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ABSTRACT The solubilities of sparingly water-soluble polyelectrolyte complexes, i.e., calcium polyacrylate 
(CaPAA) and the complex of poly(styrenesu1fonic acid) and poly(4-vinyl-N-pentylpyridinium base) 
(C5PVP-PSS), are measured in the presence of foreign salts,, such as NaC1, CaC1, sodium poly(ethylenesulfonate), 
the copolymer of dimethyldiallylammonium chloride and sulfur dioxide, and Polybrene. Mean activity 
coefficients and solubilities of the polyelectrolyte complexes are given theoretically from Manning's theory 
for polyelectrolyte solutions. An excellent agreement is obtained between the experimental and theoretical 
results for the solubility of CaPAA. For C5PVP.PSS, Manning's theory predicts, the solubilities satisfactorily, 
when counterion valencies smaller than the real values are taken. The influence of the counterion valency, 
charge density of macroions, and valency of foreign salt on the solubilities is discussed systematically. 

Introduction 
Polyelectrolyte complexes are groups of the complexa- 

tion products of two highly but oppositely charged poly- 
mers in aqueous media and are helpful for understanding 
biological systems. Intensive studies of their preparation, 
stability, and other basic properties have been reported.'-" 
However, thermodynamic understanding of the electro- 
static interactions between macrocations and their coun- 
terions in polyelectrolyte complex systems is not always 
satisfactory. Especially, thermodynamic parameters such 
as mean activity coefficients and solubilities have seldom 
been measured or discussed. 

Recently, many examples of successful predictions of 
Manning's limiting law21i22 lean toward thermodynamic 
parameters of polyelectrolyte solutions, i.e., osmotic 
c o e f f i ~ i e n t , ~ ~ v ~ ~ - ~ ~  mean activity ~ o e f f i c i e n t , 2 ~ ~ ~ ~ ~ ~  diffusion 
~oefficient,2+~l partial molal ~ o l u m e , ~ ~ * ~ ~  heat of dilu- 
ti0n,3*-~6 catalytic influences on interionic r e a c t i ~ n s , ~ ~ f ~  
heat of conformational transition of DNA,39 etc. 

In this work, we measured the solubilities of sparingly 
water-soluble polyelectrolyte complexes in the presence 
of foreign salts. The experimental results were compared 
with Manning's theory satisfactorily. 

Experimental Section 
Materials. Sodium polyacrylate (NaPAA, degree of polym- 

erization (DP) = 640) was a gift from Toa Gosei Chemical Co., 
Nagoya. An aqueous solution of NaPAA was passed through 
columns of a mixed bed of cation- and anion-exchange resins 
repeatedly in acid form. The calcium salt was obtained by 
neutralization of the acid with calcium hydroxide, which was 
purchased from Merck (G.R. grade). Sodium poly(styrene- 
sulfonate) (NaPSS, DP = 3000) was purchased from Polyscience, 
Inc., Warrington, PA. Poly(4-vinyl-N-pentylpyridinium bromide) 
(CSPVP) was prepared by heating 150 mL of n-pentyl bromide 
and 10.4 g of poly(4-vinylpyridine) (Polyscience, DP = 3000) in 
150 mL of nitromethane at  45 "C for 5 days. The solvent and 
the excess of n-pentyl bromide was eliminated by vacuum 
evaporation. The product was dissolved in ethanol and precip- 
itated in dioxane. A granular hygroscopic white powder was 
obtained by drying the precipitate in a vacuum (75% in yield). 
Further purification of the sample was carried out by dialysis 
against pure water. The degree of quaternization was 0.97 from 
elemental analysis and conductometric titration of Br- with 
AgN03. Anal. Calcd for n-CI2HI8NBr (256.2): C, 56.3; H, 7.1; 
N, 5.5; Br, 31.2. Found: C, 55.7; H, 7.0; N, 5.2; Br, 30.6. Po- 
lyelectrolyte complex C5PVP.PSS was obtained by adding C5PVP 
solution in NaPSS solution (200 mL, 5 X lo4 M) drop by drop 
for 5 h. The precipitate obtained was washed thoroughly with 
pure water and then dialyzed with pure water for 7 days. The 
wet precipitate thus obtained was used for solubility measure- 

ments. NaC1, CaCl,, KC1, and LiCl were used as guaranteed 
reagents. Sodium poly(ethylenesu1fonate) (NaPES, DP = 770) 
was kindly donated by the Hercules Powder Co., Wilmington, DE. 
Polybrene (1,5-dimethyl-1,5-diaaundecamethylene polymetho- 
bromide) is an ionen-type cationic polymer purchased from the 
Aldrich Chemical Co., Milwaukee, WI. Copolymer of di- 
methyldiallylammonium chloride and sulfur dioxide (DMCS) was 
a gift from Nitto Spinning Co., T ~ k y o . ~ , ~ ~  

Solubility Measurements. The solubility of CaPAA was 
determined as follows; 50 mL of salt solution and an excess amount 
of CaPAA powder were put into an ampule (capacity, 100 mL). 
Freezing followed by deairing, and resolution was repeated 4-5 
times before sealing. The ampules were heated a t  80-90 "C in 
a water bath for 3 h and then placed in a water bath regulated 
at 25 & 0.05 "C for at  least 14 days. During these periods, the 
ampules were moved back and forth with a lateral displacement 
of 1 cm at a frequency of 100 cycles-min-'. This motion was 
ascertained to be sufficient to attain equilibrium within 10 days. 
The equilibrium concentrations of calcium ions were determined 
by using a multichannel atomic absorption flame spectropho- 
tometer (Shimadzu, Kyoto, Model MAF-1). The absorption peak 
of Ca2+ was 422.7 nm. Concentrations of PAA component were 
determined conductometrically by using an autobatance precision 
bridge (Wayne Kerr, Bognor Regis, Sussex, Model B331, Mark 
11). The procedures for determining the solubility of C5PVP-PSS 
were similar to those for CaPAA, test tubes having a stopper were 
used instead of the ampules, and the deairing process was omitted. 
The equilibrium concentrations were determined with a precision 
spectrophotometer (Union Engineering, Hirakata, Model SM301). 
Samples were withdrawn through a polyethylene tubing (20 mm 
in length and 3 mm in diameter) plugged with cotton gauze to 
filter out coexisting precipitate. A wavelength of 258 nm (mo- 
lecular extinction coefficient = 3000) was used. Solubilities of 
CaPAA and C5PVP.PSS in pure water were 2.0 X lo4 M (base 
molality) and 3.5 X lod M (base molality), respectively, at 25 "C. 

Results 
Figure 1 shows the solubility of CaPAA in the presence 

of NaC1, KC1, or LiC1. The filled circles show the solu- 
bilities determined from the atomic absorption of Ca 
cations, and the other symbols show the solubilities from 
the conductometric titration of PAA anions. The polye- 
lectrolyte complex sample was solubilized with 1-1 type 
salts; the solubility increased 7-8 times in the presence of 
ca. 7 X low3 M salt. The counterion specificity of the salts 
was not observed when we take into account the relatively 
large experimental error in the experiments. Qualitatively 
speaking, the solubilization of CaPAA with 1-1 type salts 
supports the fact that the mean activity coefficient (7) of 
CaPAA decreased in the presence of the salt. The solid 
curve shows the theoretical evaluation of the solubility, 
which will be described later in detail. 
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Figure 1. Plots of solubility of CaPAA against the concentration 
of 1-1 type salts at 25 "C. (0) NaCl (from titration of PAA); (0) 
NaCl (from atomic absorption of Ca2+); (-) theory; 2% = 2; 2, 
= 640; Z3, = ZBa = 1; E = 2.85. 
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Figure 2. Plots of solubility of C5PVP.PSS against NaCl con- 
centration at 25 "C. (0) Observed; (-) theory; 2% = 20 (curve 
11, 30 (2), 40 (31, 50 (4); Zzp = 3000; Z,, = Z3, = 1; E = 2.85. 

Figures 2-4 show the solubilities of C5PVP.PSS in the 
presence of NaC1, CaC12, and macroions (NaPES, DMCS, 
and Polybrene), respectively. The solubility of C5PVP- 
PSS, which was determined spectrophotometrically, was 
3.5 X M (in monomer units) in pure water at 25 "C. 
Clearly, the polyelectrolyte complexes were solubilized 
greatly in the presence of salts, and the magnitude of the 
solubilization decreased as the valencies of the salts in- 
creased. 

Discussion 
The activity of a polyelectrolyte complex in saturated 

solution, a, is given by eq 1 in terms of the single-ion 
activities of the counterions (a2,) and macroions (a2p). 

a = a2t2pazpZa (1) 
Here, ZZg and ZPp are the valencies of counterions and 
macroions, respectively. The a values must be equal in 
the presence of the foreign salts and in their absence when 
there is saturation equilibrium. Then, eq 2 holds 

a = (S*y2* /Z2p)Zzr+Z~Z2gZ~Z2pa 

where S and y2 denote the solubility of the polyelectrolyte 
= ( s y 2 / z ~ p ) ~ ~ + ~ ~ z 2 , ~ * z ~ p ~ ~  (2) 

Figure 3. Plots of solubility of C5PW-PSS against CaC12 at 25 
"C. (0) Observed; (-1 theory; 22, = 30 (curve 1) ,35 (2),40 (3); 
Zzp = 3000; Z,, = 2, Z,, = 1; E = 2.85. 
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Figure 4. Plots of solubility of C5PVP.PSS against the con- 
centrations of NaPES (0) DMCS (X), and Polybrene (A) at 25 
"C. Theory: Z2 = 50 (curve l), 60 (2), 100 (3); ZZp = 3000, Z,, 
= 1; 2, = 500 (-), 50 (---). 

complex (equivalent per 1 kg of water) and its mean ac- 
tivity coefficient. The asterisk means the reference state 
in the absence of foreign salt. Equation 2 is simplified to 
eq 3. 

s/s* = Y2*/Y2 (3) 

According to Manning's theory,2122 a real polyelectrolyte 
chain is replaced by an infinite linear charge. When the 
charge density of a macroion is high, counterions condense 
on a macroion and lower its charge density. ,$ is the charge 
density parameter given by 

,$ = e2 /DkTb  (4) 

where D and e are the dielectric constant and the electronic 
charge. b is the distance between neighbouring charges 
on a macroion. When the valency of counterion is Z2,, 
counterions condense on a macroion to lower ,$ to Zgl. For 
f < Z2g1, no condensation of counterions occurs. 

For f 1  Z2g1, the mean activity coefficient of a polye- 
lectrolyte complex, y2 [y2za+z@ = y2gz*y2pza], is given as 
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In 7 2  = -[Z2pf-i/2Z2g(Z2g + Z2p)l In [Elm2 + GC + 
Z3a)m3I + [z2pFi/Z2g(z2g + G p ) I  In m2 - 

Z2pm2/2(Z~g + &p)E2Gg[Fimz + t z 3 c  + Z3a)md - 
[Zzp/(ZZg + Z2p)] In m2 + constant (5) 

Here, Zk and 2% denote the valencies of cation and anion 
of the foreign salt. m2 and m3 are the equivalent concen- 
trations of polyelectrolyte complex and foreign salt, re- 
spectively. 

For [ < Z2g-l, y2 is given by 

Z3a)m31 + Z2gm2/[Z2gm2 + (Z3c + Zaa)m3]) + constant 
(6) 

From eq 3, 5, and 6, the solubilities of polyelectrolyte 
complex, S (=m2),  are given as follows. 

f(S) = 
In (S /S* )  + [Z2p/2fZ2g(Z2g + Gp)1 In ([E’S* + 

1n Y2 = -[Z2gZzpF/2(Z2g + Zzp)1b [Z2,m2 + (Z3c + 

For E 1 Z2g1, 

+ 
z3,)m3*l/[E1S + & + Z3a)m31) - zpP(l - 

z,,t)/FZzg(Zzg + Z2p)I In @*/S)  + 
[z2p/2t2z2g(z2g + z2p)I(S*/[FiS* + ( z3c  + 2 3 a ) ~ * I  - 

S/[FIS + ( z3c  ZsJm3I) = 0 ( 7 )  

For f < Z2g1, 
f (S)  = In (S/S*)  + [Z2J2,f/2(Z2, + Z2p)l In WgS*  + 

t 4 c  + Z3a)m3*l/[Z~gS + ( z3c  + Z3a)m3ll + 
[22g222pt/2(22g + z 2 p ) I P * / [ z z g S *  + ( z 3 c  + Z3a)maI - 

S/[z2gS + ( z3c  + Zdm3II = 0 (8) 

where the asterisk denotes again the reference state. 
Equations 7 and 8 can be solved by the Newton-Raphson 
method (by computer analysis).42 

The solid curve in Figure 1 shows the calculated values 
of S for CaPAA from eq 7 .  5 was taken to be 2.85 (b  = 0.25 
nm). Z,, Z,, Z,, Zb, S*, and m3* were taken to be 2,640, 
1, 1, 2 X lo4 M, and 0 M, respectively. The agreement 
between the experiment and the theory is satisfactory. 

Theoretical prediction of the solubility of C5PVP.PSS 
is given by solid curves in Figures 2 and 3 in the presence 
of NaCl and CaC12, respectively. 5 was taken to be 2.85 
( b  = 0.25 nm). S* and m3* were 3.5 X 10” and 0 M, 
respectively. Zw was 3000, which corresponds to the degree 
of polymerization of PSS anions. The excellent agreement 
with the observation was obtained when the 2% value was 
taken to be 30 (with NaCI) or 35 (with CaC1,) instead of 
the real valency of C5PVP macrocations, i.e., 3000. This 
is ascribed to the fact that Manning’s theory does not hold 
for large values of ZZr However, it should be noted that 
the solubilization curves obtained experimentally are ex- 
plained beautifully by the theory. 

Figure 4 shows the comparison of the solubilities ob- 
served for C5PVP.PSS in the presence of anionic (NaPES) 
and cationic polyelectrolytes (DMCS and Polybrene) with 
the theory. The solid and broken curves are the theoretical 
values for NaPES addition, when the 2% values were taken 
to be 500 (real valency of PES macroanions) and 50, re- 
spectively. Curves 1-3 show the solubilities when Z2g 
values, i.e., valencies of C6PVP, were taken to be 50, 60, 
and 100, respectively. As is clear from the comparison of 
the crosses and broken curve 1 in the figure, satisfactory 
agreement between the experiment and the theory was 
obtained when both 2% and Z3, were taken to be 50. Z2g 
and 2% values smaller than the real values must be taken 
to get the excellent agreement. This is again ascribed to 
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Figure 5. Plots of solubility of polyelectrolyte complex estimated 
theoretically against the concentration of 1-1 type foreign salt. 
Influence of counterion valencies. Z, = 2 (curve l) ,  5 (2), 10 (31, 

m3 (equiv L-’ ) 

20 (4), 30 (5), 100 (6), loo0 (7); 2, = 1000, Zk = Z3, = 1; [ = 1.5; s* = 1 x 10-5 M. 
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Figure 6. Plots of solubility of 20-1000 type polyelectrolyte 
complex estimated theoretically against & Influence of charge 
density (5) of polyelectrolyte complex. Zz = 20; Z2, = 1000; Z3, 
= Z3, = 1; m3 = 1.01 X lo-’ M (curve l ) ,  f.18 X (2), 4.48 X 

the fact that the Debye screening parameter used in 
Manning’s theory is not adequate for the very large values 
of Z2, and Z3a. 

Next, we discuss the general features of the solubilities 
of polyelectrolyte complexes using the theoretical equations 
derived in this work. Influence of the valencies of the 
counterions of the polyelectrolyte complex on the solubility 
in the presence of 1-1 type foreign salt (NaC1, for example) 
is shown in Figure 5. m3 is the equivalent concentration 
of the foreign salt. Clearly, solubilization of the polye- 
lectrolyte complex is depressed significantly for the large 
Z2g values. This means that the electrostatic shielding 
effect of the 1-1 type foreign salt is not effective for the 
typical polyelectrolyte complexes, where both Z2, and Z2, 
are large. 

Figure 6 shows the solubility of the 20-1000 type po- 
lyelectrolyte complex in the presence of various amounts 
of 1-1 type foreign salt and the influence of the charge 
density parameter, f .  Discontinuity in the S-f curve 
corresponds to the f values where the relation of f = Z?;’ 
holds. This graph shows clearly that the solubilization 
effect by 1-1 type foreign salt becomes more significant 
as f increases in the regions of smaller than 0.4-0.6. 
However, the solubilization effect begins to be less sig- 
nificant as f increases for f values larger than ca. 1. Thus, 
the theory predicts that the polyelectrolyte complex having 
f values around 0.4-0.6 will be substantially solubilized by 

10-3 (31, 1.09 x 10-2 (4), 2.67 x 10-2 (5); s* = 1 x 10-5 M. 



Macromolecules 1988,21, 2747-2751 2747 

I I 

m3 (equiv L" ) 

Figure 7. Plots of solubility of 2-1000 type polyelectrolyte 
complex estimated theoretically against the concentration of 
foreign salt. Influence of valencies of anionic components of 
foreign salt. 2, = 2; 2 = loo0,Z3c = 1; 2, = 1 (curve I), 2 (21, 
3 (3)) 10 (4)) 30 (5), 10$(6), 300 (7), 1000 (8); = 1.5, S* = 1 X 

M. 

the foreign salt compared with the complex of = 2.85 (for 
typical vinyl-type macroions). 

The influence of the valency of the anionic component 
of the foreign salt on the solubility of 2-1000 type polye- 
lectrolyte complex is shown in Figure 7. Clearly, the 
foreign salts solubilize more effectively m the valency (Zd 
increases. This is explained reasonably by the fact that 
the electrostatic shielding effect of foreign salts of high 
valencies is substantial against the macrocation-ma- 
croanion attraction. It should be mentioned here that the 
use of Manning's theory will not be justified in the strict 
sense for the polyelectrolyte complex systems with high 
valencies of counterions because their conformations may 
deviate from an infinite line charge. 

NaPES, 25053-27-4; DMCS, 27577-32-8; 
NaPSS-CSPVP, 114943-71-4; NaCl, 7647-14-5; KCl, 7447-40-7; 
LiC1, 7447-41-8; polybrene, 28728-55-4. 
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Microdomains in Poly(4-methylpentene-1) Single Crystals 
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Pulp and Paper Research Institute of Canada, Department of Chemistry, McGill 
University, 3420 University Street, Montreal, PQ, Canada H3A 2A7. 
Received October 23, 1987 

ABSTRACT It is shown that in a given single crystal of poly(4-methylpentene-1) (P4MP1) polymorph I11 
there exist narrowly delimited microdomains that give rise to different electron diffraction patterns. These 
domains have the same crystallographic unit cell but opposite c axis (chain axis) orientation. Dark field electron 
microscope images show that the number, size, and shape of the microdomains vary from one crystal to another. 
The domain boundaries are usually perpendicular to one crystal edge. These effects are discussed in relation 
to twinning by merohedry. 

The presence of domains having different crystallo- 
graphic orientation is well-known in twinned polymer 
~ r y s t a l s . ~ ~  However, apart from this special case, polymer 

single crystals are generally considered to be structurally 
homogeneous. Here we report that single crystals of 
poly(4-methylpentene-1) (P4MP1) contain narrowly de- 
limited microdomains that give rise to different electron 
diffraction patterns. The location and shape of these 
domains have been precisely defined by diffraction con- * To whom correspondence should be addressed. 
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