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with the data obtained from (VA,), and (V,A,), and 
possibly (VA),. 

This polar pleated sheet structure has already been 
described, however, without reference to the original work 
of Pauling and Corey, for a sheet structure called “PDL” 
obtained on a low molecular weight sample of (y-benzyl- 
D,L-glutamate),.8 This PDL conformation was suggested 
on the basis of a value of the chain repeat unit c between 
0.52 and 0.56 nm estimated from X-ray and density 
measurements. 

The proposal of the polar pleated sheet structure for 
(VA,),, (V2A2),, and (y-benzyl-D,L-glutamate),, however, 
raises questions concerning the positions of the infrared 
absorption bands. Indeed, the spectra are very similar to 
those found for the usual cross-P structures of the pleated 
sheet type with an antiparallel arrangement of the chains 
for all-L polypeptides, although the conformational states 
of the residues are very different in the two structures. 
Theoretical analysis may help to elucidate this question. 
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Expansion of Long Polyions in Simple Salt Solutions 
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ABSTRACT: Using simple theoretical arguments, the results of Monte Carlo work on off-lattice chains with 
excluded volume, and published light scattering data of polyion expansion in the dilute regime, it is found 
that for degrees of polymerization N k lo3, the electrostatic expansion factor a, obeys a general asymptotic 
relation of the form ag = f(l,X*)Ng(bx*), where 5 and x* are natural parameters describing the polyion charge 
density and salt-screening effects, respectively. In contradiction to existing theories that predict g([,x*) = 
const z l/lo, the behavior of g and f is found to be very complex. There is evidence that for E > 1, both f 
and g become independent of 5 as may be predicted by Manning’s limiting laws for polyelectrolytes. 

Introduction 
A rigorous ab initio treatment of the expansion of po- 

lyion chains in salt solution amounts to dealing with a 
system of N particles, interacting via screened electrostatic 
interactions and subject to the constraint of being con- 
nected into a chain. Due to these three aspects the 
problem is extremely difficult to handle and no satisfactory 
solution exists to date. Quite recently, the problem has 
been attacked by Richmond1 and Bailey,2 who used a 
Gaussian chain model and the self-consistent field (SCF) 
approach introduced by Edwards3 and subsequently dis- 
cussed, refined, and extended by de G e n n e ~ , ~  re is^,^ and 
Yamakawa,6-8 as well as by Odijk and Houwaartg and 
Fixman and Skolnick,lo who adopted a wormlike model 
for the polyion and studied the electrostatic excluded- 
volume effect, explicitly taking into consideration local 
chain stiffening. In this work we adopt a completely 
different approach. We avoid mathematical complexities 
as far as possible and try to understand the basic features 
of the problem, using a combination of general theoretical 
arguments, our present state of knowledge of the exclud- 
ed-volume problem in general, and last but not least a 
rather extensive analysis of available experimental data 
of polyion expansion. I t  is our opinion that, due to the 
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complexity of the problem at  hand, real progress toward 
a quantitative theory cannot be achieved unless a t  least 
the qualitative aspects are understood and taken into 
consideration. 

Apart from its attractiveness per se, the polyion ex- 
pansion problem can serve as a particularly convenient 
model for the excluded-volume problem in general, since 
in this case the relevant monomer-mdhomer interactions 
are well-defined and may be generally described in terms 
of a few natural parameters. It is therefore hoped that ita 
study will also contribute toward a better understanding 
of the excluded-volume effect of real polymers in solution. 

Electrostatic Expansion Factor 
Consider a chain of N monovalent charged sites joined 

by N - 1 bonds of length a immersed in a 1:l electrolyte 
solution with n ions per unit volume and a dielectric 
constant t at temperature 2’. Introducing the mean-square 
radius of gyration7 

where Rij denotes the distance between sites i and j ,  we 
characterize the expansion of the chain due to the elec- 
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trostatic forces” by means of the expansion factor 

a, = ( ( S 2 ) / ( S 2 ) 0 ) 1 / 2  (2) 

(S2)o = ( a 2 / 6 ) N  (3) 
where 

is the form obtained in the absence of any interaction 
among the monomers. Now the averages (R$) on the 
right-hand side of eq 1 are given by 
(Rif) = Sfii;’ d&;S ...S P(di ...fiN) s[fiij - ( f i i  - A;)] dfil...dfiN 

(4) 
where P(fii ...ad, the probability density for the chain 
configuration {R,. ..RN), obeys7 

P(& ... E N )  = Z-’Po(fii...fiN) exp[-(P/2) C W(Ri;)] 
i j  

i # j  

Z = s...sPo(fii...fi~) exp[-(P/2) W(Ri;)] dfii ... ddN 
11 

i # j  

(5) 
Ri; = I f i i  - fijl 

Po(81, ...,fiN, N,a) is the configurational probability density 
in the absence of interactions. I t  is well approximated by 
a multivariate Guassian form.7 

W(Rij) denotes the effective interaction (potential of 
mean force) between monomers i and j when all positions 
of the counterions and coions are canonically averaged with 
the chain configuration fixed. Quite generally one expects 
that W(Rij) has the form 
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mined from the chemical structure of the chain and A) is 
smaller than 1, all small ions form a diffuse cloud around 
the macroion and are treated in the Debye-Huckel ap- 
proximation. When t > 1, a fraction (1 - 5’) of the 
counterions “condenses” on the chain and reduces the 
structural value t to the effective value teff = 1. The rest 
of the small ions are again treated in Debye-Huckel ap- 
proximation. Application of these concepts to relation (7) 
leads to 

asu  = ff,(N,F,x) ( 5  < 1) (8) 

agC = 4 N , x c )  (5  > 1) (9) 

and 

where x = Ka and xc = K X .  In other words if Manning’s 
basic concepts mentioned above are valid for polyion ex- 
pansion too, one should find that in the case of highly 
charged polyions ( 5  > 1) the expansion factor a, (or 
equivalently the radius of gyration) is independent of [, 
and screening effects are characterized by the same pa-  
rameter xc = K X  for  all high charge density chains. 
Manning’s theory is of the limiting-law type; therefore this 
behavior should be observed exactly a t  limiting and ap- 
proximately at moderate ionic strengths. Since we are 
primarily interested in long polymers, we now have to 
establish the form eq 7 takes in the region of large N .  
Analysis of the work done to date on the so-called ex- 
cluded-volume problem clearly indicates two possibilities. 
The first is 

a, = f( t ,x*)N” (10) 

where v is a constant close to the Flory value l/lo. This 
form is suggested by Flory’s well-known t h e ~ r y , ~ J ~ J ~  the 
general SCF approach3J6 and extensive numerical work on 
the self-avoiding walk (SAW) problem on lattices using 
direct enumeration,’’ and Monte Carlo’*J9 techniques. 
Finally eq 10 is also suggested by the exact renormalization 
group (RG) treatment of the SAW-lattice problem by de 
Gennes.20 In fact, if (10) applies to our problem, v is known 
very precisely. According to the refined RG calculation 
of le Guillou and Zinn-JustinZ1 it has the value 0.088 f 
0.001! For large N ,  Flory’s classical result7J4 takes the form 

a, - 2115 (11) 
where z is the so-called excluded-volume parameter 

W(R,) = - e2 
.- cp( K* Rij) CRij 

e2 
K~ = 87r- ckBTns 

where n, is the salt concentration, K is the well-known 
Debye-Huckel parameter, d is the range of ionic hard-core 
repulsion, and (K* ) - ’  is the effective screening length. 
(P(K*R~~) describes the modification of the Coulombic in- 
teraction due to the screening effects of the mobile ions, 
and $ ( ~ d )  the modification of the Debye-Huckel parameter 
due to hard-core effects (ionic size) that are expected to 
become significant at higher salt concentrations. For K - 
0 one obtains the well-known exact limiting results K* = 
K and $ ( x )  = exp(-x) of the Debye-Huckel theory. 

Now mere inspection of eq 6-1 reveals that the expan- 
sion factor a, can only depend on N ,  a ,  K * ,  and the Bjerrum 
length X = e2/tkBT. Recalling that a, is by definition 
dimensionless, simple dimensional reasoning leads us to 
the general form 

a, = a,(N,X/a,K*a) = cy,(N,t,x*) (7 )  
It is seen that the expansion is most conveniently described 
in terms of the natural parameters N ,  [, and x*. The 
so-called charge density parameter t is the fundamental 
parameter of Manning’s theory12J3 for colligative properties 
of polyelectrolyte solutions and x* is the relevant measure 
of solvent screening effects in the case of a polyion which 
is a system of charges connected into a chain. 

Exactly the same type of argument applies also in the 
case of the end-to-end distance expansion factor aR7 and 
leads to a relation analogous to ( 7 ) .  

Let us now recall some of the basic features of Manning’s 
limiting theory for colligative properties. When t (deter- 

and y is the “excluded volume” (binary cluster integral).7 
Now all four treatments of the electrostatic excluded 
volume mentioned above (ref 1,2,9,  and 10) yield results 
of the Flory type (described by eq 11 and 12), which is a 
special case of eq 10. They share in common the W/l0 
dependence and the use of Debye-Huckel potentials to 
calculate y. However, Richmond’ and Bailey2 calculate 
y for point particles, while Odijk and Houwaartg and 
Fixman and Skolnick’O consider local chain stiffening ex- 
plicity and calculate y for rods of length = persistence 
length after determining the latter as a function of K and 
X by elasticity arguments plus Debye-Huckel approxi- 
mation. We now introduce the second possibility, namely 

a, = f(t,x*)Ng(Esx*) (13) 
i.e., now both the prefactor and the exponent depend on 
the parameters determining the interactions among the 
monomers. Theoretical justification for such a type of 
relation stems from Monte Carlo studies of Smith and 
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Figure 1. Radius of gyration RG as a function of the degree of 
ionization i (i - 5 ) .  Data of ref 27, NaPAA in 0.1 M NaC1, mol 
wt 4.8 x lo5; assumed dependence: i, = 0.351 corresponds to 5 
= 1. 

Flemming22 and FlemmingeZ3 These authors studied the 
configurations of chains of hard spheres (diameter d ,  bond 
length a)  in real space (i.e., not on lattices). They find that 
the expansion coefficients obey power laws with respect 
to N ,  but both the exponent and the prefactor depend on  
the ratio d / a  (i.e., on the interactions). Since the polymer 
model studied in this work represents a real polymer much 
better than the SAW-lattice model or the Flory “monomer 
cloud” model we feel that relation 13 should be discussed 
on an equal footing with (10) although its analytical jus- 
tification is not possible yet. However, the physical 
meaning of a relation of type 13 is quite clear. The ex- 
pansion of any long albeit finite polymer may be thought 
to involve two basic mechanisms: (a) local chain stiffening 
(caused by the interactions of monomers with small “chain 
distance”, Le., distance along the chain) and (b) 
“excluded-volume effect” (caused by the interactions of 
monomers with large chain distance). Mechanism a causes 
“renormalization” of the bond length a expressed by the 
prefactor f in eq 13 while b causes a “renormalization” of 
the Gaussian exponent expressed by g. However, a and 
b work in opposite directions; i.e., very stiff chains have 
small excluded-volume effects and vice versa. Therefore 
i f f  is a function of the interaction parameters, g should 
be a function of them too and this is expressed in (13). 

Analysis of Experimental  Data 
In order to check the simple ideas developed above one 

obviously has to analyze experimental data of the expan- 
sion of long polyions of varying charge density in a wide 
range of ionic strengths. However, a survey of published 
work indicates that this is not as straightforward as one 
may think simply because until now, no experiment has 
been specifically designed to examine the aspects we are 
interested in. Very often the number of experimental 
points is too small to draw graphs of reasonable precision 
and care must be taken to ensure that only data of dilute 
solutions are used since, due to the relatively high ex- 
pansions involved, chain overlap may occur. A solution 
may be called dilute whenever the polymer concentration 
c p  does not exceed the threshold 

C* = M / R G ~  (14) 

where RG = (S2)1~2 denotes the measured radius of gyra- 
tion and M the molecular weight of the sample. It is 
knowna that interesting crossover phenomena occur upon 
going from the dilute (cp C c*) to the semidilute (cp 2 c*) 
regime, which, in the case of polyions, have been recently 
discussed theoretically by Odijk.25 However, we have to 
avoid such effects because we are interested in isolated 
chain behavior. ?$.pically cp is of the order g . ~ m - ~  and 
the experiments suggest that long-chain behavior is well 
established for N > lo3. Therefore only data conforming 
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Figure 2. Molecular weight dependence of the radius of gyration 
at different ionic strengths. Data of ref 28 (NaF’SS-NaC1). Salt 
concentrations: (1) 0.02 M; (2) 0.05 M; (3) 0.1 M; (4) 0.5 M; 
(5) 1.0 M; (6) 2.0 M. (RG in cm.) 

to the conditions cp C g ~ m - ~  and N > lo3 are analyzed 
below.26 

Figure 1 gives us an idea about the dependence of chain 
expansion on the charge density parameter (the degree of 
ionization i is proportional to 4‘: 4‘ = iX/a) .  The system 
studiedn is NaPAA of mol wt 4.8 X lo5 in 0.1 M NaC1. We 
were not able to find more than these three points, which 
is very frustrating considering the importance of this de- 
pendence for understanding polyion expansion and clearly 
more experimental data are badly needed. Nevertheless, 
this experiment of Orofino and Flory indicates that very 
probably, above i, = 0.351 which corresponds to  4‘ = I ,  the 
critical value for condensation, the  expansion becomes 
independent (or at  least very weakly dependent)  of po- 
lyion charge density, as predicted by the analysis pre- 
sented above (see eq 9). 

Figure 2 shows log-log plots of the dependence of RG on 
molecular weight in a wide range of ionic strengths and 
constant charge density for the system NaPSS (sodium 
poly(styrenesu1fonate)) in NaCl solutions, based on ex- 
perimental data of Takahashi, Kato, and Nagasawa.% The 
curves obtained are good straight lines (with correlation 
coefficient >0.99), which shows that RG (i.e., a, also) de- 
pends on M (or N) via a power law. However, both the  
exponent and the prefactor are found to  be functions o f  
the ionic concentration. In other words, the data are not 
described by a Flory-type relation such as eq 10 but by the 
more general form (13). The same conclusion may also be 
drawn from the analysis of data of Fisher, Sochor, and 
Tan,29 who studied a different system, namely, NaPAMS 
(sodium poly[2-(acrylamido)-2-methylpropane- 
sulfonate])-NaCl. As a matter of fact, as far as we can 
judge from the data available to us,28-33 the behavior ob- 
served in the case of NaPSS is typical for flexible polyions 
in general, provided that the expansion is predominantly 
caused by electrostatic forces. 

Using the data of the NaPSS-NaC1 system,28 we may 
now determine both the prefactor f and the exponent g 
entering eq 13 as functions of the screening parameter xc 
= K X  ( a  = 2.5 A for this polyion, corresponding to .$ = 2.86; 
ie., condensation occurs in this case). The results are 
plotted in Figures 3 and 4. Although one definitely needs 
more points in order to establish the form of the curves 
precisely, these graphs indicate that the dependence of 
both quantities on the screening parameter is rather com- 
plex and cannot be explained by existing theories. In 
accordance with the conjecture made at  the end of the 
preceding section, it can be seen that local chain stiffening, 
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Figure 4. Dependence of the prefactor f of eq 13 on the screening 
parameter xc = K X :  ( -e - )  Gaussian behavior; (- - -) assumed de- 
pendence; (0) 8 solvent (4.17 M NaCl, 25 0C).28 

as expressed by f, varies in opposite direction to exclud- 
ed-volume effects (expressed by g), maxima of g corre- 
sponding to minima off. Furthermore, it may be inferred 
that f and g behave in a qualitatively similar way in each 
of the three regions marked I, 11, and 111, corresponding 
to low (<0.05 M), intermediate (0.05-0.5 M), and high 
(>0.5 M) salt concentrations, and that probably several 
8 solvents (characterized by g = 0, f = 1 )  exist for  this 
sys 

As already mentioned in the preceding section, one ex- 
pects that a t  higher ionic concentration specific ionic ef- 
fects may become important. That this is indeed the case 
is shown in Figure 5. log-log plots of RG vs. M for the 
systems NaPSS-NaC128 and KPSS-KCPO (salt concen- 
tration 0.5 M) reveal that upon replacing Na+ by K+ the 
exponent g + l/z changes by almost a factor 2 (0.377 for 
Na+, 0.625 for K+). 

We expect that these effects will become progressively 
smaller a t  lower ionic concentration but we did not find 
enough data to check this expectation. On the other hand, 
we find that differences in the chemical structure of the 
polyion backbone of E > 1 polyions do not affect the ex- 
pansion unless other interactions (e.g., hydrophobic and 
hydrogen bonding interactions) become important. This 
statement is based on the analysis of data for NaPSS,28 
NaPAMS,29 and NaPMOS (sodium poly[3- [ (meth- 
acryloyl)oxy]propanesulfonate])33 in NaCl buffers and 
KPSS,30 PMPyTSO, and PMAMTS032 (see ref 32 for 
abbreviations) in KCl buffers. 

Discussion 
The main conclusions of this study may be summarized 

as follows: 
(a) The expansion factor a, of long polyions is most 

naturally expressed in terms of the parameters N ,  E ,  and 
x* (or x )  and is found to obey a relation of the form (13) 

a, = f(E,X*)Ng(tvx’) 

I ‘ I  
I 
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Figure 5. Dependence of the expansion on specific ionic effects. 
Salt concentration 0.5 M. (0) NaPSS-NaC1 (ref 28); (0) KPSS- 
KCl (ref 30). (Rc in cm.) 

(b) In the case of highly charged chains ( E  > 1) both f 
and g seem to become independent of charge density, being 
functions of the screening parameters x * ~  = K * ~  (or K~ = 
K X )  only. 

(c) The experimental data indicate that the functions 
f and g are highly structured, exhibiting several extremes 
and vary in opposite directions. Furthermore it seems that 
f = f [g ( [ , x* ) ] ;  Le., the two functions are not linearly in- 
dependent. 

(d) A t  higher ionic concentrations specific ionic effects 
become important; it is possible that they may be ade- 
quately described by using the modified inverse screening 
length K* instead of the standard Debye-Huckel parameter 
K to characterize the screening power of the solvent. (A 
statistical mechanical calculation of K* will be published 
elsewhere.) 

(e) All existing theories of the electrostatic excluded- 
volume effect yield a, expressions of the Flory type and 
are therefore incapable of describing the experimental 
data. 

In connection with a it is interesting to note that a 
similar empirical power law is very commonly used to 
describe viscosity data in experimental publications. One 
has 

7 = KM’ (15) 

where 7 is the intrinsic viscosity and K and J (the so-called 
Mark-Houwink parameters) are found to be salt depend- 
ent. Although the viscosity problem is more complicated 
due to the presence of both excluded volume and hydro- 
dynamic interactions, a similar analysis applies to it as well 
and will be published in the near future. 

In connection with b it must be stressed that a detailed 
experimental study of the dependence of the expansion 
on the charge density parameter will both elucidate this 
important aspect of the problem at  hand and provide us 
with badly needed direct information on the counterion 
condensation phenomenon. 

In connection with d we find that the specific ion effect 
demonstrated is surprisingly large (compare Figure 5) and, 
since the two measurements have been performed in dif- 
ferent laboratories, could partly stem from differences in 
apparatus or data evaluation procedures. More experi- 
ments and a quantitative theoretical assessment of the 
importance of ionic hard-core and hydration effects are 
needed to clarify the situation. However, it should be 
noted that rather strong specific ionic effects (at slightly 
higher concentrations) have been also reported earlier in 
an extensive viscosity study of DNA-alkali metal halide 
solutions by Scruggs and Ross.35 
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All our arguments until now pertain to long flexible 
polyions (i.e., polymers with negligible inherent stiffness 
in the uncharged state). In order to extend the discussion 
to long stiff polyions as well, we now consider a polymer 
of contour length L and nonelectrostatic persistence length 
L,, bearing N charges a distance a from each other. In the 
uncharged state and for L >> L,  this polyme; may be 
represented by an equivalent Gaussian chain, of N = L / Z ,  
Kuhn statistical segments of length 6 = 2L,. Equation 3 
becomes then 

(S2)O = ( 1 / 6 W  (16) 

The charge density parameter E remains the same as be- 
fore, and the parameter describing solvent screening x* 
= K*U becomes %* = K*G = ~K*L,.  Reasoning in the same 
fashion as above leads us to an asymptotic relation of the 
same formal structure as eq 13, namely 

as = f(C;,x*)mf"R"' (17) 

However, the statements following eq 8 and 9 must be 
modified. For > 1, we still expect that the expansion 
becomes independent (or very weakly dependent) of E but 
the salt dependence is governed by 2, = K2L, instead of 
xc = KX. In other words, the salt-dependence curve of 
highly charged polyions of the same length is not universal 
anymore but depends on their elastic properties through 

will be different 
from f and g since now the Kuhn segments themselves and 
not merely their joints are charged. As mentioned above, 
this local stiffening effect has already been discussed in 
the theories of Odijk and Houwaarts and Fixman and 
Skolnick,lo of course, within the limitations of the Flory 
approach, which always predicts 

We hope that the findings presented herein demonstrate 
the necessity of a complete reconsideration of the polyion 
expansion problem both from the theoretical and from the 
experimental side and may serve as starting points for 
future quantitative work. 
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Molecular Structure Effects on the Dynamic Mechanical Spectra 
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ABSTRACT: The dynamic mechanical spectra of molecularly modified derivatives of poly[2,2-bis(4- 
hydroxypheny1)propane carbonate] are measured. The modifications consist of substitutions for the carbonyl, 
the isopropylidene, and the aromatic protons with various other groups. These measurements have enabled 
us to deduce the nature of the secondary relaxations. The low-temperature y relaxation is associated with 
the motion of the monomer unit as a whole. The intermediate f l  relaxation is probably due to packing defects 
in the glassy state. Other details of the spectra are discussed. 

Introduction 
The mechanical properties of solid poly[ 2,2-bis(4- 

hydroxypheny1)propane carbonate] (BPA-PC) have been 
the subject of numerous investigations not only because 
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of its well-known toughness but also because it exhibits 
virtually all the known mechanical behavior of all glassy 
polymers in different combinations of time and tempera- 
ture conditions. For a comprehensive review of the various 
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