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The charge effect on the translational self-diffusion constant, D, of polyelectrolytes has been quantitatively analyzed based on 
dynamic light scattering cxperimcnta. Perfectly monodispcrse bovine mercaptalbumin has been used at low pH as a positively 
charged polyelectrolyte sample. Completely linear plots of log{ gz( r)- 1) vs. time r have been obtained for uncharged states of the 
protein, for the correlation function of the scattered light intensity, gr(t). The plots deviate from linearity as polyions bear the 
charges. The D values for various ionic states, obtained from the initial slopes of the plots, have been analyzed using the simple 
theory of Imai and Mandel (N. Imai and M. Mandel, Macromolecules 15 (1982) 1562) derived baaed on the Onsager-Navier-Stokes 
equation for solvent flow with counterion distribution around a polyion. It has turned out that the experimental D values coincide 
well with the theory and that the characteristic nature of D can be elucidated principally from the charge effect. 

1. Introduction 

The purpose of this paper is to clarify the 
charge effects on classical self-diffusion constants 
of polyions in solution. For this purpose, in this 
study, the experimental self-diffusion constant, D, 
is obtained for bovine mercaptalbumin (BMA) 
under various ionic conditions from dynamic light 
scattering measurements under the consideration 
of reasonable correlation time scales. These D 
values are analyzed by examining whether the 
behavior of D, especially the dependence on poly- 
ion concentration, Cr, or salt concentration, C,, 
coincides with the theoretical expression. Gener- 
ally, as indicated by the theories, the diffusion of 
polyions displays a nonlinear character with re- 
spect to C,, and its dependence on C, or polyion 
charge z is also quite complicated. It is, therefore, 
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meaningful to determine to what extent the theo- 
retical expressions can elucidate the behavior of 
experimentally obtained D values. 

Raj and Flygare [l] have dealt with a similar 
problem based on dynamic light scattering mea- 
surements on bovine serum albumin. They inter- 
preted their data on D, showing a nonlinearity 
with respect to polyion concentration Cr, as being 
due to the polyion-polyion interaction and the 
C,-dependent friction constant. The C,, and C, 
ranges in their measurements, however, were 
limited for quite concentrated states. They have 
shown that in such a state D is approximately 
expressed as a linear function of Cr. However, 
since our present purpose is to determine the 
validity of polyelectrolyte theories, it is necessary 
to extend both concentrations to more dilute 
ranges. 

In recent studies of diffusion phenomena of 
charged macromolecules, one of the most im- 
portant problems which require clarification is 
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obviously the basic nature of the time dependence 
of diffusion constants, since the diffusion process 
generally comprises many time components corre- 
sponding to the complicated interaction mecha- 
nisms involved in solution, such as polyion-poly- 
ion or polyion-counterion interactions. The time 
resolution of D has been theoretically formulated 
by Schurr [2] based on a coupled-mode theory. 
This study has clarified various important dy- 
namic characteristics of polyelectrolytes; the con- 
cept of the relaxation time, TV, introduced in his 
theory is essential for describing the time resolu- 
tion of D in such ionic systems having many 
relaxation mechanisms due to the coexistence of 
at least two sorts of interacting particles of ex- 
tremely different sizes. 

In studying polyion diffusion, however, not only 
these time-resolution problems, but also those 
concerning clarification of the electrolytic natures 
of classical self-diffusion based on thermodynami- 
cal polyelectrolyte theories are believed to be very 
important, since it remains to be elucidated 
whether the experimental D values principally 
obey the hydrodynamical or thermodynamical 
theories of polyelectrolytes. 

The theoretical expressions for D have been 
obtained based on the equilibrium theories of 
polyelectrolytes proposed by Eisenberg [3], 
Alexandrowicz and Daniel [4] and Varoqui and 
Schmitt [5]. The essential part of this classical 
expression for D has also been derived as a special 
case by Schurr [2] on the basis of coupled-mode 
theory. However, the starting point of these theo- 
ries (except Schurr’s approach) rests on the simul- 
taneous construction of two kinds of diffusion 
equations for polyions and small ions. This point 
of view is established under the assumption that 
both kinds of ions can be described simulta- 
neously by equations of the same category with 
almost identical time scales of motions. This as- 
sumption is incorrect because of the extremely 
different particle sizes and relaxation times in- 
volved. Also, there is no guarantee that the expres- 
sion for total force on a polyion is given by the 
well-known Stokes equation for hydrodynamic re- 
sistance plus electrostatic force separately calcu- 
lated, since the Stokes equation has been derived 
only under the condition of the absence of a bulk 

force (like electrostatic force) on the solvent. 
To solve such problems in classical polyion 

diffusion, a more rational derivation of the expres- 
sion for D has been recently presented by Imai 
and Mandel [6] based on a combination of the 
Onsager-Navier-Stokes hydrodynamic equation 
and polyelectrolyte theories. This theory calculates 
the force acting on the solvent flow relative to a 
polyion, instead of the forces on solute ions. This 
theory also distinguishes the difference in relaxa- 
tion times between polyions and small ions by 
introducing the concept of a cell model. We 
adopted this theory for our present purposes, since 
this theory has some merits in comparison with 
the experimental results; for instance, the concept 
of apparent polyion charge, which is experimen- 
tally significant, automatically appears in this the- 
ory in the derivation as a difference between the 
concentration and activity of counterions. Al- 
though the cell model itself may not be theoreti- 
cally ideal, it is rational as a first step toward 
evaluation of the effect of a strong polyion-coun- 
terion interaction in fundamental polyion diffu- 
sion, since the relaxation time for the migration 
processes of polyions (which probably could be 
expressed by Schurr’s ru [2]) is sufficiently long 
compared to that of the free part of low molecular 
weight ions around the polyion. 

Now, in order to determine the charge effect of 
polyions from experimental plots of In{ gZ( t) - l} 
vs. 2 in dynamic light scattering measurements, 
where g2( t) is the correlation function and t the 
time, it is necessary to establish first whether these 
plots for uncharged states are linear with a slope 
corresponding to the theoretical value of D = 
kT/6a~a on the predicted time scale, where kT is 
the Boltzmann factor and a the protein radius in 
a solvent of viscosity 9. As shown in section 2, it 
turns out in our experiments that these conditions 
are fully satisfied for uncharged states taking place 
at C, + cc or at the isoelectric points. 

For charged states, as shown by our results, it is 
found that the plots deviate remarkably from lin- 
earity as proteins bear the charges. It is reasonable 
to assume that the classical D values can be 
obtained from the initial slopes of the correspond- 
ing In{ gz(t) - l} vs. t plots even for charged 
states of the proteins. 
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Through analyses of our experimental results, it 
has been concluded that the behavior of D thus 
determined can be well elucidated by the theory as 
being due to protein charge effects. However, it 
remains a problem requiring elucidation in the 
future to explain the cause of the above deviation 
of In{ g*(t) - l} vs. t plots from linearity, in 
relation to charge effects. In order to develop this 
problem, it is necessary to introduce a coupled- 
mode theory as has been developed by Schurr [2]. 

2. Materials and methods 

2.1. Materials 

Crude crystallized bovine plasma albumin 
(BPA) purchased from Armour Pharmaceutical 
Co. was used after the following purification. It 
was first defatted according to a modification of 
Chen’s charcoal-defatting method and filtered 
through a Triton X-loo-free Millipore membrane 
(0.45 pm). Next, BPA was fractionated into bovine 
mercaptalbumin (BMA) by means of gel filtration 
on SE-Sephadex C-50 as described by Hagenmaier 
and Foster [7]. Finally, purified BMA was ob- 
tained by dialysis against deionized water for about 
10 days in a cellophane tube. This BMA (molecu- 
lar weight 66000) was identified by high-pressure 
liquid chromatography (HPLC) as being com- 
pletely monodisperse, and the SH group of CYSTS 
in this BMA was almost undecorated. 

2.2. Determination of total charge number on BMA 

Buffer was not used in any of our experiments. 
The range of the initial pH after dialysis was 
between pH 5.0 and 5.4, close to the isoelectric 
point (pH 5.2). The process of inducing a charge 
on this protein (to a positive sign) was performed 
by means of the addition of HCl. Since the pH in 
this study was limited to below pH 5.2, CO2 gas 
effects from the air could be completely avoided. 

The BMA concentration was determined spec- 
trophotometrically using an extinction coefficient 
of <& = 6.67 (at 279 run). 

The total number of protein charges in solution 
was obtained by means of pH measurements. It is 

Table 1 

Number of ionizable amino acid groups and their pK’ values 
in albumin 

Group Number of amino acids 

(n) a pK’ b (single 
component, 
at 25°C) 

Minus ASP 39 3.86 
Ghl 59 4.25 

PIUS His 17 6.0 
LYS 59 10.53 
‘Qz 23 12.48 

a Ref. 16. 
b Ref. 17. 

known that BMA consists of 582 amino acids, in 
which 99 are positively ionizable and 98 nega- 
tively. The number of charged amino acids in the 
pH range used in this study is listed in table 1. 

The sum of protein charges, z, was obtained 
experimentally from pH measurements by use of 
the following relation: 

Cpz = yHC, - aH + lo-*.” 

where Cp and C, are the respective molar con- 
centration of protein and added HCl, needed to 
bring the solution to the present pH from the 
isoelectric point (pH S.2), yH the activity coeffi- 
cient of H+ in a simple salt solution of the same 
concentration, and aH the H’ activity. I$_ 1 is 
established under the assumption that the number 
of bound H+ (per protein) resulting from the Ht 
added below the isoelectric point, which is ex- 
pressed by eq. 1 completely adheres to the protein 
in the form of COOH. This assumption is very 
reasonable, since there is no H+ atmosphere 
around the protein in its positively charged state. 
In this respect, yH can be regarded as equal to 
unity in the salt concentration range in our experi- 
ments, since yH > 0.95 for our pH range according 
to the table of Hamed and Owen [8]. 

The pH measurements were made using a Ra- 
diometer pHM64-type pH meter. The titration cell 
was immersed in an isothermal water bath (25 f 
0.05 ‘C), the electrodes used being a Radiometer 
glass electrode (202C) and a saturated KCI-calomel 
reference electrode. Each H+ titration was per- 
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Fig. 1. Plots of charge on BMA vs. pH at various concentra- 
tions of added NaCl. BMA concentration: 0.2%. 

formed by successive additions of HCl from a 
micrometer syringe (Gilmont, S-1100) (total 
capacity, 0.2 ml: smallest scale division, 0.1 ~1) to 
the protein solution (- 5 ml). 

For example, z obtained from eq. 1 is shown in 
fig. 1 as a function of pH at various NaCl con- 
centrations. The titration curve for 0.1 M salt 
coincided well with the data of Sogami and Foster 
[9]. (There is no published report concerning the z 
vs. pH relation for other salt concentrations.) 

2.3. Measurement of diffusion constant D 

A homodyne method was applied to our dy 
namic light scattering measurements. The optical 
system is depicted schematically in fig. 2. Mono- 
chromatic light from an argon ion laser (Spectra 
Physics 165, wavelength 488 nm) was focussed 
onto the cell by means of the lens L1 and pinhole 
Pl. The scattered light was focus& onto a photo- 
multiplier on the turntable after passing through 

Correlator 

[MALVERN ~-70231 
I 

@ Off Line [Tap1 

FACOM 
M-380 I 

Fig. 2. Block diagram of the apparatus used in dynamic light 
scattering measurements. 

pinhole P2, lens L2 and then the slit S. The 
intensity correlation of the scattered light was 
obtained by using a Malvem correlator (system 
K-7023), and the analyses were performed with a 
Facom M-380 computer. The scattering cell was 
placed in an isothermal water bath at 25.0 f 
0.2OC. 

The scattering angle 0 was always kept con- 
stant at 90” for convenience, since in several trial 
cases, it was found that l/7 (reciprocal of the 
relaxation time l/q2D, where q is the scattering 
vector) was perfectly linear with respect to 
sin’( O/2). 

3. Results 

3.1. Importance of monodispersity 

A perfectly linear relation can be expected be- 
tween log{ g*(t) - 1) and t only if the following 
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Fig. 3. Plots of log{ g2( t) - l} vs. t for BMA (left) and BPA (right). The inset in each figure shows the data obtained from HPLC. 

conditions are satisfied: (A) particles are spheri- 
cal, (B) particles are monodisperse, and (C) mut- 
ual interactions between particles can be ignored. 
The BPA solutions which have been ordinarily 
used never show any single-relaxation pattern even 
in the uncharged states owing to the presence of 
contamination (mainly by the dimer forms). Since 
our aim is only to detect the charge effects on D, 
perfect monodispersity of the sample is of great 
necessity. 

The features of monodispersity of BMA (puri- 
fied) and BPA (unpurified) as measured by HPLC 
are shown in the left- and right-hand panels of fig. 
3, respectively. The corresponding dynamic light 
scattering data are also indicated in this figure. 
Fig. 3 clearly demonstrates the importance of 
monodispersity. It should be emphasized that in 
the case of unpurified samples, the D values ob- 
tained from the initial slope always vary irregu- 
larly depending on the degree of polydispersity. 

3.2. pH dependence of D as a function of added 
NaCI 

Fig. 4 shows the entire manner of the pH 
dependence of D under various ionic conditions 
at a fixed concentration of Bh4A (0.09%). 

We selected a much lower range of protein 
concentrations than that in ref. 1 to avoid the 
influence of mutual protein interactions, although 
the dynamic light scattering measurements re- 
quired higher sensitivity. 

In fig. 4, the filled and semi-filled symbols 
represent the data when log{ g2(f) - 1) is com- 
pletely linear vs. time t, linearity being maintained 
beyond the point corresponding to twice the re- 
laxation time, 27. The unfilled symbols represent 
those plots which deviate from linearity in spite of 
being obtained on monodisperse systems. The 
characteristics of these deviations are shown in 
detail in fig. 5. The deviations are undoubtedly 
due to the charge effect. 



258 F. Hirakawa et aL/Charge effects ojfhe self-diffusion constant of bovine mercaptalbumin 

20.0 

5.C 

BMA( 0.09% ) 

added NaC 
l o .saRFns 
n n : 5oLIM 
AA : 0.5 mNI 

3.” 4.” .a.” 

PH 
Fig. 4. Diffusion constant, D, as a function of pH at various 

concentrations of added NaCl. 

If the protein solution is near the isoelectric 
point, the protein must exhibit a similar behavior 
to neutral polymers, so that in this case one can 
compute the protein radius from the experimental 
D value based on the Einstein-Stokes equation. 
The radius obtained was 38 A in salt-free solution, 
in accordance with the result obtained from a 
fluorescence-rotation experiment [lo]. 

It is known from the viscosity data of Tanford 
et al. [ll] and the small-angle light scattering 
results obtained by Muroga et al. [12] that the 
radius becomes larger as the pH decreases below 
the isoelectric point even for high salt concentra- 
tions. Our data (shown in fig. 6) give almost the 
same results as those of Tanford et al. The same 
tendency toward protein expansion resulting from 
a pH decrease is also clearly shown in the data of 
Muroga et al., although their conclusion is based 
on the data obtained at only three pH values. It is 

possible that this change in radius is due to an 
electrolytic frictional effect. 

Now, let us assume that the translational diffu- 
sion constant for the uncharged state at a given 
pH, Do, is given by D at 0.1 M salt concentration, 
then the charge effect can be analyzed from the 
differences between D and Do. 

As shown in fig. 4, the D values increase sharply 
as the pH decreases for low salt concentrations, 
and after attaining the maximum at pH 3.8 begin 
to decrease. As described quantitatively in section 
3.4, this decrease in D can be attributed to the 
increase in Cl- concentration resulting from HCl 
addition which screens the net protein charges. 

3.3. Relation between appurent polyion charge and 
PH 

When the pH of a solution is acidic, the total 
number of H+ in the solution including those in 
the form of COOH remains constant despite the 
addition of neutral salt, since no H,O is formed. 
Let us define the free energy change, 6F, in the 
process of H+ transfer from a place far from the 
polyion to the vicinity of a COO- group on the 
polyion. If the electrostatic potential around a 
COO- group is given by JIP, and the short-range 
interaction between a COO- group and H+ when 
forming a COOH group is denoted by xH, SF is 
expressed by the equation: 

SF= -kT ln a,+eOrl/,+xH-kT Inu, (2) 

where uH represents the volume of the region in 
whic;h H+ becomes entrapped in the vicinity of 
COO- in the process of COOH formation. We 
assume that xH and uH are constants unaffected 
by electrolytic circumstances with the considera- 
tion that each quantity must take an intrinsic 
value in the COOH-forming state. In the equi- 
librium state, since 6F in the above expression 
should be zero, we have the relation 

eoqp = kT In aH -.xH + kT In vH 

= kT In aH + constant (31 

The relationship expressed by eq. 3 is subject to 
the above-mentioned assumptions, i.e., xH = 
constant and uH = constant. 



F. Hirakawa et al./Charge effects oj the self-diflusion constant of booine mercaptalbumin 259 

0 

7 
8 i 
2 

-a 

pH 4.65 

‘t L I I- 
0 50 IJ 

-^ 50 0 
ttrsecl ttprecl 

50 
ttCtsec1 
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It should be emphasized that eq. 3 is valid only 
when the pH of the solution is acidic; when the 
range of pH is above pH 7.0, the free energy of 
formation of H,O should be introduced into SF, 
since some fraction of H+ is converted to Ha0 in 

/ 
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. 
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Fig. 6. Radius of BMA as a function of pH, obtained from the 
data at 0.1 M NaCl. 

the above-mentioned hypothetical transfer, 
On the other hand, since I,!J, is believed to be a 

function only of the apparent polyion charge z* 
on a given polyion, the above equation shows that 
z * is a function of pH alone, i.e. 

z* =f(pH) (4) 

This means that if the pH of the solution is fixed, 
then z* should remain almost constant on ad- 
dition of neutral salt. It should be noted that the 
parameter #p above is the electrostatic potential 
just near a COO- group. The difference between 
this $I, and the potential obtained by titration will 
be discussed theoretically elsewhere. 

In our present work, we attempted to analyze 
the experimental data by assuming temporarily 
that eqs. 3 and 4 hold. As described in section 3.4, 
we have obtained reasonable results from analyses 
based on these relations. 

3.4. Dependence of D on CP and C, at fixed pH 
values 

The behavior of D at pH 3;8 is depicted in fig. 
7 as a function of BMA concentration CP (on a 
molar&y scale) at salt concentrations C, = 0.16, 
0.21, 0.26, 0.31, 0.71 and 2.16 mM. The definition 
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Fig. 7. Plots of D vs. Cp at a fixed pH of 3.8. 

of C, is given by; 

Cs=a,+C,, 

or 

c, = [a-],, - ZCP (5) 

where [Cl -1 tOtal is the concentration of Cl- 
(counterion) from added HCI and NaCl, and z 
the charge number of a BMA molecule; zC, being 
the total charge on BMA molecules per 1. 

As demonstrated in fig. 7, plots of D at C, 
above 0.31 mM converge linearly to Do when 
extrapolating CP to zero at a fixed pH. Even for C, 
below 0.31 mM, this Do value is acceptable as the 
value of D extrapolated to CP = 0. This tendency 
has also been investigated at other pH values, 
namely, pH 4.2, 4.0 and 3.6. It has also been 
found that this extrapolated value of Do coincides 
well with that of D separately measured at C, + 00 
(practically C, = 0.1 M). It should be noted that 
even when C, is moderately large and accordingly 
the charge effect is believed to be insignificant, D 
is still a linear function of CP, i.e., the diffusion is 
of nonlinear character. 

Let us attempt to clarify the behavior of D 
shown in fig. 7 assuming that the dependence of D 
on Cp or C, is due mainly to the polyion-counter- 
ion interaction. This effect has been dealt with 
theoretically by Varoqi and Schmitt [5] and Ei- 
senberg [3], and more strictly by Imai and Mandel 
[6]. According to the theory [a], D is expressed by 

following equation, 

D-y +p+ 
[ 

W2CP(l - WE,)} 
P PC, + YpZCp) + (E,/E,)( %yp)2c, I 

(6) 

where .$, is the frictional constant of an un- 
charged polymer, 5, the averaged frictional con- 
stant of small ions, yp the degree of shielding of 
net polyion charges by counterions, z the number 
of polyion charges, and +* the osmotic coefficient 
of the polyion solution. The quantity .zyP repre- 
sents the effective polyion charge, which may be 
regarded as z *, The quantity, tip, in the first term 
represents the contribution of the polyion-polyion 
interaction, the second being due to the polyion- 
counterion interaction. The theory of Imai and 
Mandel [6] has proved that the effective polyion 
charge in diffusion processes is expressed solely by 
the thermodynamic quantity zyP. 

We now consider the experimental data based 
on eq. 6 under the assumption ep + 1. This as- 
sumption should be valid provided that C, is not 
extremely low and CP not excessively high. 

The significant characteristics of D predicted 
from eq. 6 are summarized as follows: 

(A) D should be a unique function of C,/C,, 
for a fixed z*. 

(B) In the region where the condition C,/C, -K 
[2/z*U + (EJE,)z* >I is established, D should 
be approximately expressed by 

This equation shows a linear increase of D vs. 
C,/C, when z* is fixed. 

(C) The quantity D,J( D - D,,), in which D,, is 
the diffusion constant of uncharged polymers ex- 
pressed by Do = kT/E,, is a linear function of 
CJC, throughout the range of CJC, as given by 
the following equation; 

l+ WEp)z* ; 2 c, 
Z* z** cp 

(8) 
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Theoretical curves based on eq. 6 and table 2. 

Now, according to eq. 6, it would be a good test 
of the validity of the theory to determine whether 
the experimental D in fig. 7 is a unique function 
of C,/C, at a fixed value z* i.e., at a fixed pH 
referring to eq. 4. The results of such a test are 
shown in fig. 8. It is found that all the plots, D vs. 
C,/C,, lie on one curve at a fixed pH, which thus 
implies the validity of the theory. Also, the predic- 
tion from the theory that the values of D must 
increase linearly with C,/C, when C,/C, satisfies 
the relation; 

C 
P, 2 

cs _ z*{1+ (&/E,)z*) 
is also examined in fig. 9. 

Table 2 4 

Apparent charge on BMA, z*, and ratio of the frictional 
constant of a counterion to that of the protein, &/.$, 

PH z* 1. /I, 

4.2 5.5 0.055 
4.0 7.1 0.065 
3.8 10.0 0.060 
3.1 10.3 0.054 
3.6 10.6 0.056 
3.5 11.0 0.068 

6 

/ 

0 

pH 3.8 

Fig. 9. Same data as in fig. 8 near G/C, = 0 on an expanded 
scale. The differences in D values seen at C,/C, = 0 are due to 

differences in protcin radius. 

On the other hand, experimental examination 
of eq. 8 is also important, i.e., whether the quan- 
tity D/( D - Do) is proportional to C,/C, over the 
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Fig. 10. Plots of D&D - D,-,) as a function of CJC, at pH 
4.2,4.0,3.8, 3.7, 3.6 and 3.5. 



262 

4 

3 

D I9 
n 1 i 

0 

C 

F. Hirakawa et al./Charge effects of the selfdiffuan constant of bovine mercaptalbumin 

0 pH 4.2 
0 

A pH 4.0 

. pH 3.8 

~1 pH 3.7 

0 pH 3.6 

A pH 3.5 ;.; //I/ 

20 40 60 80 
V, 

Fig. 11. Same data as in fig. 10 around CJC, = 0 on an 
expanded scale. 

entire range of Cs/C,, provides stricter confirma- 
tion of the validity of eq. 6. As depicted in fig. 10, 
it is ‘found that eq. 8 is experimentally established 
over a wide range of C,/C,. Fig.11 illustrates the 
same results on an expanded scale around small 
C,/C, values. The intercept in fig. 11 gives the 

0.2 
t 

4 I 
1 2 3 4 ’ /f-J 100 

C, ( mM 1 
Fig. 12. Plots of the shielding factor, v, ( = .z */t) vs. C, at 

various fixed values of 2. 

quantity, A, at each pH value, and the slopes in 
figs. 10 and 11, lead to the quantity B at various 
pH values; 

A= l+Wt,)z* , B 

z* P - We,)} = z*Yl &/C,) j 
(9) 

By eliminating &/& in A and B one can obtain 
the value of z* from the relation: 

2*2+Z*-2(1+A)/B=O (10) 

The z* values are listed in table 2 at various pH 
values, together with the numerical values of &‘[,. 

The values of y, ( = z */z) can be obtained as a 
function of C, at various fixed z values as indi- 
cated in fig. 12. The theoretical D values using the 
numerical values of z* and ES/$, above are indi- 
cated by dotted lines in fig. 8 for the entire range 
of C,/C, at various fixed pH values. 

4. Discussion 

It is noteworthy that in the pH range below the 
isoelectric point, the protein charge z obtained 
from eq. 1 is believed to be more accurate than 
that based on the usual method of salt-blank 
subtraction, since H+ is not a counterion but a 
coion, whose activity coefficient is almost exactly 
unity as investigated in polyelectrolyte theories. 

It should also be noted that, as mentioned in 
section 3.3, we have analyzed the data using eq. 6, 
or the equivalent expressions, eqs. 7 and 8, under 
the assumption that eq. 4 is valid. The fact that 
the plots of D on the same pH line are expressed 
by a unique function of C,/C, shows that eq. 4 is 
very reasonable in our present systems, where the 
pH is lower than 4.2. 

It is rather surprising that the experimental 
results could be almost perfectly explained by the 
theory including the effect of the &/&, term, in 
spite of the above multi-extrapolation analyses, 
such as the findings of the tangents in fig. 5 and 
the slopes and intercepts in fig. 10 and 11. 

The numerical value obtained for the parameter 
.&/5, (= 0.06) is also reasonable under the consid- 
eration that .&/&, is expressed by the ratio of the 
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radius of a small ion to that of a protein, the 
former be& 2 A in the hydrated state and the 
latter 40 A. However, the fact that the protein 
radius has a tendency to increase with decreasing 
pH, as described in section 3.2, is not very evident 
in the present experimental values of .&/[,. This 
test is too severe in the above extrapolation 
processes. 

The relation between y, (= z */z) and C, at 
various fixed z values obtained from the above 
analyses is illustrated in fig. 12. This graph also 
shows that despite the above-described multiple 
plotting analysis the yP obtained is in reasonably 
satisfactory agreement. 

It is still a difficult problem to explain the 
deviation of In{ g2(t) - 1) vs. 1 plots from linear- 
ity occurring at large t even in purified monodis- 
perse albumin solutions. This shift is no doubt due 
to an electrostatic effect, since no such phenome- 
non was observed for uncharged states of pure 
albumin as depicted in the left-most panel in fig. 
5. Qualitatively speaking, this shift is thought to 
be due to a multi-relaxation process of counter- 
ions resulting from the wide spread distribution of 
their concentration around a polyion. Such a 
multi-relaxation process may be the same as that 
detected in dielectric experiments. It would be 
desirable to develop the theory to account for this 
problem in the line of the study of Stephen [13] 
under the consideration of nonlinear cbaracteris- 
tics for the counterion distribution. As another 
explanation it is possible that this effect is due to 
the OE transition which has been pointed out by 
Schurr and Schmitz [14], and Drifford and Dalbiez 
1151. 

From the various results described above, it 
may be concluded that the remarkable nature of 
the diffusion of albumin found in our dynamic 
light scattering measurements could be reasonably 

explained in terms of the electrostatic interaction 
between a polyion and its counter-ions. 
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