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Figure 4. Li(1) XPS region after depth profiling of BTDA- 
ODA-LiCl film after 30 min. 

decomposition were occurring during X-ray photoelectron 
spectroscopic examination. It is reasonable, therefore, to 
conclude that lithium oxide may be generated during 
thermal imidization via Li+ reaction with the released 
water, followed by hydrolysis and dehydration. Similar 
lithium XPS observations have been made on films doped 
with Li2PdClb The peak at -55.0 eV, which appears only 
at high lithium concentrations, arises when, no doubt, 
insufficient water of imidization is released to solvate all 
the lithium ion. 

The nature of lithium on the film surface compared to 
the bulk is of interest. In other words, is the “lithium 
oxide-like” material dispersed throughout the film rather 
than on the film surface? First of all, the atmosphere side 
and glass side of each film show a comparable number of 
electron counts for lithium (Table 11). This observation 
is contrary to our palladium findings in that the atmo- 
sphere side of the film contains appreciably more palla- 
dium than the glass side of the film. Information regarding 
the lithium content and chemical state inside the lithi- 
um-doped film has been obtained from angular and depth 
profile studies. At a 90” X-ray incidence angle, the 

spectrum of highly doped BTDA-ODA-LiC1 is as per 
Figure 2b. On shifting to an incidence angle of ll”, the 
secondary peak is diminished significantly relative to the 
main peak. This suggests that “LiC1” is found only in the 
matrix of the polymer, whereas, “Li20” occupies the surface 
as well as the bulk. On depth profiling normally doped 
BTDA-ODA-LiC1 for 30 min (argon ion sputtering), the 
shoulder a t  55.0 eV, which originally could not be dis- 
cerned, has grown to a distinct peak (Figures 3 and 4). 
The ratio of “LiC1” to “Li20” through the film appears to 
be a constant since spectra after 60- and 90-min sputtering 
are similar. One concludes, therefore, that “LiC1” is present 
in small quantities and that most has been converted into 
“Li20” during thermal imidization. 

The primary question left unanswered is that of why 
some films conduct and others do not, when they appar- 
ently are identical in all aspects except monomer pair 
combinations. That there is some electrical conduction 
is realized due to the differences of volume resistivities 
measured. The final answer probably lies in an under- 
standing of the mode of conduction in these lithium-doped 
films. It is reasonable to conclude that the quantity of Li(1) 
and consequently, its manner of distribution in the bulk 
of the polyimide films play pivotal roles in addressing this 
question. 
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ABSTRACT Experimental data from dialysis equilibrium on exclusion of NaCl from solutions of sodium 
hyaluronate are examined in terms of the Poisson-Boltzmann treatment of the uniformly charged rigid-rod 
model for polyions in excess salt. Values of the exclusion coefficient are fitted reasonably well by this model, 
althou h uncertainty in the data permits an estimate of the rod radius a only in the approximate range a 
= 3.5 d (from the polymer molal volume) to  a = 7.5 8, (from the estimated distance of closest approach of 
polyion and counterion). 

The interpretation of data from the potentiometric ti- 
tration of solutions of hyaluronic acid in the following 
paper’ involved a consideration of polyion-small-ion in- 
teractions in polyelectrolyte solutions. The study of this 

0024-9297/82/2215-0382$01.25/0 

problem led to a reexamination of existing data from 
dialysis equilibrium on salt exclusion2-* in solutions of 
sodium hyaluronate with NaC1. In this work the conse- 
quences of the treatment of salt exclusion by the Pois- 
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of Vmo for a 1 m solution of NaC1. By anticipation of the 
experimental result -Al = a320/a330 N 0.3 at small m3*, it 
is seen that the small terms containing V30 in eq 2 partly 
compensate and can be dropped at  all m3* of interest to 
give, to a good approximation, 

C H I  
O = = i  

Figure 1. Disaccharide repeating unit of hyaluronate ion. 

son-Boltzmann theory applied to the uniformly charged 
rigid-cylinder model of the polyion5 are examined in the 
context of the thermodynamics of multicomponent solu- 
t i o n ~ . ~ ~ ~  

The three-component system to be considered is defined 
in terms of the following choice of components: 1, the 
solvent, here H20; 2, the polymer (hyaluronate) ions with 
their accompanying counterions (Na'); 3, the added 
electrolyte, here NaCl. 

At osmotic pressure (or dialysis) equilibrium the solvent 
compartment consists of components 1 and 3 a t  concen- 
trations Ci* on the molar (mol L-l) scale or mi* on the 
molal (moles of i per kilogram of component 1) scale. The 
equilibrium solution contains, in addition, component 2 
and has concentrations Ci (or mi), where C2 (or m2) is in 
terms of moles of monomer. The latter is taken as the 
chain repeating unit, of molecular weight M2 (401), which 
is the disaccharide (see Figure 1) consisting of one residue 
of D-glucuronic acid (neutralized to carry one negative 
charge on a carboxylate ion with an accompanying coun- 
terion) P-glycosidically linked to carbon 3 of an N- 
acetylglucosamine residue, which is similarly linked to 
carbon 4 of the D-glucuronic acid of the next unit. The 
number of monomers in a polyion (degree of polymeriza- 
tion) is called N2. With this definition C2 is also the 
equivalent concentration. The absolute temperature T is 
taken constant and the pressures are written p* and p = 
p* + a, where a is the osmotic pressure of solution against 
solvent. 

Salt Exclusion 

ponent 3 may be expressed by the expansion5 
The equilibrium distribution of the diffusible salt com- 

C3/C3* = 1 + Al(C2/C3*) + A2(C2/C3*)2 + ... (1) 

where the A, are virial coefficients for the interactions of 
components 2 and 3. For a three-component system Al 
may be written following Casassa and Eisenberg (see their 
eq 3.16) at the limit C2 = 0 (represented by superscript 
zero) 

-Al = (a32'/a33')(1 - m3*V2/Vm0) + $0/(Vm0u330) + 
V2Om3*/ Vmo (2) 

where 

a32 = (a ln a 3 / a m 2 ) ~ , ~ , ~ ~  = (a In a2/am3)T,p,m2 = a23 (3) 

(4) u33 = (a In a3/am3)T,p,,, = (2/m3)(1 + f33) 

where a2 and a3 are component activities, V2 and v3 are 
component partial molal volumes, and Vmo is the volume 
of solution containing 1 kg of component 1. The last 
equality of eq 4 makes use of the usual definition of the 
activity of a salt with singly charged ions, so that f33  
(a In y*/a In m3)T,p,m2, where y+ is the mean activity coef- 
ficient on the molal concentration scale. The limiting value 
a330 is 2/m3*, and the quantity m3*V30 is only about 2% 

In eq 5, RT In a2 5 p2 - p:, where R is the molar gas 
constant and w2 and p20 are the molar chemical potential 
of component 2 and its value in the standard state at  
infinite dilution in solvent (m3*), respectively. The first 
term on the right-hand side of eq 5, to be called -Alel for 
the electrical part of -Al, may be interpreted in terms of 
a theoretical expression for p? as a function of m3*. While 
the second term of eq 5 occurred thermodynamically only 
because eq 1 was expressed in volume concentrations Ci 
rather than molalities,6p7 it will be referred to here as -Ala 
because it has the form of an excluded volume term. In 
the context of the rigid circular cylinder model discussed 
below y,O may be interpreted as the molar volume of the 
monomer regarded as a cylindrical element. Additional 
excluded volume is introduced if the cylinder radius a is 
taken as a distance of close@ approach of, for example, 
polyion and small ion, when V t  is replaced in -Alex by Vi, 
the mutual excluded volume, given by 

V2' = aa2NAL/N2 (6) 

where L is the length of the polyion cylinder and NA is 
Avogadro's number. A similar expression can be obtained 
from the treatment of exclusion of uncharged solutes by 
hyaluronate chains regarded as fibers. Laurentg applied 
Ogston's expressionlo for the probability P of placing a 
spherical particle of radius r, i_n a system of noninterfering 
fibers of radius rr, P = exp(-V2'C2/1000) with a = rr + .rs. 
When P is taken as C3/C3*, expansion of the exponentlal 
and comparison with eq 1 gives -Alex with Vi, since 
C3*/1000 = m3*/Vm0. 

The usual approach to interpretation of the thermody- 
namic behavior of polyelectrolyte solutions involves an 
application of the Poisson-Boltzmann equation originally 
proposed by Debye and Hiickel. A fairly successful model 
of the polyion for this purpose consists of a long circular 
cylinder with a uniform continuous (smeared) distribution 
of surface charge. Numerical integration of the Poisson- 
Boltzmann equation has been carried out for such a model 
by several a u t h ~ r s ~ J - ' ~  and the errors in its use have been 
examined by Fixman.14 A formulation which is particularly 
convenient to use was given by Stigter: who calculated the 
free energy pel per mole of counterions for charging the 
cylinder of length L and radius a at infinite dilution (m3*) 
using the electrostatic potential obtained from such a 
numerical integration. The result (see eq 23 of ref 8) is 

(7) 

where K,(Ku) and K1(m) are modified Bessel functions of 
the second kind evaluated at  KU, with K - ~ ,  the Debye length, 
defined as usual by 

K2 = xcci (8) 

where X = 4aNAe2/103DkT, D is the bulk solvent dielectric 
constant, k is Boltzmann's constant, e is the electronic 
charge, and the sum in eq 8 is taken over the mobile small 
ions in the solution. The charge density parameter l is 
defined by 

pel / RT = {KO( KU) / ~ K u K ~ ( K Q )  

i 

[ e2Q/DkTL (9) 
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Figure 2. Salt exclusion coefficient -Al obtained from dialysis 
equilibrium data for sodium hyaluronate in NaCl solution by 
measurement of 22Na concentration4 (A) and refractive index 
increments (m, ref 2; 0, ref 3), the latter being corrected to (0 )  
as described in the text. The filled points are compared with 
theoretical results from the line charge theory16 (-AIL) and the 
uniformly charged rigid-rod model8 of radii a = 3.5 A (corre- 
sponding to the partial molal volume of the polymer) and a = 
7.5 A (corresponding to an estimate of distance of closest approach 
of polyion and counterion). The dotted line -Alel represents the 
first term in eq 11 (for a = 7.5 A) and is added to the excluded 
volume tenas to obtain the solid curves as given by eq 11. Cromes 
are values of (C3*/Cz) In (C,*/C,) calculated from data of ref 4 
(see text). 

where Q is the number of charges (in electron units) in 
length L. The quantity 6 was tabulated by Stigter8 as a 
correction to the corresponding Debye-Huckel lineariza- 
tion approximation to eq 7, for which 6 = 1. The stand- 
ard-state chemical potential may be written' 

p20/RT = pZW/RT + In m3* + pe'/RT (10) 

where pzW is the standard-state potential excluding the 
polyion-small-ion interaction and mixing terms (at m3*) 
explicitly appearing in eq 10. 

Evaluation of the derivative in the numerator of eq 5 
with the use of eq 7 and 10 gives 
-Al = -Aiel - A ex = 

1 

1 + (t/27)[(Ko2/K1') - 11 V2'c3* +- (11) 

where T is a numerical correction, which may be com- 
puted15 from the tabulated results of Stigter.8 The line 
charge theory result16 

2 0  + f32) 1000 

-AIL = (1 - 5/2) /2  ( E  < 1) (12) 

is recovered from eq 11 as m3* (and K )  approaches zero, 
provided that 7 approaches unity, as calculations from the 
tabulations of Stigter indicate for the appropriate value 
of 5.  The latter was taken equal to 0.70, appropriate at 
25 OC for a length of 10.2 A for the disaccharide repeating 
unit.17 In fact, 7 does not exceed about 1.06 at any value 
of KU and approaches unity for both large and small KU. 

Comparison with Experimental Data 
Preston et al.* investigated dialysis equilibrium for a 

deproteinized sample of sodium hyaluronate extracted 
from bovine synovial fluid by equilibrating with NaCl 
solutions containing %a, whose isotopic concentration was 
used as an assay for Na+ concentration. The values of -Al 
(their I') = (C3* - C3)/C2 (for Az = 0) are plotted as the 
triangles in Figure 2 against log C3*. Other data2p3 from 
dialysis equilibrium were originally reported in terms of 
the increment dn/dcz of the refractive index n with weight 
concentration cz (g ~ m - ~ )  for both dialyzed and undialyzed 

samples. Values of -Al (again for Az = 0) may be esti- 
mated from such data by the method of Cleland3 (whose 
6 is the present A'), which is equivalent to the result of 
Casassa and Eisenberg6 (their eq 4.68) to the good ap- 
proximation of neglecting terms of the order of volume 
fractions of solutes, as in eq 5. The experimental values 
of Cleland (open circles) were not corrected for the change 
with C3 of (an/ac,),,p,c, observed by Preston et ala2 Ap- 
plication of their correction procedure leads to the -Al 
values shown as filled circles at 0.1 and 0.5 M NaC1. A t  
2 M NaCl overcorrection evidently occurs, since the cor- 
rected value of -Al (not shown) becomes negative, which 
seems unlikely; in any event, the experimental correction 
was determined2 only up to C3 = 0.35 M and extrapolation 
to 2 M solutions is not warranted empirically. 

Also plotted in Figure 2 are the line charge result of eq 
1 2  and the theoretical curve for -Ale' calculated from a 
slightly modified version of eq 11. The modification in- 
volved addition of a term In yz to pzO/RT as given by eq 
10, where y2 is an activity coefficient resembling those of 
the Debye-Huckel treatment of singly charged ions. This 
term, which does not appear in the Poisson-Boltzmann 
treatment of the rigid cylinder, has been included to allow 
for the observed effect of ionic strength on the apparent 
ionization constants of hyaluronic acid at zero degree of 
ionization.' This modification to eq 10 requires addition 
of a quantity fz2 (a In yz/d In m3*)*,?0 resembling nu- 
merically f32 in the numerator of the first term of eq ll. 
In calculating the curve -Ale' the approximations T = 1 and 
f23O = f S o  = 0 were used with small error, since the various 
small corrections tend to compensate each other. The 
curve shown was calculated for a = 7.5 A; doubling or 
halving u merely shifts the calculated curve along the log 
C3* axis by log 2'12 = 0.15 unit to the left or right, re- 
spectively (since K is reciprocal to a at fixed m), which has 
little effect on its magnitude. The result is thus not very 
sensitive to the choice of the cylinder radius. 

The solid lines for the indicated values of a represent 
both terms in eq 11. The smaller value of a corresp_onds 
to 7; = Vt0, as in eq 5. The partial molal volume Vzo = 
V2M2 was assumed to be independent of C3* for this 
purpose and was taken to be 224 cm3 mol-', based on the 
experimental value18 for the partial specific volume Vzo of 
0.5S7 cm3 g-l. This value of Vzo substituted into eq 6 gives 
a = 3.5 A, very similar to that e~tirnated'~ from the ex- 
perimental crosssectional radius of gyration from small- 
angle X-ray scattering. The value a = 7.5 A is a reasonable 
estimate of the distance of closest approach of the polyion 
and a Na+ counterion.l The excluded volume clearly leads 
to large increase of -Al a t  larger C3*. This experimental 
effect has been reported previously for DNAz0 and poly- 
phosphates21 and interpreted in terms of the similar the- 
oretical treatment of -Al of Gross and Strauss.12 

Discussion 
The expression for -Al given by eq 12 is a limiting law 

result and can therefore not be expected to be valid to C3* 
above about 0.01 M. The data of Figure 2 are probably 
fitted within the rather large experimental uncertainty at 
C3* values within the range of its validity by eq 12, as well 
as by the nearly equivalent result (eq 11) from numerical 
integration. Above about 0.05 M salt the latter clearly 
provides a better fit. While the data lack sufficient pre- 
cision to permit a choice of radius a for the cylinder model 
or to distinguish between the alternative forms for -Ale', 
the absolute values of -Al are in reasonable agreement with 
the theoretical models used. More precise experimental 
data, preferably obtained with the use of an isotope in the 
salt component, are clearly desirable. 
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At low salt concentrations, especially below 0.001 M, 
values of -Al calculated with the assumption A2 = 0 fall 
below the limiting law value. While experimental errors 
are probably largest on a fractional basis in this concen- 
tration region, the effect is consistent. Since the points 
in question were obtained at X > 1, and the largest de- 
viations occur at largest X ,  where X = Cz/C3, the question 
arises whether higher terms in eq 1, which is a power series 
in XC3/C3*, should not be allowed for in calculating Al. 
It is of possible interest in this connection that values of 
(C3*/C2) In (C3*/C3), plotted as crosses in Figure 2, are 
rather close to the limiting theoretical value of -Ap In fact, 
Scatchard et al.22 used a similar function to represent salt 
distribution data for serum albumin in NaCl solution. 
There seems to be no theoretical basis for such use, nor, 
as Casassa and Eisenberg point out,6 does the logarithmic 
function provide a better fit to the data than the linear 
first term (C3* - C3)/C2.  

To examine whether the higher order terms in eq 1 
might justify such a representation, the suggested equality 
is expanded in powers of (C3* - C3)/CZ 

-A1C2/C3* = -In (C3/C3*) = In ( 1 - - c3;:*c3) = 

2 c3* - c3 1 c3* - c3 
- + F )  + ... = 

c3* (-) + A 2 (  $) 2 + ... (13) 

where the last equality results from eq 1. Solving for [ (C3* 
- C3)/C3*lZ from eq 1, substitution into eq 13, and com- 
parison of coefficients of (C2/C3*)2 give A2 = A12/2 as the 
requirement for the correctness of eq 13 to two terms. 

Stigter' has given the thermodynamic relations between 
the virial coefficients for salt distribution and those for the 
osmotic pressure II. The usual expansion for II in powers 
of the weight concentration c2 is 

(14) 

where B2(C) is the familiar second virial coefficient for these 
concentration units. To the approximation that the vol- 
ume fraction of component 3 and other small terms may 
be neglected relative to unity and that activity coefficient 
terms are neglected, the relation' for A2 may be written 
in the present notation 

2A2 = -10-3&(c))C3*M22(d log B2(C)/d log m 3 * ) ~ , ~ ~  (15) 

The derivative in eq 15 may be evaluated in terms of the 
experimental data for B2(C) for sodium hyaluronate in NaCl 
solution plotted in Figure 3. The straight line fitted to 
that data is represented by 

(16) 

A2 = 0.075(c3*)0.32 (17) 

n / R T  = (N2M2)-lc2 + B 2 ( C ) ~ 2 2  + ... 

B2(C) = 1.4 X 10-3(m3*)4.6s 

Substitution of this result into eq 15 leads to 

Estimated values of A2 from eq 17 and Al from the curve 
for a = 3.5 A in Figure 2 give values of A2/A12 from 0.18 
at C3* = 0.2 M to 0.07 at  C3* = 0.001 M, all of which are 
much smaller than 0.5. The estimated A2 values are 
therefore too small to account for the observed discrep- 
ancies in this way; correction for the effect of the estimated 
A2 term alone on -Al would not increase Al at any C3* by 
more than the height of the plotted triangles in Figure 2. 
The reason for the discrepancies between experiment and 
theory at low C3* must therefore be sought elsewhere. It 
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Figure 3. Data for the osmotic second virial coefficient Bz(e) for 
sodium hyaluronate as a function of the molality m3* of NaCl. 
Experimental points represent data from light scattering3 (O) ,  
osmotic pressure2 (o), and sedimentation equilibrium (A). The 
solid l i e  is a least-squares fit to the points with omission of those 
from light scattering. 

would be of interest in this regard to have a series of ex- 
perimental values of apparent Al as a function of C2 at  
fixed C3* to provide an experimental determination of the 
virial coefficients in eq 1. 

The conclusion is that, with the possible exception of 
data at very low salt concentrations, available data on salt 
exclusion by hyaluronate in NaCl solutions are fitted 
within experimental accuracy by the cylindrical rod model 
with a radius in the approximate range 3-8 A. More 
precise data would presumably permit a more precise es- 
timate of the radius. 
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Potentiometric Titration of Hyaluronic Acid 
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ABSTRACT Titrations of 0.01 m glucuronic acid (GA) with NaOH were carried out in cells employing glass 
electrodes with a saturated calomel electrode (cell A) or a silver chloride electrode (cell B). The dissociation 
constant a t  zero ionic strength was given for either cell by pK = 3.23 (*0.02), consistent with previous 
determinations. Corrections for the liquid-junction potential (cell A) led to the expected behavior of apparent 
pK with concentration of added NaN03. Similar titrations of 0.0085 m hyaluronic acid (HA) from bovine 
vitreous humor gave essentially linear plots of apparent pK against degree of ionization a over the range a 
= 0.3-0.8 in the presence of added salt. Least-squares fits to these plots provided slopes which were fitted 
better as a function of concentration of added salt by the uniformly charged cylinder model than the infinite 
line charge model of a polyion. The cylinder radius required to obtain a good fit with the structural charge 
density is about 10 A, however, which is larger than the structural radius (4-5 A) of the charge sites. The 
discrepancy may be due in part to effects of charge discreteness and low dielectric constant of the polyion. 
The intrinsic dissociation constant for the polymer was estimated to be pK = 2.9 (*O.l), where the large error 
estimate reflects uncertainties in extrapolation to LX = 0. The difference between polymer (HA) and monomer 
(GA) pK was attributed to effects of substitution at carbon 4 of the monomer. Although data for electrophoretic 
mobility a t  zero polymer concentration are limited for hyaluronate, agreement a t  one ionic strength (0.1 M) 
of the surface (f) potential calculated from this method and from potentiometric titration suggests that these 
techniques measure the same potential. 

Hyaluronic acid, which occurs in its ionized form in 
many connective tissues and fluids, is a linear poly- 
saccharide whose repeating disaccharide unit (see Figure 
1, paper 1') consists of D-glucuronic acid (@-linked a t  
carbons 1 and 4) and N-acetyl-D-glucosamine (@-linked at  
carbons 1 and 3).2 At complete ionization of the COOH 
groups on the glucuronic acid residues, charges occur 
regularly on every second glucoside and the average charge 
spacing approximates the length of the disaccharide unit, 
about 1 nm. 

The thermodynamic properties of polyelectrolyte solu- 
tions have been extensively studied theoretically; in this 
work we investigate treatments which model the polyion 
as a smeared-out charge on an infinite line3 or rigid cyl- 
inder4ps or as a flexible polymer chain with discrete 
charges.6 In all of these treatments the chain may be 
characterized by a dimensionless charge density parameter 
€ 

[ e 2 Q / D k T L  (1) 

where e is the electron charge, Q is the number of (electron) 
charges in length L,  D is the bulk solvent dielectric con- 
stant, k is the Boltzmann constant, and T i s  the absolute 
temperature. For monovalent counterions the value 5 = 
1 has been sometimes regarded (see ref 3 and citations 
therein) as a critical value, above which counterion con- 
densation occurs in some fashion near the polyion and 
below which the latter may be regarded as fully ionized. 
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The value of 5 for the hyaluronate polyion has been taken 
previously' to be 0.70, which is below the critical value. 
The polymer can, therefore, be tentatively assumed to be 
fully ionized in the Debye-Huckel sense. 

Various experimental features of hyaluronate behavior 
agree rather well with this assumption in terms of the line 
charge t h e ~ r y . ~  These include data for the enthalpy of 
mixing of NaCl and hyaluronate' and for activity coeffi- 
cients in hyaluronate  solution^.^^^ The assumption of 
complete ionization a t  5 < 1 has been questioned in a 
recent discussion of activity coefficients in solutions of 
polyacrylate copolymers of low charge density,'O a point 
which will be dealt with in our discussion. 

In the present work the potentiometric titration behavior 
of hyaluronic acid is examined experimentally and the 
results are investigated in terms of the available theoretical 
models as applied to this experimental technique. The 
most extensive previous investigation by this method was 
that of Laurent." 

Experimental Section 
Materials. A crude sample of bovine vitreous humor hyal- 

uronate (K' form, Nutritional Biochemical Corp.) weighing 6.14 
g was dissolved in 500 cm3 of deionized water containing (as in 
all solutions of polymer) 1 mg of 5,7-dichloro-8-quinolinol 
(Eastman Kodak Co.) as preservative. The soluton, after dialysis 
for 48 h against deionized water, was treated with 5.0 g of kaolin 
(technical grade, washed and ignited, J. T. Baker Co.) for 30 min 
with stirring and 40 h unstirred, a t  room temperature. The 
suspension was clarified by centrifugation at  ca. 104g for 15 min 
to give a supernatant containing about 0.08 mg cm-3 of protein 
contaminant. The supernatant (about 400 cm3) was dialyzed 
against approximately 5 kg of stirred deionized water for 5 days 
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