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The charge-induced conformational transition of poly(n-L-glutamic acid) (PLGA) is considered in this paper from the point of view 
of proton dissociation. Equations for the excess electrostatic Gibbs energy of dissociation (i.e., ApK,) are derived as a function of 
the degree of ionization, a. These analytical equations are used to describe some experimental dissociation curves at different 
polymer and salt concentrations. The dependence of the calculated ApK, with respect to the ionic strength for the two 
conformational states, a-helical and extended coil, respectively, is rather satisfactorily explained. Even more interesting are the 
predictions which are derived from this approach for the transition point, a,, which is found to be ionic-strength dependent, in full 
agreement with the experimental results. 

1.Introduction 

The conformational stability of biopolymers is 
determined, besides intramolecular short-range in- 
teractions, by a wide number of physico-chemical 
parameter such as temperature, ionic strength and 
pH. In the case of weak polyacids, a change in pH 
may strongly influence the charge density of the 
(linear) polyion with dramatic alterations in the 
ensuing electrostatic interactions. As a final conse- 
quence, major conformational changes can take 
place, which are often very cooperative. Although 
in most physiological cases, the pH and ionic 
strength are well controlled, situations in which 
these parameters may reach extreme values cannot 
be considered as irrelevant. 

Correspondence address: S. Paoletti, Dipartimento di Bio- 
chimica, Biofisica e Chimica delle Macromolecole, Universita 
di Trieste, 34127 Trieste, Italy. 
* Part 3 of a series on Polyelectrolytic Aspects of Titration 

Curves; part 2 is ref. 21. 

The aim of this paper is to provide a quantita- 
tive description of the conformational transition 
in aqueous solution of a model biopolymer, viz., 
poly( n-L-glutamic acid) (PLGA), induced by 
changes in the pH value over the range from 
about pH 3.5 to neutrality [l-5]. The solution 
properties of PLGA have been studied quite ex- 
tensively for several decades and accurate experi- 
mental data on its conformational behaviour are 
available to test theoretical predictions. The latter 
will be derived from application of the counterion 
condensation theory of linear polyelectrolytes 
[6-g] which has recently been attracting increasing 
interest in the field of molecular biophysics in 
view of its successful predictions of biopolyelec- 
trolyte behaviour. The approach will be shown to 
be quite effective in the case of PLGA, leading 
one to optimism regarding further application to 
more ‘real’ systems like the weak polyacids of the 
extracellular matrix of both animal and vegetal 
tissues. 
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2. Theory 

2.1. Ionic free energy of a hear polyelectrolyte 

The counterion condensation theory [6-81 pro- 
vides the expression for the (total) ionic free en- 
ergy of an infinite linear array of charges in a 
solvent (continuum) of dielectric constant c. 
Central to the theory is the role of the linear 
charge density parameter, 6 (vide infra), and its 
relation to the instability condition 

IZ,ZJE’l (I) 

where ZP and Z, denote the numerical values of 
the charges on the ionic group on the polymer and 
the counterion, respectively. For the simplest case 
in which Z, = - Z, = - 1 (to which the whole of 
the following discussion will be limited), a fraction 
r of counter-ions, per mole of fixed charge, will 
‘condense’ around the polyanion whenever 4 > 1. 
The condensation volume, expressed per mole of 
fixed charge, is VP. The condensation condition is 
reached when b < I,, where b is the distance 
between the (evenly distributed) charges on the 
polymer axis and I, the Bjerrum length: 

la= Bz 
ck,T (2) 

with q being the value of the elementary charge, 
k, Boltzmann’s constant and T the absolyte tem- 
perature. For water at 298 K, I, = 7.134 A. 

It then follows that: 

5 = la/b (3) 

It is convenient therefore to separate the two 
cases : 

(i)5 d 1, 

the no-condensation condition, for which the still 
classical derivation [9] of the electrostatic free 
energy upon summation of the screened Coulomb 
potentials on a linear array gives: 

G ‘On = Gel= -npRT4(q,,)* ln(1 -e-“) (4) 

where n,, represents the number of polyion 
charges, qsc the number of electron charges which 

pertain to the structure of the polymer’s charged 
groups (in the present case, q,, = l), R = Nk, the 
gas constant, N Avogadro’s number, and k-’ (A) 
the Debye length defined by: 

k2 = 4?r( q2/‘<kBT)N(C+ + C_)/lO*’ 

where C, and C_ denote the (molar) concentra- 
tions of counterions and coions, respectively. For 
practical reasons it is convenient to define: 

k2 = hC,(l + 2R’) (5) 

where X = 47rl,N/102’, C,, represents the 
equivalent concentration of polymer in the volume 
V (CP = n ,/I’), C, the molar concentration of 
supporting 1 : 1 electrolyte and R’ = CJC,. 

(ii)6 1 1 

in which counterion condensation takes place to 
an extent given by 

r=l_t-’ (6) 

which derives from a free energy minimisation 
condition [lo]. For this case: 

Gi” = Ge’ + GmiX 

The electrostatic term is 

G”’ = -npRT(q,,,)‘k ln(l - eWkb) 

where 

(7) 

qerr= qsl(l -r> (8) 

is the ‘effective’ number of electron charges on 
each structural polymer charged group. 

G mix includes the (de)mixing contributions of 
the condensed (‘bound’, b) and uncondensed 
(‘free’, f) counterions, coions (c) and solvent (solv) 

G m~=GC+Gf+Gs+G=rv (9) 

Gb = n,RTr ln{ r/V&,(1 + R’)) (9a) 

G’ = n,RT( R’ + 1 - r) 

Xln{ (1 - r + R’)/(l - V&,)(1 + R’)) 

(9b) 

G” = n,RTR’ In{ l/(1 - VPC,)) 

G SOrV = n,RTr 

(9c) 

(9d) 
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Upon insertion of the minimisation condition (eq. 
6) into eqs. 7 and 9, one obtains: 

G io” = n,RT [ - l/t ln(l - e-“) 

+(I - l/E) ln{(l - l/S)/v,C,(l + R’)) 

+(R’+ l/5) 

Xln{(R’+ l/&)/(1 - V$,)(R’+ l)} 

+R’ ln{l/(l - V&)) + (1 - l/c)] 

(10) 

Moreover, 

5% 

1+z 
= t1 _ e-kb)2(1 _ 1,5)e ( 2(1-e-? @R’:+l) 1 

R’ + l/c 

(11) 

In the case of a (weak) polyacid at a molar con- 
centration of repeating unit of C,, eqs. 4 and 10 
can be rewritten for 6 zz 1 as 

G Ion = Ge’ = -mz,RTt ln(1 - ePkb) 02) 

and for 5 > 1 as 

G i0n = RT -I/.$ ln(l - eekb) 

I 

+(a- l/5) In 
Or--l/[ 

V&(e + R) 

+(R+l/E)ln(l_~S~~~+., 

+R’ln( l_;CP) +a-l/6] (13) 

where a denotes the degree of dissociation of the 
acidic groups and obviously CP = aC,,,; R = CJC, 
= R’fa. 

2.2, Ionic free energy of dissociation of a (weak) 

polyacid 

Let us now consider the process of dissociation 
of a linear polyelectrolyte made of structurally 

identical weak acidic groups, having an ‘intrinsic’ 
dissociation constant K”. In the absence of abrupt 
conformational changes of the chain, the apparent 
pK, pK,, of the polyacid is a monotonically in- 
creasing function of b: 

p&(a) = pH + log(1 - cx),‘e = pKO f ApK“-‘“(cy) 

(14) 

where ApK ion(a) is the increase in pK, due to the 
rise in polyelectrolytic electrostatic potential on 
increasing (Y. 

The counterion condensation theory can give 
an expression for A pi io” ( (Y) 

2_303RTApK“‘“( a) = W’““/4 = GiP”(a) aar dms 

recalling that 

[((Y) = ai= 1,/b(a) = I,/& (15) 

where, in the case of the fully ionised polyacid 
((Y = l), i and b designate the dimensionless 
charge density parameter and the distance be- 
tween charges, respectively. 

For 6 < 1, the LY derivative of eq. 4 gives: 

G&(a) = -RT& 2 ln(l - e-kb) 
I 

kb 

i 

(Y 
+--- 

ekb-l 2(2R+a) -’ )I (16) 
The derivation of GA2 for < > 1 requires some 

comment. First, one must recognise r as being a 
variable which is independent of (Y, then one 
should obtain the a derivative of both eqs. 7 and 
9, and eventually substitute for r the minimisation 
condition (eq. 6). This procedure led to consistent 
results, in both the original derivation of G’“” [ll], 
and those of the temperature derivative, AH“‘” 
[12], and pressure derivative, AViD” [13]. Second, 
VP must be regarded as a physical parameter of 
the system, functionally independent of cr (as well 
as of r, T, P.. .), although its numerical value at 
equilibrium will depend on cy (as well as on r, T, 
P . . . ). Therefore, eqs. 6 and 11 on insertion into 
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the a derivatives of eqs. 7 and 9a-d yield: 

G’?” = G”! _ G@ 
dm dm dlss 

= -RT(l/&) 
[ 
2 ln(1 - .Fkb) 

kb 1 1 
t- 

ekb- 1 2(2Ri+l) -* 

+RT 

i 

_ 

(1 - l/at) ln a - 1” 
k&JR + a) 

I 

(17) 

Analytical results obtained through using eqs. 
16 and 17 have been recently reported (without 
discussion) for the case of polyuronates (car- 
boxylic polysaccharides) [ll], although in the study 
concerned more attention was given to the en- 
thalpic aspect of proton dissociation. The numeri- 
cal results from application of eqs. 16 and 17 in 
the cases of two polyacids (fig: 1) with correspond- 
ing values of 6 = 1.5 and 3.4 A are reported in fig. 
2, for C, = 0 and C, = 0.2 M, respectively. A gen- 
eral feature of the curves is that they are markedly 
influenced by the salt concentration and show a 
rapid increment in their initial part. 

All curves are continuous functions of a, how- 
ever, a discontinuity is shown in the slope for 
critical values (0~~) corresponding to 4 = 1. Beyond 
ac the change in slope of the GgS:( a) curve is less 
marked; the behaviour is reminiscent of that of 
the ApK,(a) functions given in ref. 14. In that 
study, a thorough analysis was reported for the 
titration curve of the weak-acid polyelectrolytes 
based on the countetion condensation theory. Dif- 
ferent expressions were given for the two a inter- 
vals, i.e. a i a, and a ) a,, respectively, and for 
the various degrees of sophistication of the model. 
In all cases, the slope of the ApK(a) plot was 
much gentler for a > a, than that for a ‘: a,. 

The complexity of the analytical form of eqs. 
16 and 17 can be reduced at first if one con- 

centrates on the case of excess salt (i.e., R B l), 
for which one obtains for F. < 1: 

lim G’?” 
c/G,- co 

dm 

= -RT& 2 In(l - emkb) - ._f_ 1 
[ I 

(18) 

with 

lim 
G/G - m 

k2 = 2ARC,,, = 2XCS 

and for [ 1 1: 

(19) 

lim (ypn 

C,/G + m 
dlss 

= RT [ I/& ln(1 - eLk”)2 + kb/( ekb - 1) 

+ (1 - l/at) ln{ l/(1 - e-“)*} + 1 - l/ail 

= RT [ -ln(l - ePkb )’ + kb,‘( e-kb - 1)] (20) 

where k2 = 2 XC, and 

cJFli+ o. V& = (1 - e-““)‘( a - 1/6)/R’ (21) 

For large < values, kb c 1 and linearization of 
the exponentials in eq. 20 leads further to: 

lim G& = RT( -1n k2b2 + 1) 
kb-+0 

(22) 

Eqs. 18 and 22 compare well with eqs. 63 and 
60 of ref. 14. In that paper, a detailed theory of 
the titration curve is described which models pro- 
tons as site-bound counterions, and metal counter- 
ions as territorially bound. The realistic descrip- 
tion of the pH-titration curve, free of adjustable 
parameters [14], has in fact prompted us to extend 
the approach to the changes in enthalpy of proton 
dissociation [12]. Eq. 18 of the present paper is 
identical to eq. 63 of ref. 14, when one takes into 
account the conversion from G$g to (pK, - pK,), 
with the definition of A being recalled [14] 

A2 = 2h( 1,)2 (23) 

However, a finite difference, albeit small, between 
eq. 22 and eq. 60 of ref. 14 is evident. The latter, 
in the present notation, would read: 

Gip: = RT[ -In k2b2 + 1 - l/c&] (24) 
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The difference is also evident on consideration of 
the fact that the common value_ of eq. 18 and eq. 
63 of ref. 14 for [ = 1 (a, = l/E) reads: 

,lirr, G,$ = RT( - ai In k2b2 + 1) 

= RT( -In k’b: + 1) (25) 

for kb -K 1 and b, = b/a,, which is also the value 
of eq. 22 for b = b,. The source of the difference in 
the values of G&?: between the predictions of eq. 
22 and eq. 60 of ref. 14, which is equal to 
(- l/&)RT units, remains to be elucidated. A 
possible cause of this discrepancy might be tenta- 
tively traced back to the differentiation of eq. 55 
of ref. 14, which implied differentiation of I$_‘( 0,) 
with respect to t9n, however using for Vd(t9,) the 
value stemming from the (still-to-be-made) 
rninimisation procedure. In the present notation, 
VA((?,) has been simply called I$ and 8, is the 
subfraction of r pertaining to site-bound protons. 
As already stated, VP is regarded here as being a 
physical parameter and therefore has not been 
subjected to differentiation. 

3. Results and discussion 

3.1. Biphasic potentiometric titration curves of 
poly(a-L-glutamic acid) 

PLGA is one of the most extensively studied 
examples [15] of weak polyacids undergoing a 
pH-induced conformational transition. Evidence 
has consistently been accumulated to suggest that, 
at low pH, PLGA adopts an a-helical conforma- 
tion (fig. l), for which the average distance be- 
tween the projections of COOH groups on the 
helical axis is [16,17] 

b, = 1.5 A 

and at higher pH the conformation is that of an 
extended coil (fig. l), in which the projected dis- 
tance between COOH groups is 

bC=3.4A 

The above values have been used to calculate 
numerically the data pertaining to the curves of 

i.61 
-r- 

-i 

3.5A 

---t-. 

Fig. 1. Schematic structure of the a-helical and ‘random’ 
extended conformations of poly(a-L-glutamic acid). 

fig. 2, in which the continuous lines and broken 
lines describe the counterion condensation theo- 
retical dpK(a) behaviour of an all-helical and an 
all-extended conformation of PLGA, respectively. 

Experimental titration curves for PLGA have 
been reported by many authors [l--5], with minor 
differences probably being due to the different 
experimental conditions. All experimental pK,( a) 
curves are distinctively biphasic, i.e., they show 
two quasi-linear parts on both the low and high 

s- 

______-- 

0.2 a4 0.11 

a 
Fig. 2. Dependence of the electrostatic part of the dissociation 
constant as a function of the degree. of ionization II, calculated 
for the two limiting conformations ((h(- - - - - -) and 4 -N 
drawn in fig. 1: (a) water; (b) 0.2 M aqueous salt solution, 

polymer concentration 0.0001 M. 
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sides, connected by a flat region which expands 
about over 0.2 ar units. Increasing polymer con- 
centration and/or ionic strength reduces both the 
absolute values of pK,(a) and the slopes of the 
pK,(a) curves: moreover, they widen the flat in- 
termediate portion of the curves and shift it to- 
ward higher cy values. 

All of the available experimental results, except 
for those of McDiarmid and Doty [3], show at 
very low a (a Q 0.2) the typical pK, trend due to 

pH-induced aggregation of the partially proto- 
nated a-helical form. This phenomenon has pre- 
vented the unambiguous extrapolation of OK, 
curves to (r = 0 in order to obtain the intrinsic 
pKO value. Many authors have dealt with this 
calculation [2], particularly in relation to the scope 
of obtaining the transition Gibbs energy PG,,, 
which will be discussed below. 

From the literature results, pK” can be re- 
garded as being modestly dependent on ionic 
strength and biopolymer conformation. For the 
present comparison of theoretical results and ex- 
perimental data, the pK” value has been taken as 
an adjustable parameter. Fig. 2a reports the full 
theoretical titration curves along with the experi- 
mental data for the sample case of C,,, = 0.000X 
and C, = 0.02 M. A difference in pK” values 
between the helix and coil forms, ApK”, of about 
0.24 units results in optimisation of the fit be- 
tween theory and experiment. Similar operations 
were carried out for the respective cases C, = 0.005 
and C, = 0.2 M, with C, = 0.0001 M in every case. 
The fitted values of pK” are listed in table 1; from 
inspection of the data, one can conclude that the 
pk? may well be dependent on both C, and 
conformation in agreement with literature findings 
but that the degree of dependence is not marked. 
It is not possible, at present, to attribute this 
either to a real change in the pK” of the un- 

Table 1 

Intrinsic pKO values for the helix and coil forms 

PKO 

l-0.005M I = 0.02 M I= 0.2 M 

H&x 3.90 3.96 4.20 
Coil 4.20 4.20 4.30 

I- 
a 

’ b 

t 

Fig. 3. Comparison of experimental and theoretical data of 
pK, of poly(or-L-glutamic acid): (a) full theoretical curves and 
experimental data (C, = 0.02 M); (b) in NaCI at 0.005 M (o), 
0.02 M (0) and 0.2 M (0). Experimental data taken from ref. 
2. Theoretical lines were calculated for the a-helical (- - - - - -) 

and extended (- ) conformations, respectively. 

charged chain (e.g., by improper calibration proce- 
dures neglecting effects of C, on the activity coef- 
ficient of simple electrolytes) or to a change in the 
value of the non-ionic free energy of transition or 
both. Fig. 3b depicts an overall comparison be- 
tween theory and experiments for the three cases. 

The agreement between theory and experiment 
appears rather encouraging, especially as concerns 
the influence of the conformational state and ionic 
strength on the pK, values. A very interesting 
feature which emerges from inspection of fig. 3b is 
that the flat intermediate portion of the titration 
plot, which is currently believed to correspond to 
the a-helix + coil transition, ranges over a values 
corresponding to .$ > 1, for both the helical form 
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((u, = l/g = 0.21) and the extended coil (ar, = l/g 
= 0.5). 

3.2. EIectrostatic contribution to the free energy of 
transition of poIy(a-L-glutamic acid) 

So far we have only dealt with a procedure for 
merely describing the experimental pK,(ar) curve 
of PLGA in the regions of either single conforma- 
tion. A further step can be made by considering 
the total free energy difference (AG’) of the two 
different conformations of PLGA: 

AG;,,(a) =AGh”l,.(a) +AGp?FtiC 

where 

(26) 

AGp_= = G?(a) - G?(a) 

AG ~~~dc=Gc(a=O)-GG,(a=O) 

(274 

(27b) 

The values of G,‘““(a) and G$“( a) are given by 
the counterion condensation theory through eqs. 
11 and 12 for 6 s 1 and E > 1, respectively, ex- 
pressed per mol repeating unit: 

Gio”(a) = G-/n, (28) 

AG ~!$‘ic is the contribution to the free energy 
difference between the two conformations which 
includes all sources of interactions different from 
those that are purely electrostatic. By virtue of the 
manner in which it is computed from the experi- 
mental pH-titration data, it is in fact pertinent 
only to the uncharged state (ar = 0). At least as a 
first approximation, however, the reasonable as- 
sumption can be made that AGp?PtiC is not de- 
pendent on u, so that eq. 26, although not rigor- 
ous, can be used over the whole range of a. The 
experimental AGr?-Ftic values show a slight or 
moderate dependence on the ionic strength, Z, 
which indicates that the above assumption is in- 
deed an oversimplification, however,the magni- 
tude of their dependence is small [1,2]. In fig. 4 the 
dependence on cy of G$” and G$‘” is demon- 
strated for PLGA at two different values of Z 
using the above procedure and an average value of 
AG,“oT”‘f _ 320 cal/mol [2]. An interesting ob- 
servation from the data in fig. 4 is that the value 
of (Y at which the two free-energy curves intersect, 

a 
Fig. 4. Theoretical electrostatic free-energy change (Gim(a)) as 
a function of the degree of ionization 0: for the two limiting 
conformations ((h(- - - - - -) and c(- )) drawn in fig. 1: (a) 
water, (b) 0.2 M aqueous salt solution. (8) AG,“OqFtic (see 

text). 

atr, is uniquely determined by the (Y dependence 
of the Gion functions and by the experimentally 
determined values of b,, b, and AG,““fEtiC. No 
adjustable parameter, therefore, is needed for the 
analytical description of the transition of PLGA 
induced by a change in a. The initial result of the 
procedure is that the dependence of ‘Y,, on I is 
then predicted in a straightforward manner, and 
the trend in its behaviour is in good agreement 
with that observed experimentally. 

The rr dependence of the GiO” functions for the 
two conformational forms clearly justifies the 
common assertion that the transition from the 
a-helical to coil form occurs when electrostatic 
repulsion overcomes attractive interactions. The 
counterion condensation theory thus enables one 
to perform a simple calculation of the excess 
Gibbs energy of electrostatic nature which ren- 
ders, at a given charge density, the compact a- 
helical form unstable with respect to the more 
extended conformation. 

Moreover, if one again resorts to the literature 
for a description of two-state cooperative transi- 
tions [15], then one can express the fractions of 
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a 
Fig. 5. Dependence of the fraction of helical conformation, X,, 
as a function of the degree of ionization in aqueous salt 
solution. Data calculated &cording to eq. 29 with the experi- 
mental conditions of fig. 3 (b, 0.005 M; c, 0.02 M; d, 0.2 M), 

and in water (a). 

a-helical and extended conformations within the 
Boltzmann statistics: 

1 -&(a) Xc(“) 
&(a) = 1 -X,(a) 

= e(-NACk&W.‘W 

(29) 

where N is the size of the cooperative unit. The 
results obtained for the calculation of X,,(u) are 
reported in fig. 5 for various values of I, using a 
value of N. = 20 [18]. 

The incremental change in atr with respect to 
the ionic strength is in agreement with the experi- 
mental results, showing that the effects of the 
ionic strength on the electrostatic contribution to 
the transition process are satisfactorily described. 
Furthermore, from the data of fig. 5, it is interest- 
ing to note that the apparently increasing broad- 
ness of the transition curves (i.e., X, vs. a) with 
rising ionic strength is a direct result of the poly- 
electrolytic approach. 

4. Conclusions 

A rather complete description of the pH-in- 
duced transition of PLGA has been achieved. In 

the first instance, a reasonable description of the 
pK,(cx) curve for the two conformational states of 
PLGA has been given. This ensures that both the 
theoretical description of the a-dependent electro- 
static free energy (from counterion condensation 
theory) and the choice of structural parameters b 
(from experimental data) are fairly correct. Fur- 
thermore, it has been shown that, in addition to 
describing the experimental pK,(a) curves, one 
can predict the effect of ionic strength on the 
pH-induced transition, with the aid of the counter- 
ion condensation theory and of independent ex- 
perimental parameters. 

However, one should bear in mind the Limita- 
tions of this approach. To mention a few exam- 
ples, one might start questioning the use of pK” 
as an adjustable parameter, and then argue as to 
the validity of a rigid wnformational model being 
assumed for both helical and extended coil forms 
upon change in a. The independence of AGrYSv 
and that of the size of the cooperative unit, N, 
from both a and I are also certainly oversimplifi- 
cations. In fact, the final results indicate that 
improvements to the approach are not only possi- 
ble, but also desirable. In particular, one can 
resort to theoretical treatments which describe the 
pK, curves of the weakly ionizable polyacids more 
closely. Attempts in this direction have been un- 
doubtedly successful but with enormous sacrifice 
in simplicity and/or independence of adjustable 
parameters [19,20]. 

Nonetheless, a more realistic view of the poly- 
electrolyte model described in this paper is worthy 
of consideration. One concerns the rather drastic 
assumption made in the present model of the 
absence of any statistical distribution of charged 
groups along the real chain [21]. On the other 
hand, one might even partially sacrifice the dogma 
of ‘experiment first’, recalling that the so-called 
‘experimental parameters’, such as b, AGp!-y 
or N, do not originate solely from the experiment, 
but result from a model interpretation as well. If 
so, one might even improve its ability to describe 
the system by fitting the true experimental data 
(i.e., pH) with the analytical expression derived 
from the wunterion condensation theory, with 
modest adjustments to those parameters. 
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Symbol Meatling Symbol Meaning 

b 

3 
C+ 
C- 
Gl 
CP 
c, 
1, 
k 

k, 
nP 
N 

PK, 
PK’ 

average distance between charges projected onto 
the polymer axis 

average distance between structural groups 
molar concentration of counterions 
molar concentration of coions 
molar concentration of polymer repeat units 
molar concentration of polymer charged groups 
molar concentration of univalent added salt 
Bjerrum length 
Debye length 
Boltzmann’s constant 
number of polyion charges 
Avogadro’s number 
apparent dissociation constant 
intrinsic dissociation constant 

fraction of condensed counterions 
gas constant 

salt/polymer charge ratio ( = C,/C, = R’/a) 
salt/polymer concentration ratio ( = C,/C,) 
temperature 

counter-ion condensation volume 
degree of dissociation 
degree of neutralization 
critical value of Q for I - 1 
value of a at the midpoint of the helix-coil 
transition 
fraction of site-bound protons 
charge density parameter 
structural charge density parameter 


