with AC ([), PC (9), and
DMF (×).

Figure 5. Scaling of the peak position (q*) as a function of
salt concentration (cs in M) with AC for bead and string
controlled regimes. The corresponding behavior in DMF is
shown for comparison. O, 45 g/L DMF; b, 43.5 g/L AC; 0, 117
g/L DMF; 9, 135 g/L AC.

a regime at cp ) 43.5 g/L, q* ∝ -64cs + 0.060

b regime at cp ) 135 g/L, q* ∝ -34cs + 0.0645

cp ) 45 g/L, q* ∝ -32cs + 0.0615

cp ) 117 g/L, q* ∝ -3.5cs + 0.103

1976 Waigh et al. Macromolecules, Vol. 34, No. 6, 2001



first define some relevant variables. Consider chains
with a degree of polymerization N, monomer size b, and
fraction of charged monomers f; the dimensionless
interaction parameter describes the strength of the
electrostatic interaction as

where lb ) e2/(4πεkBT) is the Bjerrum length, b is the
monomer repeat distance (equal to 2.56 Å for a poly-
methacrylic backbone), e is the electron charge, kB is
the Boltzmann constant, T is the temperature, and ε is
the solvent dielectric constant. For polymer solutions,
the reduced temperature, τ ) (θ - T)/θ, gives a measure
of the quality of the solvent as the relative variation
from the θ temperature; τ ) 0 in a θ solvent where the
behavior is quasi-ideal and is negative in a good solvent
and positive in a poor solvent.

For a flexible polyelectrolyte in a good solvent1,2 such
as DMF and PC, the semidilute correlation length
(Figure 6A) is found to be

Here B defines the expansion of the chain and is the
ratio of the contour length (Nb) to actual extended size
L; in good solvent conditions (T . θ),

In varying the dielectric constant of the solvent, one has
to consider the effect of counterion condensation on
highly charged polyelectrolyte chains.26 Assuming com-
plete dissociation of each salt group, the fraction of free
counterions (or the effective charge fraction feff on the
polymer) has an upper limit determined by the condition
that u ) 1 (or feff ) b/lb). All counterions in excess of
this condition stay in the close vicinity of the chain in
order to reduce its charge. This effect is known as the
Manning-Oosawa condensation and is rather well
supported by experiments, at least qualitatively. The
values of u-1, known as the Manning parameter, in the
different solvents are listed in Table 1.

Next we consider a flexible polyelectrolyte in a poor
solvent. In the limit of very weak charge, the chain is
collapsed into a globule. According to the pearl necklace
model of Dobrynin, Rubinstein, and Obukhov,9 there
exists a phenomenon akin to the Rayleigh charge
instability when the charge on a isolated chain is
increased in a poor solvent. The necklace chain consists
of a series of beads separated by thin strings. More
specifically, the number of monomers in each bead
created by this instability is found to be mb ≈ τ/(uf2).
The semidilute regime is still described by a single
correlation length ê.10 In the “string controlled regime”
(SCR), ê is larger than the average distance between
beads (Figure 6B) and is given by

which has the same c-1/2 concentration dependence as
in (2) with a good solvent. The sole difference is that
the correlation length increases for a poorer solvent due
to the decrease in excluded volume and thus effective
chain concentration. This would be expected to cause a
loss in the gradient (k) of a q*/c1/2 plot. Upon increasing
the pearl necklace concentration, the correlation length
becomes of the same order as the distance between
pearls, and we find the “bead controlled regime” (BCR)
with a correlation length (Figure 6C) given by

The c-1/3 dependence is unusual in polyelectrolyte
semidilute solutions; in this regime the chain could be
viewed as a dilute solution of beads where the electro-
static interactions are screened, and there is one bead
per correlation volume. The crossover concentration cb
between SCR and BCR is predicted to be when the
string and bead controlled correlation lengths given in
(4) and (5) become of similar magnitude, i.e.

In the poor solvent case, counterion condensation is
more complex since it can take place on strings, with
the usual Manning condition, on beads controlled by
their size and charge and on the whole necklace
controlled by its total charge. In what follows, short of

Figure 6. Possible schematic diagram for the concentration
dependence of the correlation length ê of a polyelectrolyte in
(A) good solvent (MPCP in DMF or PC); (B) poor solvent
“string” regime (MPCP in AC, zone a in Figure 1); (C) poor
solvent “bead” regime (zone b); (D) poor solvent “colloidal”
regime (zone b); (E) poor solvent “polydisperse colloidal” regime
(zone c); (F) interpenetrating “gel” regime. Black circles
indicate globular aggregates. lstr is the average distance
between “beads”. Counterions and electrostatic blobs are not
shown. (C) and (D) correspond to the pearl necklace model of
Dobrynin et al.10 (D), (E), and (F) are inspired by the simula-
tions of Micka et al.20

B ≈ ( 1
uf2)2/7

T . θ (3)

ê ≈ bmb
1/4(cb3)-1/2 (4)

ê ≈ (mb

c )1/3

(5)

cb ≈ b-3( τ
uf 2)-1/2

(6)

u ) lb/b (1)

ê ≈ ( B
cb)1/2

∝ c-1/2 (2)
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more quantitative information, we will consider that the
usual Manning condition gives an upper limit for f in
all cases.

Comparing this theory with our experiments, we
confirm that DMF and PC are good solvents for MPCP
with eq 2 applicable for the correlation length, since
there is a c1/2 behavior of q* throughout the data set
(Figure 1). For AC the reduction in gradient (k, Figure
5) and change in scaling at 83 g/L (ê ) 96.7 Å) leads us
to assume that we are studying a poor solvent behavior,
and eqs 4 and 5 are relevant. Comparing the dielectric
constants for DMF (ε ) 36.7) and AC (ε ) 35.9), we
observe that there is only a small difference in their
values and thus conclude the electrostatics of the
monomer/monomer interactions are similar in the two
solvents. We deduce that it is the second virial coef-
ficient for the backbone (or quality of solvent) which is
driving the change in phase behavior. Further evidence
for the poor solvent polyelectrolyte behavior in AC was
previously found24,31 in viscosimetry measurements, and
a rough estimate of the number of effective charges per
chain showed that it is about twice lower in AC than in
DMF. The contrasted behaviors of MPCP in DMF and
AC thus directly reflect the solvation power of these
solvents for the chain backbone. This may be modeled
by poly(methyl methacrylate) (PMMA) which has the
same chemical structure as MPCP, but without the ionic
groups. It is found that DMF is actually a fairly good
solvent of PMMA,32 while AC is a Θ solvent at 28 °C,
with an even more collapsed chain conformation than
in other Θ solvents.33

A definite phase transition is seen with AC in the
semidilute regime as concentration increases with q*/c
exponents of 0.45 and 0.134. We tentatively identify
these two regimes as the string and bead controlled
regimes, keeping in mind that the apparent exponent
in the BC regime is much smaller than the predicted
value, and thus the structural description of the phase
may be different. Although a quantitative comparison
of cb with the theory is not possible, the relative
variations of cb in binary solvents of AC mixed with CH
or DMF is rather revealing. According to the model and
assuming homogeneous solvent mixtures, addition to
AC (ε ) 35.9) of DMF (good solvent, similar ε ) 36.7)
causes the size of the beads to reduce and the chains to
extend as the solvent quality improves. Similarly, with
a 50:50 AC/DMF mixture a loss in slope (k) of the q*/c
is seen compared to 100% DMF, as the solvent gets
poorer and the chains form more compact conforma-
tions; but the pearl controlled regime is not experimen-
tally realizable with this mixture since it occurs at too
high concentrations to allow solubility. On the other
hand, addition to AC of the low dielectric constant (ε )
15.6), good solvent CH decreases the electrostatic
interactions due to counterion condensation and causes
the bead size to increase, the correlation length in-
creases, and the crossover between bead-colloid and
string regimes should occur at longer length scales, and
thus at lower concentrations as observed, (cb ∼ ε+1/2,
assuming f ) b/lB) (Figure 3).

The pearl necklace model seems adequate to describe
the moderate concentration regimes in poor solvent.
However, in its present state it breaks down at very
high polymer concentrations (>235 g/L in AC) since it
does not predict the existence of the two regimes “c” and
“d”. In this region it is useful to examine the Monte
Carlo simulations of Micka et al.20 of highly charged

chains with discrete counterions in poor solvent, where
the charges, including counterions, all interact via the
full Coulomb potential. The results show a variety of
conformations as concentration increases which includes
the stretched pearl necklace chain at lower concentra-
tion but also shows very collapsed isolated chains at
higher concentrations which eventually at still higher
concentrations will open up. We do have to remember
that the simulated chains are much shorter than ours,
which is a possible reason for disagreement, especially
concerning the fact that the simulated chains do not
overlap until very high concentrations. Still it can be
interesting to compare these simulations with our
scattering results and note some similar trends. How-
ever, one should also keep in mind that the X-ray
scattering experiments provide the total scattering
functions which include all the partial scattering func-
tions whereas the simulation results are limited to the
relevant partial structure functions. At high concentra-
tions there is a monotonic decrease in the scattered
intensity, as we observe; we find that there is no longer
a correlation peak in the scattering profile for 235-404
g/L (Figure 2b). However, at yet higher polymer con-
centrations the experiments show a high q peak in the
scattered intensity at a q value corresponding to the
order of magnitude of the radius of gyration (RG) of a
single chain (Figure 6F). This has as yet not been seen
in the simulations, and the predictions of this reentrant
appearance of the small-angle peak would be a good test
for them. An order of magnitude estimate for a single
compact MPCP globule gives RG ≈ bN1/3 ∼ 30 Å, which
is similar to the value of the peak position 30.2 Å (êg).
Thus, it is likely that the chains are interpenetrated
since the volume available to a single chain at 422 g/L
is only (108 Å)3, three gel correlation lengths. Further-
more, we note that the loss in low-q intensity in the
polydisperse colloid regime (Figure 1c, Figure 6E) could
be explained by the globules opening out and releasing
their counterions, thereby screening the long wave-
length fluctuations. Indeed, the zero q limit of the
structure factor is related to the number of free coun-
terions f through osmotic compressibility2 ∂c/∂Π by

Thus, a loss of low q scattering could be related to either
an increase in the effective value of f or equally the loss
of large globular structures in the solution. To a first
approximation the final gel-like regime (Figure 1d,
Figure 6F) could be expected when the Debye-Huckel
screening length in this semidilute gel solution

a decreasing function of the polymer concentration,34

becomes equal to the length scale of the solvophobic
interaction. These interactions lead to cross-links at
high polymer concentrations and the formation of a
percolating gel structure.

To summarize, we tentatively propose that the four
separate regimes that we have observed as a function
of polymer concentration in the semidilute region (Fig-
ure 1) correspond to the following regimes. At low
concentration where the chains begin to overlap we have
the “string” controlled regime (Figure 6B), next the
“bead-colloid” controlled regime (Figure 6C,D), then the

S(0) ≈ kT ∂c
∂Π

≈ 1
f

(7)

rD ) ( B
bc)1/2

(8)
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polydisperse colloid (Figure 6E), and finally the inter-
penetrating “gel” regime (Figure 6F), according to the
nomenclature of Micka et al.20 No evidence was found
for microphase separation in line with the simulation
results, which indicate homogeneous distributions of
chains in concentrated regimes. More experiments are
clearly needed to validate this picture which can only
be considered so far as a possible scenario.

Effect of Temperature. A previous SANS study of
Boué et al.35 of 100% charged PSS showed no effect of
temperature on both inter- and intrachain interactions.
However, Essafi et al.12,13 observed that decreasing the
charge fraction of PSS below 100%, thus increasing the
hydrophobicity, causes the peak height to become more
and more temperature sensitive. A similar temperature
dependence of the peak height was found in the present
study for MPCP in AC, indicating again that it is also
in the poor solvent regime. For a more accurate under-
standing of the temperature-dependent behavior, we
need to take into account the temperature dependence
of the dielectric constant.29

Considering Figure 4, we see that the correlation
length decreases with temperature as predicted by the
theory for the good solvents PC and DMF (eqs 2 and 3),
i.e., k ∝ (Tε)1/7. Comparison with experiment however
shows that the temperature dependence is largely
underestimated by the theory for both solvents. The
temperature dependence in the bad solvent string
regime is predicted to be k ∝ (Tετ)1/4, in qualitative
agreement with experiment for the relative magnitudes
of the temperature sensitivity.

Effect of Salt. For a semidilute polyelectrolyte in
high salt concentration (cs) and good solvent conditions,
Dobrynin et al.9 predict that the correlation length (ê)
is given by

and is in qualitative agreement with our experimental
results when linearized for small cs.

In a poor solvent two predictions by the same authors
of the semidilute scaling behavior for polyelectrolytes
are

Qualitatively, the effect of salt in BCR is less strong
than SCR. This agrees with experiment, and in Figure
5 it is seen that the effect of salt concentration follows
the series (in increasing order of effect) DMF (high c
(9)), DMF (low c (9)), AC (high c (10)), and AC (low c
(11)).

General Remarks. The phase behavior of MPCP in
the present SAXS experiments is strikingly reminiscent
of that of poly(styrenesulfonate) (PSS) in the intermedi-
ate concentration range. In principle, MPCP provides
a more ideal system for molecular modeling than typical
aqueous polyelectrolytes. Only weak hydrogen bonding
is involved in AC solutions and is actually lacking for
the other organic solvents. Thus, the second virial

coefficient could, in principle, be calculated, because
more tractable interchain potentials exist for the other
interactions.

With such complex systems as polyelectrolytes the
theory of Dobrynin et al. offer a number of useful
predictions. However, we must note certain practical
reservations as to its applicability with MPCP in the
low-concentration semidilute regime. First of all, it is
not evident whether the globular structures are above
or below their glass transition temperature with MPCP
as well as with PSS, as already noted.12 There could be
a glassy ionomer-like36 behavior in the globular regions
due to dipole/dipole interactions and low plasticization
in the poor solvent AC. Another problem is that our
polyelectrolytes are highly charged, and blob theory is
strictly accurate for fu2 , 1, which is clearly not obeyed
in the current study. Finally, the pentacyanopropenide
counterions are large, planar, and highly polarizable
species, and their possible role as a point of departure
from the theories cannot be definitely ruled out. Previ-
ously, studies with PSS37 have however shown a neg-
ligible effect of ion size.

It is interesting to question why the succession of
different regimes has not been seen before for polyelec-
trolytes in poor solvents. For example, referring to the
work of Ermi and Amis,26 we see that their analyses
have been conducted in the low-concentration semidilute
regime (2-25 g/L), and thus we propose that much
higher concentrations would need to be studied to find
the novel phase behaviors seen in the present study.

5. Conclusion

We have studied with small-angle X-ray scattering
the correlation length of semidilute and concentrated
solutions of a model flexible polyelectrolyte, MPCP, in
a range of nonaqueous solvents of variable quality and
dielectric properties. Classic polyelectrolyte behavior is
found in dissociating good solvents, such as dimethyl-
formamide and propylene carbonate, confirming earlier
viscometric experiments.24 Solvophobic polyelectrolyte
effects are observed in semidilute solutions with dis-
sociating poor solvents, similar to those observed with
the hydrophobic partially charged poly(styrenesul-
fonate).11-13,15 The crossover behavior from -1/2 to -1/7
of the scaling exponent of the semidilute correlation
length in acetonitrile is in qualitative agreement with
the theory of Dobrynin and Rubinstein9 for a new
mesophase and provides further experimental evidence
for the existence of the pearl necklace structure. The
transition between the “string controlled regime” and
the “bead controlled regime” is found to be fairly sharp
and is reminiscent of a first-order phase transition.
Temperature and salt dependence of the correlation
length are in qualitative agreement with theory. At very
high polymer concentrations (concentrated regime) two
new regimes are observed, corresponding to a loss of the
correlation peak followed by a reappearance at higher
q values. A possible scenario is provided by the Monte
Carlo simulations of Micka, Holm, and Kremer20 as a
“bead necklace/colloid” to gel phase transition driven by
the extremely small Debye screening lengths in these
systems. Clearly more extensive X-ray, neutron, and
light scattering as well as NMR experiments are needed
to understand these new effects and to rigorously
classify the mesophases a, b, c, and d in Figure 1. It is
hoped that these data will stimulate more focused
simulations and further theoretical developments.

ê ≈ b(cb3)-1/2B1/2(1 +
2cs

fc )1/4

(9)

string controlled regime (SCR):

ê ≈ bmb
1/4(cb3)-1/2(1 +

2cs

fc )1/4

(10)

bead controlled regime (BCR):

ê ≈ mb
1/3c-1/3(1 +

2cs

fc )5/12

(11)
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