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         Structure of Polyelectrolyte Solutions 

              Keisuke KAJI*, Toshiji KANAYA*, Hiroshi  URAKAWA*t, 
              Koji NISHIDA*, Ryozo KITAMARU*tt, Julia S. HIGGINS**, 

                          and Barbara GABRYS**ttt 

                             Received December 20, 1988 

   The structure of polyelectrolyte solutions was studied using X-ray and neutron scattering techni-
ques. The phase diagram as a function of degree of polymerization and polymer concentration, which 
we constructed based on the wormlike-chain model, is first described. This diagram predicts dilute and 
semidilute regions; the former region is separated into two regimes, termed order and disorder, while the 
latter region is divided into at least three regimes, called isotropic, transition, and lattice in order of 
decreasing concentration. The structures of the isotropic and the lattice regimes were depicted 
theoretically by de Gennes et al., and that of the transition regimes was given by Odijk. The order and 
disorder regimes are distinguished from each other by whether or not an intermolecular single 
correlation due to electrostatic repulsive forces exists. Experimental evidence for the dilute-semidilute 
crossover concentration and the melting concentration between the isotropic and the transition regimes 
is also given. The static structures in the isotropic and transition regimes are discussed. Finally, the 
molecular motions of counterions and polyions, which were examined using the time-of-flight spectro-
meter and the spin-echo spectrometer at the Institut Max von Laue-Paul Langevin (ILL), Grenoble, are 
described. 

    KEY WORDS: Polyelectrolytes/ Phase Diagram/ Molecular Motions/ SAXS/ 
                   Neutron Scattering/ 

                         1. INTRODUCTION 

   Polyelectrolyte solutions are of great importance not only in practical uses, but also 
in understanding various biochemical mechanisms. Although a large number of stu-
dies from thermodynamical and electrochemical points of view have been reported' 
more direct investigations into the molecular structures and motions are scare, probably 
because of its complexity of the system and the difficulties in experimental methods. 

   In recent years some theoretical progress concerning the static and dynamic 
structures of polyelectrolyte solutions was made by the school of de Gennes4-9 and it 
has become clear that scattering techniques such as neutron, X-ray, and light scattering 
are useful for the experimental study of these problems. In this paper we review the 
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results of our studies on polyelectrolyte solutions by means of small-angle X-ray 
scattering (SAXS) and neutron scattering. We first describe the phase diagram of 

polyelectrolyte solutions as a function of the degree of polymerization and the 
concentration10, and then discuss the structures in two regimes, isotropic and transition, 
of this phase diagram from the experimental results' '3. Finally, we present the 
molecular motions of counterions and polyions revealed by quasielastic neutron scatter-
ing techniquesla,l5 

             2. CHARACTERISTIC FEATURES OF FLEXIBLE 
                 POLYELECTROLYTES IN SOLUTION 

   Linear polyelectrolytes having many ionizable side groups along the chain skeleton 
are dissociated into polyions and counterions in aqueous solution. For dilute solutions 
the dissociated counterions are generally in either of four states: ions paired with side 

groups of polyions, ions condensed on polyions, ions bound by polyions and free ions. 
For semidilute solutions no free ions exist. 

   In the case of strong electrolytes which will be discussed here ion pairs are 

practically negligible, and the fraction of the condensed ions depends on the charge 
density of polyion, i.e., 1-1/zA for A> z-1 where z is the valence of counterions, and A is 
the reduced coupling constant defined by 

             A= 1B/a=e2/ek Ta(1) 

(Oosawa-Manning theory for condensation2'3) 
Here a is the distance between neighbouring dissociative groups on the polyion, lB is 
the Bjerrum length which is defined as the contour distance between neighbouring 
charge groups when the electrostatic energy, e2/elB, between them is equal to the 
thermal energy k T, and e is the dielectric constant of the solvent. In the case of vinyl 

polyelectrolytes used in our studies, 67% counterions are condensed on the polyions, 
and the remaining 33% counterions are distributed in the solution. 

   These condensed ions are not fixed on the sites of polyions but move from site to 
site along the polyion, so that the charges of polyions are considered to be neutralized 
uniformly by a fraction of condensed ions. The unneutralized charges of polyions play 
two roles; one is the effect of short-range repulsive forces to extend polyion chains and 
the other is the effect of long-range repulsive forces to increase the excluded volume of 

polyion chains. Uncondensed counterions screen the intra- and interpolyion electrosta-
tic repulsive forces to an extent depending on their concentrations. Therefore, the 

polyions behave as rods when the concentration is sufficiently low, whereas at high 
concentrations they assume coiled structures as neutral polymers. Because of such 
complex properties their structures change in various ways. 

                       3. PHASE DIAGRAM 

   Fig. 1 shows the phase diagram as a function of the degree of polymerization N and 
the polymer concentration C for the aqueous solutions of vinyl polyelectrolytes at 
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Fig. 1. Phase diagram for vinyl polyelectrolyte solutions as a function of the degree of polymerization 
      N and the concentration C at ambient temperature.10 The crossover lines and regimes are 

      explained in the text. The area enclosed with a square is the region where the SAXS 
      measurements were made for NaPSS solutions. 

ambient temperature10, which we constructed based on the theories of de Gennes et al.4 
and Odijk6 by employing the wormlike-chain model. For this model the polyion size 
can be described by two parameters, a contour length 1 and a total persistence length bt. 

In the case of polyelectrolytes bt may be defined as the sum of electrostatic be and 
intrinsic bo components: bt= be+ bo. Compared with bei bo may be neglected unless the 
concentration is very high since its value is of the order of 10A for usual flexible 

polyelectrolytes, e.g., bo= 12A for sodium poly(styrene sulfonate). The concentration 
dependence of be was calculated numerically by Le Bret'. 

   The polyion size is given by the mean-square end-to-end distance 

<R2>=2 bt2(a-1+e—")(2) 

or by the radius of gyration 

<S 2 >= bt2[a/3 — 1+ (2/a2)(a— 1+ e—a)](3) 

where a=1/ bt. The dilute-semidilute crossover concentrations for these sizes are 
calculated as follows: 

CR*=N/(4/3)n(<R2>v2/2)3(4) 
for the end-to-end distance, and 

Cs* = N/(4/3) 7r<S 2 >3/2(5) 

for the radius of gyration. However, scattering techniques such as X-ray, neutron, and 
light scattering cannot detect CR*, but only Cs*. 

   In the semidilute region several regimes, lattice, transition, isotropic, and blob, were 
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defined by de Gennes et al.4 and Odijk6. When bt>_ 1, the polyions become rodlike to 

form a lattice structure because of the strong electrostatic inter-rod interactions. The 

crossover concentration Cb* at k=1 can be directly calculated from the concentration 

dependence of be given by Le Bret'. When C> Cb* or k<4 the lattice is deformed to 

an extent depending on the concentration, and at a critical concentration Cm* it melts 

completely. The melting concentration is determined from the Lindemann rule' that 
melting occurs if the ratio of the mean-square displacement of the polyions to the 

inter-rod distance exceeds a certain value---0.15. Above Cm* the polyions are coiled 

and overlapped with one another; they are however different from neutral polymers in 

semidilute solution in having correlation holes due to intermolecular electrostatic 
repulsive forces. This structure was visualized by de Gennes et al.4 and called 

isotropic. The blob regime predicted by Odijk6 would appear above a concentration 

range of the isotropic regime. The dilute region is also distinguished into order and 

disorder regimes, the crossover Cx* between which is estimated as a concentration 

where the electrostatic screening length x1 is equal to half the distance between two 

neighbouring polyion centers. 

                       4. CONFIRMATION OF Cs* 

   The dilute-semidilute crossover concentration CS* for the radius of gyration can be 

detected by various experimental methods. We confirmed this using the SAXS 
method. The SAXS intensity curves of the polyelectrolyte solutions show a single 

correlation peak, and the maximum position Qn, of this peak depends on the polymer 

concentration C as shown in Fig. 2, where Q is defined by 47( sin 0/ A as usual. It is 
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Fig. 2. The concentration dependence of SAXS curves for NaPPS, M=1.0X10s1° C/g1-1=10(0) , 

20(a), 40(s), 60(e), and 100(a.). 
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predicted from the theories that  Qm--- C112 in the semidilute region whereas Qm C1"3 in 
the dilute order regime. The crossover concentration Cs* can be therefore determined 

experimentally as an inflection point from Cv2 to C1/3 in the log-log plot of Qm vs C. 

Fig. 3 shows such plots for sodium poly(styrene sulfonate)(NaPSS) having various 
molecular weights M. The relation Qm=0.17 C1/2 is for the semidilute solutions and 

most of observed Qm values fall on this line, independently of M. The observed Qm 

values for the dilute solutions agree well with the relation Qm--- C1/3 except for the 

lowest M. The crossover concentrations obtained from Fig. 3 and from other rela-

tions such as Qm— C/N and Qm— N plots are also shown in Fig. 1 where Nis degree of 

polymerization. They confirm the Cs* within a concentration range 10-2=1 mol/1. 
   This crossover line Cs* has also been confirmed in a wider concentration range 

oa -
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                                                    ° Qm=0.17 C112 

                                                                                • 

                 10-1 

     _o 

102  I i I liiiil, iiiill i i i^^^,  
10-210-1110 
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Fig. 3. The Q,,,-C plot for NaPSS solutions.10 Q,,,=0.17C1/2 indicates the observed relation for 
      semidilute solutions. M =1.8 X 103(0), 4.6 X 103(0), 8.0 X 103(v), 1.8 X 104(+), 1.0 X 105(n.), 2.2 
      X 105(x), and 1.2X 106(^). 

10-4---3 mol/1 by a dynamic method. Ito et al' revealed that the high frequency 

dielectric relaxation (MHz in order of magnitude) is caused by the fluctuation of loosely 
bound counterions in the direction normal to the polyion axis, this motion being termed 

plasmon. The dielectric increment de and the relaxation time r show different be-
haviour in the dilute and the semidilute regions. The crossover concentrations 

obtained from the measurements of de and r agree surprisingly well with the Cs* 

presented in Fig. 1. 

              5. STRUCTURE OF THE ISOTROPIC REGIME 

   De Gennes et al.4 pictured the structure of this regime; polyions are entangled to 

form an isotropic system where the intersegmental electrostatic repulsive forces be-

tween neighbouring entangled points make correlation holes. This correlation length 

is independent of molecular weight, and the segments within the distance e are nearly 
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stiff, whereas the chains as a whole are random coils. 
   We investigated the structure of this regime by the distance distribution analysis of 

SAXS curves. In order to separate the effect of counterions, SAXS measurements 
were carried out for poly(vinyl hydrogen sulfate) or a sulfuric acid ester of poly(vinyl 
alcohol)[—CH2CH(OSO3H)—]„ and its Li, Na, and K salts, which are designated HPVS, 
LiPVS, NaPVS, and KPVS, respectively. The samples having the average degree of 

polymerization P=1500 and the degree of esterification a=96% were solved in deio-
nized water to provide 0.2 monomer mo1/1 aqueous solutions. Fig. 4 shows the 
observed SAXS curves of these samples after correction. Every curve shows a single 

peak and all the profiles are similar. The peak intensity however increases with 
increasing number of electrons in the counterions. The scattering of HPVS corres-

ponds to that of the polyions themselves without counterions because protons having no 
electrons do not contribute to the scattering. Judging from these features, it is 
expected that there exist nearest-neighbour correlations in the solution, and the differ-
ence in intensity is due to that in contrast between the polyions on which 67% 
counterions are condensed and the solvent including the remaining uncondensed 
counterious. To confirm these predictions, we calculated distance distribution func-
tions P(r) from the SAXS curves by the inverse Fourier transformation: 

P(r)=4jrr2y(r)(6) 

where y(r) is a correlation function. The results are shown in Fig. 5. The line P(r)= 
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0 corresponds to the average distance distribution density over the total solution system. 
Every P(r) function has two peaks in the range 0-300A; the first peak is considered to 
be related to intrasegmental correlations. The maximum position of this peak, howev-
er, does not mean any characteristic correlation length since due to a weighting factor 
47ri2, P(r) is deformed from 7(r) which has its maximum intensity at r=0. The second 

peak is presumed to be due to intersegmental correlations because a deep negative 
correlation well exists between the first and second peaks. The negative correlation 
corresponds to the presence of regions having lower density than the average, which 
are called correlation holes. However, no higher-order peaks having appreciable 
intensity are seen. This provides evidence that the structure of the solution can be well 
described by a nearest-neighbour correlation model, which is a feature of the isotropic 
model, as schematically shown in Fig. 6. The nearest-neighbour correlation model can 
also explain the slight shift of the maximum position of the second correlation peak 
with couterion species. The intersegmental correlation lengths e are listed in Table 1, 
together with the radii of the polyion cross-sections ro, estimated from the slopes in a 
high Q range of the SAXS curves. The difference in ebetween HPVS and KPVS, for 

example, is 13A, which is almost double of the sum of the ro=5.1A for HPVS and the 
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                                                          • 

                EK=101A ---- 
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     •--6 .45A 

Fig. 6. Nearest-neighbour correlation model for the isotropic regime. Solid and broken curves denote 
      the lines of maximum electron density in HPVS and KPVS chains, respectively. eH and eK are 

      their correlation lengths. 

              Table 1. Intersegmental correlation lengths and radii of polyion 
                      cross-section ro of HPVS and its Li, Na, and K salts 

                      estimated from the SAXS curves. The polymer concentra-
                      tion 0.2 monomer mol/1, the average degree of polymeriza-

                      tion P=1500, and the degree of esterification a= 96%. 

      Polyelectrolytee/Aro/A 

    HPVS885.1±0.3 

    LiPVS905.2±0.3 

     NaPVS1005.9±0.4 

    KPVS1016.1±0.4 

raduis of the counterion K+(1.35A). This may support the nearest-neighbour model if 
the charged side groups between the nearest-neighbour segments are assumed to orient 
to the opposite direction because of electrostatic repulsions. 

   Small-angle neutron scattering (SANS) measurements were carried out13 to make 
clear that the first peak in P(r) is due to the intrasegmental correlations , so that the 
intersegmental correlation function is negative within a range zero to C. The total 
scattering function S(Q) is the sum of the intramolecular scattering function S,(Q) and 
the intermolecular one S2(Q): 

S(Q)=Si(Q)+82(Q)(7) 
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          The SANS measurements by means of deuterium labeling can separate these two 

       parts. When the fraction of D-polymer is designated as x, the total scattering function 
       of the system where H-polymer is invisible to neutrons can be given by , 

Sr( Q)=xS1(Q)+x2Si(Q).(8) 

      Plotting SS(Q)/x against x at a given Q provides a straight line; the intersection at x=0 
      and the slope correspond to Si(Q) and S2(Q), respectively. In this study a system of 

      hydrogenated and deuterated NaPVS dissolved in a D20/H20 mixture, which was 
      adjusted to match the scattering length density of the hydrogenated NaPVS, was used, 

       and x was taken to be 0.25, 0.50, 0.75, and 1.0. From similar plottings for various 
       values of Q, the Q dependence of their scattering functions can be obtained. The 

       results are shown in Fig. 7. The scattering function of a single chain S1(Q) corresponds 
       to that of a rod within the observed Q range, and the intermolecular scattering function 

S2(Q) is negative. The inverse Fourier transformation of S2(Q) gives a deep correlation 
       hole within a scale of e, which does not contain the intramolecular correlation peak. 
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+ + 

+  

°-2 -+                                                                  +++ 
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                                                                    ++                cn 
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    -8 I Ii.  
        00.050 .10 0.15 

                             Q/A-1 
        Fig. 7. Separation of the total scattering function, S(Q), of NaPVS solution into intra- and intermolecu-

              lar ones, S1(Q) and SZ(Q),13 The polymer concentration is 0.7 mol/I. 

                    6. STRUCTURE IN THE TRANSITION REGIME 

         As described in Section 3, the structure of the polyelectrolyte solution changes at 
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the melting crossover concentration Cm*, below which the transition regime appears. 
In this section we will show how the existence of was was experimentally confirmed 
and what the structural feature of this regime is'1 

   For these purposes, we examined sodium poly(styrene sulfonate)(NaPSS) solutions 
around Cm* by distance distribution analysis of their SAXS curves. The polymer 

concentration C and the molecular weight My, were changed within ranges between 5 
and 200 g/1 and between 1800 and 1.2 X 105, respectively. A typical example of 
obtained P(r) functions for Mw= 1X105 is shown in Fig. 8. Every curve has the intra-
and intersegmental correlation peaks. The maximum position of the intersegmental 
nearest-neighbour correlation peak increases proportional to C-1/2 as was shown in 
section 4. The intrasegmental peak however exhibits an anomalous change; it is 
broadened with decreasing concentration and becomes first a peak with a shoulder and 
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then a doublet. As the lithium salt of this polyelectrolyte still gives almost the same 
P(r), this change is not due to a regular array of bound counterions, but due to polyion 
chain conformation itself. The broadening of this peak may be explained in terms of 
the increase of the persistence length of the polyion. The appearance of a new peak 
however indicates the formation of some regular chain conformation. Further, it 
occurs below  Cn„*  -10 g/l, but never appears for molecular weights below MW =18,000. 
Thus, the appearance of the new peak corresponds to the transition regime in Fig. 1, 
because when Mw, is less than 18,000, the solution of concentrations below Cm* is in the 
dilute region. Conversely, the above results support the of of the phase diagram of 
Fig. 1. 

   As a possible regular conformation of the polyion in the transition regime, we 

proposed an electrostatic helix model, which is schematically shown in Fig. 9. In this 
model the pitch, P=75A, of the helix corresponds to the maximum position of the new 

peak. Because of the large pitch and strong electrostatic repulsive forces it seems that 
the tacticity of the polyion does not affect the helix stucture. 

f b
ending point / 

                      7.5A       P=75 A S P 
---- =250A ------b=190A 

    / / 

Fig. 9. Electrostatic helix model for the transition regime. The figures are for the case when C=G,,,. 
      P:pitch of the helix, e:correlation length, and b:persistence length, open circle: charged side 

        group. 

                    7. MOTIONS OF COUNTERIONS 

   As already described, 67% counterions are condensed on polyions and the remain-

ing 33% counterions are distributed in the solution. The uncondensed counterions are 

bound by polyions and oscillate cooperatively with a frequency in MHz around the 

polyion chain axis, in what is called a plasmon. The condensed counterions migrate 
from one end to the other end of the polyion, so that this frequency depends on the 

contour length of the polyion, but in the case of usual molecular weights the frequency 

is in the order of kHz. These two modes have been detected by Hayakawa et al.' 

using dielectric relaxation method. However, the motion of the counterions condensed 

on the fixed sites was not detected because it is very fast. Such a motion can be 

detected using a quasielastic neutron scattering method. We examined the motion of 
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Fig. 10. An example of the scattering law S(Q, co) for the D2O solution of PVS-d3-TMA [—CD2— 
       CD(—OSO3—N+(CH3)4)—].14 Here Q/A-1=0.40(a), 0.80(b), 1.20(c), and 1.60(d). 

tetra-methyl ammonium(TMA) ions as counterions14. To remove the contribution 
from polyions, deuterated poly(vinyl sulfate)(D-PVS) was used because the incoherent 
scattering cross-section of H is very large compared with that of other atoms such as D, 
C, 0, and S, i.e., the neutron scattering sees only the motion of H atoms. The 
measurements were carried out using a time-of-flight spectrometer(IN6) at ILL, Greno-
ble. Fig. 10 shows an example of the Q-dependence of energy spectra S(Q, cv) for the 
sample of concentration 0.25 mo1/1. The abscissa is the energy shift t co of scattered 
neutrons, and at t co=0 elastic scattering occurs. These spectra were decomposed into 
three components, one elastic and two quasielastic parts, and analysed with the elastic 
incoherent structure factor (EISF), defined by 

EISF= Ie(Q)/[ Ie(Q) + /q( Q)](9) 

where Ie( Q) and Iq(Q) are the integrated intensities of the elastic and the quasielastic 
scattering components, respectively. The Q-dependence of the observed EISF was 
well-described using a three-fold circular-jump model accompanied by damped vibra-
tions. The comparsion of this model with the observed results is shown in Fig. 11, 
which shows a good agreement. This model visualizes the motion of condensed TMA 
ions at binding sites by assuming that the TMA ion has a tetrahedral structure and its 
binding site is either of the four faces of the tetrahedron. The axis of the jump rotation 
at a given binding-site is the three-fold axis of the tetrahedron, so that there are 
three jump-sites. The jump frequency and the frequency of the damped vibration at 
each jump-site were estimated to be 1013 and 1012 Hz, respectively, from the widths of 
two quasielastic components. 
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Fig. 11. Comparison of the EISF calculated for the circular-jump model (solid curves) and the 
       experimental values (solid circles).14 C=50 g/dm3, the radius of the circle d =2.6A. The 

       dotted line denotes a damping factor. 

                     8. MOTIONS OF POLYIONS 

   It is expected that the motions of polyions are different in the dilute and the 
semidilute regions, so that the crossover concentration between them can be also 

detected by dynamic measurements. To confirm this expectation, we carried out a 
neutron spin-echo study of NaPSS solutions, using the spin-echo spectrometer(IN11) at 
ILL, Grenoble15. The experiments were carried out as a function of molecular weight 
at a fixed polymer concentration 76 g/1. The spectrometer provides the intermediate 
scattering law or the time correlation functions I( Q, t). An example of the observed 
I(Q, t) is shown in Fig. 12. These correlation functions can be described by a single 
exponential function normalized to unity at t=0 or by exp(—t/r(Q)) where r(Q) is a 

0.057    •¢ 
• 

    ot0.114 

= 0.171A1 •0 .142 

   0510 
tlns 

Fig. 12. Time correlation functions for NaPSS, DP=5790, in the solution of C=76g/1 at various Q 
       values.15 Solid lines are best fits of a function exp(—t/z(Q)). 
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Q-dependent correlation time. Using r(Q), the Q-dependent effective diffusion coef-
ficient is defined by 

Deff(Q)= r 1(Q)/Q2(10) 

   In Fig. 13, the obtained Deff-1(Q) values are plotted as a function of Q, together 
with the static structure factors S(Q) also measured on IN11. For DPz87, Deff1(Q) 
shows a broad peak at Q,„=0.11A-1 being around the peak position of S(Q). This 
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strongly supports the argument that the electrostatic interactions between polyion 

segments are repulsive. For  DP536, however, Deff (Q) is almost independent of Q, 

especially for DP=9, which suggests that short polyions are in the dilute region and 

their diffusion obeys a simple diffusion theory; the influence' of the electrostatic 

interactions on the diffusion is negligible in this case. 
    To obtain the dilute-semidilute transition point, Deff( Q) was plotted as a function of 

DP at Q=0.114A-1= Qm. The results are shown in Fig. 14. For the high DP 
samples, Deff(Q) is almost independent of DP, which is predicted in the semidilute 

region. For the low DP samples, however, it increases rapidly with decreasing DP. 

The latter DP dependence was described by the translational diffusion of a prolate 

ellipsoid as a short fully extended polyion. From the crossover point of the former and 
the latter relations, we obtained the transition DP* from the dilute to the semidilute 

region. This DP* agrees very well with the dilute-semidilute crossover line Cs* in Fig. 

1 at C=76 g/l. 

    In conclusion we would like to emphasize that the phase-diagram in Fig. 1 is of 

great importance as a basis for study of both the static and dynamic structure of 

polyelectrolyte solutions. 
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Fig. 14. Molecular-weight dependence of the effective diffusion coefficient Deff(Q)  at Q=0.114A-1 15 
       Solid and dashed curves are the calculated results for a prolate ellipsoid and a sphere having 

        the same radius of gyration. 
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