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ABSTRACT: Kinetic studies have been carried out on the cooperative binding of 

toluidine blue to poly(acrylic acid) by the electric-field pulse method in order to 

compare the binding property with that for poly(a-L-glutamic acid). Based on the 

results of our experiments in the coupling of the aggregation process of the dye to the 

nucleation process, we were able to arrive at a mechanism which we introduce in this 

paper. The association rate constant of the dye aggregation process was found to be 

about one order of magnitude smaller than that for the poly(a-L-glutamic acid). The 

reason for this is the difference in the polymer structures following hydration. Also the 

effect of the degree of ionization of a polymer on the various properties of the binding 

of a dye was also examined. It was found consequently that the bound dyes became 

more stable and compact with an increase in the degree of ionization. 

KEY WORDS Kinetics / Cooperative Binding / Poly(acrylic acid) / 

Nucleation Process / Aggregation Process / Electric-Field Pulse 
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A number of studies have been carried out 

to elucidate the equilibrium properties of the 

interaction of the basic dye with the polymer. 1 - 5 

This system is of interest as an available model 

of the interaction of small molecules with 

biopolymers in vivo. 

Many kinetic studies on the macromolecular 

binding have also been performed with the 

synthetic polymer and nucleic acid, etc. s- 9 In 

early works, the reaction mechanism of the dye 

binding to the polymer has been interpreted by 

one similar to the reaction which occurs between 

the small molecules. However, by equilibrium 

experiments, it was also known that the dye-dye 

interaction occurs on the surface of the polymer. 2 

Therefore the theory of a cooperative binding 

taking into account the nearest-neighbor interac­

tion of ligands has been presented10 •11 and has 

been applied successfully to certain macro­

molecular systems.12 - 15 

The binding mode of the basic dyes to anionic 

polymers has been generally considered to be 

of an essential electrostatic nature and the 

binding process has been attributed to the 

diffusion-controlled process for the poly(a-L­

glutamic acid) [(Glu)nJ1 3 ' 16 and poly(acrylic acid) 

(PAA)1 4 (about 109 M-1 sec-1). For the other 

polymers (e.g., DNA8), however, a somewhat 

slow process has been found in the association 

of the dye to the polymer (about 107 M-1 sec-1). 

Furthermore, the authors previously discovered 

the difference in the binding properties of the 

helical and the coiled forms of (Glu)n· 16 Thus 

if the binding behaviors of these association 

processes reflect the specificity of the polymer, 

the cause for the difference in these processes 

among the polymers should warrant investigation. 

In the work reported here, the interaction of 

the basic dye of toluidine blue with PAA which 

has been chosen as the fundamental macro­

molecule having no helix-coil transition, is 

studied, using the electric-field pulse method. 

The kinetic studies of the interaction between 

polymer and dye have been carried out mainly 

by the temperature-jump method. This method 

requires a high salt concentration not suitable 
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to this kind of system since it prevents for the 

most part binding of the dye to the polymer. 

The electric-field pulse method, based on the 

dissociation field effect, requires no salt and is 

of considerable advantage to the study of an 

ionic interaction such as the polymer-dye 

system. 

The result was compared with that for the 

toluidine blue-(Glu)n system, 16 and the de­

pendency of kinetic and equilibrium properties 

of the present system on the degree of ioniza­

tion was also examined in order to obtain more 

detailed information on the electrostatic nature 

of the binding. 

EXPERIMENTALS 

Materials 

Toluidine blue was purified in the manner 

described previously. 16 Fresh stock solutions 

of toluidine blue were prepared for each 

experiment. 

Poly(sodium acrylate) (NaPAA) was synthe­

sized from acrylic acid monomer in order 

to obtain much the same degree of polymeri­

zation (DP) as that of (Glu)n in the previous 

work. 16 With distilled water and ammonium 

persulfate as the initiator, an aqueous monomeric 

acrylic acid was put into the hard glass tube 

with sufficient nitrogen and then polymerized 

at 50±0.1 °C for 72 hr. The initial value of 

the pH was 4.5 which was chosen so as to ob­

tain a suitable degree of polymerization, After 

this PAA was dialyzed against the deionized 

water for five days, the sodium form of PAA 

was obtained by reprecipitating three times with 

sodium hydroxide and ethanol. Furthermore 

the NaPAA was dialyzed sufficiently and dried 

in vacuum for 12 hr at 60°C after being 

lyophilized. The value of the pH of the aqueous 

NaPAA solutions was 8.84, confirming that the 

sodium form of PAA had been obtained. Ele­

mentary analysis, infrared spectrum and nuclear 

magnetic resonance spectrum were used for 

identification. The elementary analysis showed 

that one molecule was contained per two resi­

dues of NaPAA. The intrinsic viscosity [r;] was 

determined in order to evaluate the value of 

the DP, using Kagawa's relation17 

[r;]=6.52x 103 (DP)°- 64 ( 1) 
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and it was found to be about 940. All other 

chemicals used in this experiment were of re­

agent grade. 

Since the ionic strength of a sample solution 

has to be low enough to yield the exact rec­

tangular pulse, a buffer was not used in the 

kinetic experiments. Also, in spectrophotometric 

experiments, a buffer was not used to maintain 

the same condition as that for the kinetic ex­

periments. Sample solutions were prepared by 

adding aqueous toluidine blue solution to an 

aqueous PAA solution with stirring; the value 

of pH was then adjusted to the desired value 

by addition of hydrochloric acid or aqueous 

sodium hydroxide. All measurements were 

performed at three pH regions of 6.5, 8, and 

10 in order to examine the dependences of the 

binding properties upon the degree of ionization 

of PAA. 

Method 

Kinetic measurements were carried out using 

the electric-field pulse technique in which the 

instruments were virtually the same as described 

elsewhere. 16 ' 18 A wavelength of 635 nm cor­

responding to the absorption maximum of 

toluidine blue19 was employed to monitor the 

reaction progress. It is known that the applica­

tion of an electric field to the macromolecule 

causes orientation of the macromolecule toward 

the direction of the field. 20 Thus, to cancel 

out the contribution of this orientation effect on 

the chemical relaxation signal, a polarizer was 

inserted between the cell and monochrometer. 

The angle determined for the polarizer that 

would minimize the signal amplitude at the 

isosbestic wavelength was about 75 degrees to 

the direction of the electric field. 

The Union Giken SM-401 spectrophotometer 

was used for the spectrophotometric measure­

ments. The pH was measured with Hitachi­

Horiba type F-5 pH meter with an accuracy of 

±0.2 pH unit. The procedure for the pH titra­

tion has been described in our previous work. 16 

In the kinetic experiments, the temperature was 

controlled at 20°c by circulating water from 

an external thermostat. All other measurements 

were made at room temperature with the ex­

ception of the titration experiments, being at 

20°c. 
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RESULTS AND DISCUSSION 

In order to determine the degree of ionization 

of PAA at various pH, pH titration was per­

formed for the PAA and PAA-toluidine blue 

complex. The total concentration of the titrant 

added was the same with the initial concentra­

tion of PAA in the cases of both the presence 

and absence of toluidine blue. This indicates 

that all carboxylic groups in PAA are titrated 

and the masking effect of carboxylic group by 

toluidine blue does not occur. This fact also 

explains the experimental result of the titration 

curve for PAA-toluidine blue complex being 

identical with that for PAA. The ionization 

degree values were 0.4, 0.8, and 1.0 at pH 

6.5, 8, 10, respectively, which are in fairly good 

agreement with the values in the literature. 21 

Various equilibrium parameters were deter­

mined by the procedures used by Schwarz. 10 •12 

Since the dye used in this work is the same as 

those in our previous work, 16 the equilibrium 

constant for dimerization of toluidine blue are 

shown only in Table I. 

The molar extinction coefficient of stacked 

dye to the polymer (•st) is obtained using eq 2 

•=•st+(•A-•st) ~(CAOrl ( 2) 
K 

where s is the apparent extinction coefficient of 

the sample solutions, cA is the extinction coef­

ficient of the free monomeric dye, K is the 

cooperative binding constant, cA0 is the total 

weighing-in concentration of dye and s=KcA 

(cA=the equilibrium concentration of the free 

monomeric dye). If the parameter s becomes 

almost constant with changes in cA°, a plot of 

s vs. (cA 0)-1 at constant polymer-to-dye ratio (P/D) 

should eventually give a straight line, and the 

value of •st should be determined from the in­

tercept on the ordinate axis. These plots are 

shown in Figure 1. 

Next, the number of binding sites per residue 

(g) of PAA and the cooperative binding con­

stants (K) were determined using the following 

relations 

rA*+egP=l 

K=(-h *cA0)-1 +2Kd 

( 3 ) 

( 4) 

where r A* is the fraction of freed ye, I} is the frac-
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Figure 1. Plots of the apparent molar extinction 
coefficient, s535, vs. the reciprocal value of the total 
weighing-in concentration of the dye, (1/cA 0), at 
constant polymer-to-dye ratio P/D=5; O pH 6.5; 

(), pH 8.0; ., pH 10. 

tion of occupied binding sites, Kct is the dimeriza­

tion constant of dye and P=P/D. PlottingrA* vs. 

P/D gives a binding curve shown in Figure 2, satis­

fying eq 3. The common-limiting straight line 

for small P values may be extrapolated to the 

P axis where the intercept corresponds to gP= 1 

or P= g- 1 • From the value of r A* at the in­

tersection point (i A*) between the binding curve 

and the second auxiliary straight line having 

half the slope of the first one, the value of K 

can be determined using eq 4. Thus at the pH 

6.5, 8, and 10, the values of g were I.I, 1.2, 

and 1.4, and the values of K to be 4.8 x 105 M-1 , 

5.4x 105 M-1 , and l.7x 106 M-1 , respectively. 

The value of g was determined assuming that 

all residues of PAA could be supplied as the 

binding site. However, at the pH of 6.5 and 

8, the carboxylic groups are partially ionized 

and the residues of PAA exist in two forms of 

ionized and un-ionized carboxylic group. There­

fore, in contrast with the above assumption, 

assuming that the toluidine-blue molecules bind 

only to ionized carboxylic groups, an ionized 
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Figure 2. Plots of the fraction of free dye, r A*, vs. the polymer-to-dye ratio, P/D, at 

constant total weighing-in concentration of the dye, CA 0: O, CA 0 =20 µM; e, CA 0 =50 µM; 

(A), pH 6.5; (B), pH 8.0; (C), pH 10. The broken straight lines are used to determine 

the parameters g and K (details are in the text). 
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carboxylic group-to-dye ratio should be substi­

tuted for the polymer-to-dye ratio of the absissa 

axis in Figure 2. On this assumption, the 

values of g turn out to be 2.7, 1.5, and 1.4 at 

pH 6.5, 8, and 10, respectively. These values 

indicate that the number of binding sites for 

the ionized carboxylic groups differs twice be­

tween pH 6.5 and 10, which seems to be un­

likely in actual practice, taking into account 

the electrostatic interaction. (The possibility of 

the dimer of the dye binding to the polymer 

can be denied because of the negligible con­

centration of the dimer.) Consequently it seems 

reasonable in the determination of the value of 

g to assume that all residues of PAA contribute 

equally to the binding site. 

If the toluidine-blue molecule binds directly 

to the residue of PAA electrostatically it is ex­

pected that some difference in the value of g 

exists between two binding modes for ionized 

and un-ionized carboxylic groups. Actually, 

however, no apparent difference in the value 

of g was observed between pH 6.5 and 10. As 

a most plausible binding mode, it may be sup­

posed that the dye binds to the PAA like an 

ionic atmosphere. 

The cooperative parameter (q) was obtained 

using the following relation. 

(1-8) _ s 

q-(T=28j 2 - (I-s) 2 
( 5 ) 

Since this equation does not hold at 8=½, the 

value of q has to be obtained in the region of 

8<½ (sufficiently large P/D). The values of q 
obtained from rough estimations are given in 

Table I. Generally it is proposed that the co­

operativity comes about by the dye-dye inter­

action on the polymer, so that the value of q 
may depend on the degree of the overlap of 

the bound dyes. This dye-dye interaction 

easily occurs when the charge of the dye is 

fully neutralized because of the decrease of the 

electric repulsion force between the dyes. Ac­

cordingly it can be understood that q increases 

with the value of a of PAA, as shown in 

Table I. 

All parameters obtained above are listed in 

Table I. On the basis of these parameters, 

the binding scheme of toluidine blue to PAA 

can be considered as follows: toluidine-blue 

molecules bind to PAA like an ionic atmos­

phere, through a Coulombic interaction. With 

increasing a, the charge density around the 

polymer chain increases and toluidine-blue 

molecules come to bind more closely to PAA. 

As a result, the degree of interaction of the 

dye with the nearest neighbors is also enhanced 

and the cooperativity is increased. From the 

comparison of the equilibrium parameters be­

tween PAA obtained in the present work and 

(Glu)n-toluidine blue systems, 16 it is con­

clusively suggested that the binding properties 

are greatly affected by the difference in the 

conformation rather than that in the degree of 

ionization of the polymer. 

A typical kinetic trace in PAA-toluidine 

blue complex is shown in Figure 3 in which 

the upward change of the signal corresponds to 

the increase of toluidine-blue monomer. This 

figure shows that the toluidine-blue monomer 

increases during the application of the electric 

field and decreases with the absence of the field. 

With the electric-field pulse method by which 

detection is noted by absorbance change, gener­

ally, two relaxation signals having opposite in 

direction to each other, and which are charac­

terized by the same relaxation time, can be 

observed in the case when the reaction reaches 

equilibrium within the pulse duration. 22 On 

the other hand, in the case of the reaction not 

reaching equilibrium within the pulse duration, 

the analyzable relaxation signal can be observed 

Table I. Equilibrium properties of cooperative binding of toluidine blue to 
poly(acrylic acid) at 20°C 

pH Kd, est, 
g 

K, 
103Af-1 1Q3Af-lcm-1 lQ5Af-1 q a 

6.5 6.0 (±0, 7) 4.3 (±0.11) 1.1 (±0.06) 4.8 (±0.2) 20 0.4 
8 6.7 (±0.4) 3.8 (±0.08) 1.2 (±0.1) 5.4 (±0.4) 30 0.8 

10 12 (±0.8) 3.9 (±0,09) 1.4 (±0.06) 17 (±4) 80 1.0 
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Figure 3. A typical kinetic trace for the interaction of toluidine blue (50 µM) with 
poly(acrylic acid) (150 µM) at pH 8.0. The vertical scale in 0.2 volt/division, and the 
horizontal scale is 50 µsec/division. The wavelength used for observation was 635 nm. 

only when the electric field is no longer present. 

In this experiment, as can be seen in Figure 3, 

no reaction has reached equilibrium within the 

pulse duration (20 µsec) and so only the relaxa­

tion spectrum brought on by the removal of 

the field was used for analysis. 

At 545 nm, which corresponds to the absorp­

tion of the complex, the relaxation signal having 

an opposite direction to that obtained at 635 nm 

was observed. This fact implies that the ob­

served relaxation phenomena may be due to 

the binding process of the dye to the polymer. 

The following three basic reaction mechanisms 

have been proposed for the cooperative inter­

action of dye with polymer 

kR 

auu+A ;:=::: aau 
kn 

fukR 

uuu+A uau 
fuqkn 

aua+A -::==~~-~- aaa 
fall/qlkn 

( 6) 

( 7) 

( 8) 

where kR and kn are the rate constant for re­

combination and dissociation process, respec­

tively, and /u and fa are defined by Schwarz. 10 

In the case of sufficiently large q the chemical 

relaxation of binding predominantly reflects the 

reaction of eq 6. Thus, the relaxation equation 

can be written as follows. 
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Figure 4. Plots of the reciprocal relaxation time, 
(1/r), vs. ,v8(1-8)P according to the equation (9) 
at constant total weighing-in concentration of the 
dye, cA0, at pH 10: O, cA0=20 µM; e, cA0=50 µM. 

According to this equation, Figure 4 shows the 

plots of the reciprocal relaxation time (, -i) vs. 

,v0(1-0)P at constant cA 0, (As a typical ex­

ample, only the result at pH 10 is shown.) 

Contrary to our expectations, however, a 

straight line traversing the origin was not ob­

tained in these plots, indicating that the reac­

tion mechanism for the PAA-toluidine-blue 

system is somewhat different from the usual 

one, such as (Glu)n-toluidine-blue system.16 

Another mechanism which takes into account 

the redistribution process of the bound dye has 
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also been proposed for the PAA-proflavine 

system. 14 This process is predominant for large 

values of P/D and was found to be the same 

mechanism as eq 6 for a sufficiently small P/D. 

Since the present work was performed at a 

small P/D value the relaxation equation should 

be the same as eq 9. Accordingly neither can 

the mechanism for the redistribution process 

explain the experimental results in the present 

work. 

As a reason for not being able to apply the 

mechanism of eq 6, it is felt that the present 

chemical relaxation of binding might reflect not 

only the aggregation process of eq 6 but also 

the nucleation process of eq 7. Accordingly, 

on the basis of this supposition, the kinetic 

equation may be written as 

dcA 
--~=2kRCauuCA-2knCaau 

dt 

+ /ukRCuuuC A -/uqknCuau ( IO) 

where c denotes the concentration of each 

species. With XA=CA -CA, Xauu=Cauu-Cauu, etc. 

representing deviations from the new equilibrium 

concentrations (c), eq IO can be transformed 

to the relaxation equation 

where 

At t=0 Schwarz's theory predicts 

Accordingly, the following equation is 

derived. 

Xz(0)= -(~ (~q)) « I 
alncA P,cAO 

(14) 

also 

( 15) 

Thus for some initial part of the relaxation 

process the following relations may be accepted. 

X 1(t)« I 

X 2(t) « I 
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Figure 5. Plots of the reciprocal relaxation time, 

(1/r-), vs. F(8)P according to equation (18) at con­

stant total weighing-in concentration of the dye, 

CA0 at pH 10: O, cA0=20 pM; e, cA 0=50 pM. 

The solid straight lines were drawn by the least­
squares procedure. 

With the reciprocal mean relaxation time (r-- 1 ) 

the relaxation equation is described as follows 

!'-1 =2kRCauu + /ukRCuuu 

=kRgcA°F(0)P (18) 

where 

F((}) =.2 ,,/s/q ,/O(l-0)-/u(l-0) 

Plots of 1/r- vs. F((})P at constant cA O are shown 

in Figure 5, in which a fair degree of linearity 

indicates the model assumed above to be rea­

sonable. The value of /u was determined at 

about 0. 7 so as to obtain the best straight line 

for the data. According to the Schwarz's theory 

this parameter is equal to no more than unity 

if the interaction does not involve any activa-, 

tion barrier. 10 In this work, however, the value 

of /u was 0.7, implying the existence of a low 

activation barrier. The rate constants, kR and 

kn obtained from the relation K=kR/kn are 

summerized in Table II. 

No remarkable dependence of the association 

rate constant (kR) on the degree of ionization 

can be seen. The value of dissociation rate 

constant (kn) is almost constant between pH 

6.5 and 8 but changes greatly at pH 10. These 

facts are consistent with the dependences of the 

values of g and q on the pH and imply that 

the bound dyes should become more stable with 
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Table II. Rate constants of the binding of 

toluidine blue to poly(acrylic acid) 

at 20°C 
-- -------- ----

H kR, kn, /ukR, 
P 108 M-1 sec-1 102 sec-1 108 M-1 sec-1 

6.5 1.3 (±0.2) 

8 1.8 (±0.2) 

10 1.4 (±0,2) 

2.7 

3.3 

0.82 

0.91 

1.3 

0.98 

3.8 

0.9 

4.7 

increasing the degree of ionization. From the 

fact that the value of dissociation rate constant 

(/uqkn) for the nucleation process · is almost 

constant with respect to changes in pH, it is 

clear that the value of kn is greatly affected by 

the degree of cooperativity. 

The reaction model proposed here could be 

successfully applied to the experimental results. 

The contribution of the nucleation process to 

the chemical relaxation could not be neglected; 

the reason for this, however, is not entirely 

clear. It has been reported that the contribu­

tion of the nucleation process is negligible with 

a medium P/D value and a sufficiently large q 

value. 10 The values of q determined spectro­

photometrically in this work are not very small 

compared with those obtained in the case of 

(Glu)n. 16 Nevertheless the contribution of the 

nucleation process appeared in the observed re­

laxation phenomena. This may be due to the 

fact that the condition of Cuau «cauu or Caau is 

not fully recognized for some reason in the 

case of PAA. Thus the contribution of the 

nucleation process should be always taken into 

account irrespective of the magnitude of the 

value of g. 

In the case of (Glu)n, kR was found to be 

about 109 M-1 sec- 1 which clearly indicated a 

diffusion-controlled reaction process, 13 •16 where 

as the value of kR for PAA turned out to be 

about 108 M-1 sec-1 under the same experimental 

condition. The reason for this discrepancy is 

not apparent, but several possible explanations 

exist. First, it is expected that the rate constant 

for the diffusion-controlled reaction would take 

on a somewhat smaller value on account of 

the difference in the type of polymer. The rate 

constant for the diffusion-controlled process of 

the complex formation is given by 

496 

and 

k=4-rrNr(D A +DB)(+--) 10- 3 M- 1 sec-1 

e -1 

where N is Avogadro's number, DA and DB are 

translational diffusion coefficient of the reactant 

A and B, respectively, zA and zB are charge on the 

reactant A and B, respectively, e0 is electrostatic 

charge, s is dielectric constant, and r is distance 

of closest approach of ions of the complex. 23 

In case of the interaction between the macro­

molecule and the small molecule, the term of 

the diffusion coefficient should be represented 

approximately only by that of the small mole­

cule since the diffusion coefficient of the macro­

molecule is small compared with that of the 

small molecule. Using a dielectric constant of 

80, with the distance between ions in the com­

plex being equal to 5-10 A, and the diffusion 

coefficient value being equal to 0.5-1 x 10-s 

cm2 sec-1 , the value of k is found to be 8.6 x 

108-2.6xl09 M-1 sec- 1 • Thus the rate constant 

for the diffusion-controlled process of the com­

plex formation between the macromolecule and 

the small molecule should be around 109 M-1 sec- 1 

irrespective of the kind of macromolecule. 

Therefore, it can be supposed that the recom­

bination process of toluidine blue to PAA is 

not diffusion-controlled, which is in apparent 

contrast to the (Glu)n-toluidine-blue system. 

Next, another reason for the cause of the 

difference in the value of kR between these 

polymers is considered. In a polyelectrolyte 

having a small distance less than about 3 A 
between the adjacent side chains, such as PAA, 

Ikegami has reported that the second hydration 

region around a polyion is formed in addition 

to the intrinsic hydration with increase in the 

degree of ionization of carboxylic groups. 24 •25 

In the case of a polyelectrolyte such as (Glu)n, 

however, the second hydration region is not 

formed, since the distance between neighboring 

charged groups is more than 3 A. 14 ' 25 If the 

toluidine blue binds to the second hydration 

region of PAA, the value of kR would be the 

same as that for the diffusion-controlled process 

(there is no energy barrier). However, the fact 

that the value of kR obtained in this work is 
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smaller than that for the diffusion-controlled 

process is evidence of the existence of another 

reaction process. Therefore, if the toluidine 

blue binds to the surface of the intrinsic hy­

dration region of PAA, the dye must destroy 

the second hydration region on binding to the 

PAA. For this reason, it is expected that the 

value of kR will be smaller than that for the 

diffusion-controlled process. In addition, the ex­

pectation that the toluidine blue binds to the 

intrinsic hydration region of PAA is consistent 

with the suggestion that the dye binds to the 

polymer not directly but in the manner of an 

ionic atmosphere, obtained from the value of g 

and its dependence on the degree of ionization. 

In conclusion, the discrepancy of the value 

of the rate constant for the recombination 

process between PAA and (Glu)n can be at­

tributed to the difference in the structure of 

the hydration region of the polymer. 
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