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SYNOPSIS 

The interaction of various structurally different water-soluble cationic polyelectrolytes with 
methyl orange, an anionic dye, has been studied. The changes in the UV-Vis spectra of 
methyl orange in the presence of methyl and benzyl quaternized polyvinylpyridines and 
trialkylammonium and triphenylphosphonium salts of polyvinylbenzyl chloride have been 
used to investigate the effect of the structure on the dye-binding characteristics of the 
polycations. The results are interpreted in the light of a simple theory of cooperative binding 
to a linear lattice. The extent of binding of the dye aggregates on the polymers has been 
calculated. The binding ability of the above-mentioned polyelectrolytes has been found to 
depend on the nature of the substituent on the polycation. The contribution of the coulombic 
forces on binding of the dye by these polymers has been emphasized. 0 1995 John Wiley & 
Sons, Inc. 
Keywords: methyl orange polycation quaternization polyvinylbenzyl chloride 
polyvinylpyridine stacking cooperativity 

INTRODUCTION 

The studies on the interaction of synthetic polymers 
with ionic dye molecules originated from the studies 
on the binding of small molecules by proteins.' Such 
investigations have provided useful information 
about the nature and mechanism of the binding pro- 
cess. It is evident that both nonpolar and electro- 
static interactions are involved in the binding of dye 
molecules on the 

The interaction between the anionic dye mole- 
cules and the water-soluble cationic polyelectrolytes 
has been studied on several systems, taking methyl 
orange (MO) and its homologs as the dye compo- 
n e n t ~ . ~  The synthetic polycations studied include 
polyethyleneimine,1~'~6 derivatives of polyvinylimid- 
az0le~9~ and p~lyvinylpyridine,~-' polyvinylbenzyl- 
triethylammonium ~hlor ide ,~  polydimethyldiallyl- 
ammonium etc. It has been observed 
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that the changes in the UV-Vis spectrum of the dye 
in the presence of these polymers are due to the 
binding of the dye molecules on the polycations. The 
effect is cooperative under certain conditions and is 
due to the bound dye-dye interactions, which are 
associated with the aggregation tendency of the dye 
molecules. 

Earlier studies of the spectral behavior of MO in 
the aqueous media7 show that the dye does not self- 
aggregate in concentrations as high as lop3 M, and 
its high extinction coefficient makes it possible to 
use a dye concentration as low as M. For the 
aggragated state, which is formed in the presence of 
the polycation, the UV-Vis spectra shows a sub- 
stantial blue shift. Hence, in this work, we have used 
MO to probe the dye-binding characteristics of var- 
ious polycations of different structure with regard 
to the steric hindrance at the charged site, the nature 
of the pendant chain, and the charge density of the 
polymer. Trialkylammonium and triphenylphos- 
phonium salts of polyvinylbenzylchloride and 
polyvinylpyridine quaternized with alkyl and aryl 
halides have been selected for the present study. 
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EXPERIMENTAL 

The dye, MO, was obtained from BDH chemicals 
and was purified by recrystallization from ethanol. 
Polyvinylbenzyl chloride ( PVBC ) was obtained 
from Aldrich Chemicals and the chloroform soluble 
portion was used. The degree of chloromethylation 
was 1.0 as determined by IH-NMR (200 MHz, Bru- 
ker ) . 2-vinylpyridine (2VP) and 4-vinylpyridine 
(4VP) were obtained from Merck and were distilled 
twice under reduced pressure before use. The prep- 
arations of the corresponding polymers and their 
methyl derivatives have been reported elsewhere." 
All other chemicals were reagent grade and were 
used as received. The structure of the polymers used 
in this study are shown in Table I. 

Polymer Synthesis 

Poly (vinylbenzyltrimethylammonium chloride) 
(PVB TMA C)  l3 

PVBC (1.0 g, 6.56 mmol) in dioxane (20 mL) and 
trimethylamine (7.2 mL, 40 mmol) were stirred at 
room temperature. The product precipitates as ami- 
nation proceeds. Minimum quantity of water was 
then added to redissolve the product and the reaction 
was allowed to proceed for 24 h. The excess of the 
amine and the solvent were evaporated off under 

vacuum and the crude polymer was dissolved in 
methanol. The solution was added to excess dieth- 
ylether resulting in the precipitation of the pure 
polymer. 

Poly (vin ylbenzyltrie th ylammonium chloride) 

PVBC (1.0 g, 6.56 mmol) was treated with trieth- 
ylamine ( 6  mL, 43 mmol) under the same conditions 
as above to obtain PVBTEAC. It was purified as 
described above. 

(PVB TEA C) 

Poly (vinylbenzyltriphenylphosphonium chloride) 
(PVBTPPhC) l4 

The mixture of PVBC (2.0 g, 13.1 mmol) in DMF 
(75 mL) and triphenylphosphine ( 13.3 g, 50.8 mmol) 
were stirred at  80°C for 24 h. The solution was con- 
centrated and precipitated in diethylether. The 
product was dissolved in DMF and added to excess 
diethylether. The precipitated polymer was again 
dissolved in methanol and reprecipitated in excess 
of diethylether to get the pure polymer. 

Copolymers of polyvinylbenzylacetate (PAC) l5 
and PVBTEAC 

( a )  To PVBC (0.61 g, 4 mmol) dissolved in toluene 
( 10 mL), potassium acetate (0.39 g, 4 mmol) and 

Table I. The Structure of the Polycations Used in This Study 

Structure Symbol 

R = -cH,, x = I 

R = - C H , a  
x = CI 

'Nb Xw 
I 
R 

P4VPMI 
P4VPBC 

R = -cH,, x = I P2VPMI 
R = - C H , a  P2VPBC 
x = CI 

-cH,~;+cH-cH,+~ R, = CI PVBTMAC 
R, = -N(cH,),cI~ 

R, = CI PVBTEAC 

@ 

@ R, = -&cH,cH,),cI~ 

R, = CI PVBTPPhC 
R, = --;(a):@ 

0 

PAcTEA I1 
R, = -0-C-CH, 

R, = -&CH,CH,),CIO 
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tetrabutylammonium bromide (0.13 g, 0.4 mmol) 
were added. The reaction mixture was stirred at  
room temperature for 24 h and poured into meth- 
anol. The precipitated product was dissolved in THF 
and the solution was poured in excess of water to 
precipitate the polymer. The process was repeated 
twice and the resulting polymer precipitate was 
washed with methanol and dried. The degree of es- 
terification of the product was 0.32, as determined 
by the 'H-NMR (CDC13): 6 = 4.9 (- CH2-0-); 
4.4 ( - CH2 - C1) . To the esterified product (0.81 
g) in dioxane (12 mL), triethylamine ( 5  mL, 35.9 
mmol) was added. The reaction mixture was stirred 
at  room temperature for 24 h with the addition of 
water on appearance of turbidity. The product was 
separated by vacuum evaporation of the reagents. 
It was designated as PAcTEA-HDS. 

( b )  The mixture of PVBC (2.0 g, 13.1 mmol) in 
toluene (30 mL), potassium acetate (1.38 g, 14 
mmol) and tetrabutylammonium bromide (0.43 g, 
1.32 mmol) was treated as described above. In this 
case, the degree of esterification of the product was 
0.65. To the product polymer (1.2 g) in dioxane (35 
mL), triethylamine (4.1 mL, 29.4 mmol) was added 
and the mixture was stirred for 24 h at  room tem- 
perature. The aminated product (designated as 
PAcTEA-LDS ) was separated by the evaporation 
of the excess solvent and reagents, dissolved in 
methanol, and precipitated in excess of diethylether. 

Preparation of Quaternized Polyvinylpyridine 
Samples 

Poly (4-vinylpyridiniumbenzyl chloride) l6 of High 

Poly(4-vinylpyridine) (P4VP) (1.0 g, 9.52 mmol) 
and benzyl chloride (10 mL, 86.9 mmol) in nitro- 
methane ( 20 mL) , were stirred at room temperature 
for 48 h. The product was separated by evaporation 
of the excess reagents under vacuum and was dis- 
solved in ethanol. The pure polymer was precipitated 
from the solution in excess of toluene. 

DS (P4VPBC-HDS) 

P4VPBC of Very Low DS (P4VPBC-VLDS) 

P4VP (1.76 g) in methanol (35 mL) was treated 
with benzyl chloride (0.7 mL, 6.08 mmol) for 12 h 
at room temperature. The product was purified as 
above. 

Poly (2-vinylpyridiniumbenzyl chloride) l7 of Low 

Benzyl chloride (6  mL, 52.13 mmol) was added to 
poly( 2-vinylpyridine) (PBVP) ( 1.0 g, 9.52 mmol) 

DS (PZVPBC-LDS) 

in nitromethane (20 mL) . The mixture was stirred 
at 70°C for 6-7 days. The product was separated as 
above, dissolved in ethanol, and poured into excess 
of toluene to obtain the pure polymer as a precipi- 
tate. 

Poly (2-vinylpyridiniumbenzyl chloride) of Very 

Benzyl chloride (3.8 mL, 33 mmol) was added to 
PBVP ( 1.0 g, 9.52 mmol) in methanol (20 mL) and 
stirred at  room temperature for 2 days. The product 
was purified as described above. 

All the compounds prepared were dried at 50°C 
under vacuum. The DS were determined by argen- 
tometric titration using amperometry.18 The molec- 
ular weight (mol wt) and the DS of these compounds 
are listed in Table 11. 

The aqueous solutions of the polymers were made 
based on the molar concentration of the charged 
sites. For dye-binding experiments, a set of solutions 
was made with different ratios of the polymer and 
the dye. In all the solutions, the concentration of 
the dye was kept constant (4.0 X M )  and the 
polycation concentration was changed ( 0.0-3.0 
X lo-* M ) .  Upon equilibration, the UV-vis spectra 
were recorded (Hitachi U3400). 

LOW DS (P2VPBC-VLDS) 

RESULTS AND DISCUSSION 

The spectral behavior of MO in aqueous solution 
has been studied in detail.' The dye, in dilute so- 

Table 11. 
Energy Band, A, and r Values for the Various Polymers 
Used in This Study 

The mol wt, DS, Wavelength of the Highest 

mol wt x r 
Polymer x DS (nm) (M-'Cm-') 

P2VPMI-LDS 2.3 0.40 415 0.079 
P2VPMI-HDS 2.3 0.71 384 0.133 
P4VPMI-HDS 8.0 0.82 379 0.183 
P2VPBC-VLDS 31.0 0.23 455 - 
P2VPBC-LDS 13.6 0.41 408 0.081 
P4VPBC-HDS 8.0 0.71 377 0.162 
P4VPBC-VLDS 80.4 0.20 428 0.092 
PVBTMAC 0.79 404 0.114 
PVBTEAC 0.86 410 0.138 
PVBTPPhC 1.0 430 - 
PAcTEA-HDS 0.61 413 - 
P AcTEA- LD S 0.37 419 - 

a 

B 

a 

a 

a 

a nsp,c of PVBC = 0.24 dL/g in benzene at 3OoC measured at 
a concentration of 0.5 g/dL. 
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lution ( 10-3-10-6 M) is shown to have an absorption 
peak at  465 nm due to the isolated monomeric spe- 
cies. Increasing concentration of the dye brings 
about a blue shift, which is attributed to the oligo- 
meric aggregates of the dye molecules. The higher 
the aggregate, the lower is the wavelength of the 
corresponding absorption band. 

The aggregation or the stacking of the dye itself 
can be brought about at a lower concentration by 
the addition of the polymers with specific binding 
sites for the dye. It has been shown that, with the 
addition of increasing amounts of the highly ionized 
cationic polyelectrolytes, the spectra of MO show a 
gradual blue shift of the 465 nm band due to the 
stacking of the dye on the polymer backbone. A high 
degree of stacking may lead to the appearance of a 
well-defined peak at higher energy, [ e.g., at 370 nm 
for MO and poly ( 3-methyl-1-vinylimidazolium 
bromide) system] On increasing the concentration 
of the polymer, the blue-shifted band gradually dis- 
appears and the 465-nm band reappears due to the 
spreading out of the dye molecules along the polymer 
chain. This provides further proof for the explana- 
tion that the blue-shifted bands are due to stacking. 
The larger the polyelectrolyte concentration re- 
quired to restore the 465-nm band, the stronger is 
the cooperativity or the tendency of the dye to oc- 
cupy the adjacent sites on the polymer. The various 
polyelectrolytes used in this study give information 
about the effect of the structural parameters on the 
dye-polymer interactions. The UV-Vis spectra of 
MO in the presence of various polycations studied 
are shown in Figures 1-4. 

Figure 1. Absorption spectra of MO and methyl qua- 
ternized PVP cations at  various p: ( a )  PPVPMI-LDS: p 
= (1) 0.0, (2 )  0.26, (3) 0.52, (4)  1.0, (5 )  2.1, and (6)  7.2; 

(5)  2.0, and (6 )  7.0; ( c )  P4VPMI-HDS:p = (1) 0.0, (2 )  
0.25, ( 3 )  0.51, ( 4 )  1.0, (5)  2.1, and (6) 7.2. 

(b)  P2VPMI-HDS:p = (1)  0.0, (2 )  0.25, (3) 0.5, (4 )  1.0, 

A (nm) 
0 

h (nrn) 
0 

Figure 2. Absorption spectra of MO and benzyl qua- 
ternized PVP cations at  various p: ( a )  P4VPBC-VLDS 
and (b)  P4VPBC-HDS: p = ( 1) 0.0, (2 )  0.25, (3) 0.50, 
(4 )  1.01, (5 )  2.1, (6)  7.0, and ( 7 )  25.0. 

The binding process observed here can be ex- 
plained by a simple theory l9 of cooperative binding, 
which considers the cooperative interaction between 
the nearest neighboring binding sites. At low con- 
centration, in the presence of the polymer, a dye can 
exist in the free and bound forms. In the bound form, 
the dye can experience two kinds of environments: 
the isolated bound states for which the neighboring 
sites are not occupied and the aggregated states in 
which the dye occupies a site in the immediate 
neighborhood of an already bound site. The molar 
extinction coefficient of the dye at 465 nm in such 
a system can be written as, 

( 1 )  = cst + ( € A  - c s t )  ( Y A  + 6 )  *, 

A (nm) 
400 500 60 

A (nm) A (nrn) 

Figure 3. Absorption spectra for MO and PVBC de- 
rivatives at  variousp: ( a )  PVBTMAC: p = (1) 0.0, (2 )  
0.27, (3 )  0.55, ( 4 )  1.10, (5) 1.97, and (6 )  7.68; (b)  
PVBTEAC:p = (1) 0.0, ( 2 )  0.29, (3 )  0.58, (4)  1.17, (5)  
2.34, and ( 6 )  8.18; ( c )  PVBTPPhC: p = (1) 0.0, (2) 0.26, 
(3) 0.51, (4 )  1.02, (5 )  2.05, and (6 )  7.17. 
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1.0 c" 

c 
51 
9 

0 
400 500 I 

1 

400 500 c I 

A (nm) 

Figure 4. Absorption spectra for MO and PAcTEA. (a )  

( 5 )  2.19, ( 6 )  7.74, and ( 7 )  19.9; (b )  PAcTEA-HDS: p 
= ( 1 )  0.0, ( 2 )  0.28, ( 3 )  0.56, ( 4 )  1.12, ( 5 )  2.23, and 
( 6 )  7.81. 

PAcTEA-LDS:p = ( 1 )  0.0, ( 2 )  0.28, ( 3 )  0.55, ( 4 )  1.11, 

where tsl and E A  are the extiction coefficients at 465 
nm of the stacked and the free unbound dye, re- 
spectively; and Y A  and ,$A are the fractions of the 
free and the isolated bound dye, respectively. Strictly 
speaking, Cst is not a constant, as more than one 
species of oligomeric dye aggregates are present, 
which is evident from the nonexistence of a clear 
isosbestic point in the UV-Vis spectra. However, 
since the contribution of the stacked dye to the ab- 
sorption at  465 nm is small, and the difference be- 
tween the Est of different oligomeric species is ex- 
pected to be small, tSt has been assumed to be con- 
stant. For more accurate studies, the contribution 
of the monomeric species to the absorption at 465 
nm can be deconvoluted from the spectra by curve 
fitting. 

The fraction of the free dye can be expressed in 
terms of the fraction of the bound dye by the equa- 
tion, 

where 8 is the fraction of the occupied sites, g is the 
number of binding sites per charged monomer seg- 
ment of the polymer, andp is the ratio of the molar 
concentration of the ionic groups of the polymer to 
that of the dye. Substitution of eq. ( 2 )  in eq. ( 1 )  
yields 

The fraction of the occupied sites t9 can be 
determined*' by evaluating the decrease of t with 
increasing p . Our experimental data show that the 
plot of t vs. p is a straight line at small p values with 

an intercept on the ordinate axis corresponding to 
cA. The linear dependence of c vs. p implies that the 
last term in eq. (3)  is negligible a t  low p values; i.e., 
at small polymer-to-dye ratios, the concentration of 
the isolated bound dye is negligible and all the bound 
dye molecules are in the stacked form. The magni- 
tude of the slope of the straight line given by the 
term ( E s t  - eA)g8 corresponds to the amount of 
stacking of the dye on the polymer and, hence, to 
the strength of the cooperative binding. The plot of 
t vs. p for the representative polymers studied here 
are given in Figure 5. The nature of the curves in 
Figures 5 ( a )  -5 (c )  and 5 ( e )  are characteristic of a 
system where the aggregation of the bound dye mol- 
ecules is favored over the isolated binding. The t of 
the solution, which is a measure of the free dye, falls 
sharply at  low p values. After a certain value of p ,  
the slope of the curve changes sharply, as the dye 
preferably binds on the isolated sites. The higher 
the value of p at which the c vs. p curve deviates 
from linearity, the higher is the extent of coopera- 
tivity. In Figure 5 ( d )  , the slope of the t vs. p curve 
changes at  very small p values and in Figure 5 ( f ) , 
the curve is continuous without any break. Both 
these curves reflect a case of weak cooperative in- 
teraction in which the dye molecules take up isolated 
sites on the polymer even at low values of p. The 
extent of stacking, given by the slope (tSt - ~ ~ ) g 8  
and represented as r ,  is listed in Table I1 for different 
systems. The dependence of r on the structural pa- 
rameters of the polymers is discussed below. 

Polyvinylpyridine (PVP) derivatives 

The Effect of Charge Density on Dye Binding 

The spectral behavior of MO in the presence of 
P2VPMI of two different DS is shown in Figure 1. 

0 .28  t 

0 

0 

I I I I I 
0 0.4 0.8 1.2 1.6 2.0 2.4 

P- 

Figure 5. 

( e )  P2VPMI-LDS, and ( f ) PSVPBC-VLDS. 

Plot of t vs. p for ( a )  P4VPMI-HDS, (b)  
P4VPBC-HDS, ( c )  P2VPMI-HDS, (d)  P4VPBC-VLDS, 
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The blue shift of the dye absorption band observed 
in both cases confirms the stacking of dye on both 
the polymers. In the case of P2VPMI of low DS, the 
blue shift of the dye absorption band at maximum 
stacking is only 50 nm [see Fig. 1 ( a )  ] and the ab- 
sorption peak at 465 nm is restored at a p of 7.2. 
For PZVPMI of high DS, the absorption of the 
stacked dye appears as a sharp peak at 384 nm, cor- 
responding to a larger shift of 80 nm [Fig. 1 (b)  3 .  
The original 465 nm band is not restored even on 
adding a large excess of the polymer ( p  = 50.0). 
This is due to the higher degree of cooperativity in 
this case compared to the former. A similar behavior 
is shown by P4VPMI-HDS and P4VPBC-HDS also 
[Fig. 1 (c)  and 2 ( b )  1. The higher value of r (Table 
11) in the case of P2VPMI-HDS, P4VPMI-HDS, 
and P4VPBC-HDS compared to the corresponding 
LDS derivatives demonstrates a higher stacking of 
the dye on the polymers with high charge density 
due to the shorter distance between the binding sites 
on the polymer backbone. 

The Effect of the Nature of the Quaternizing Side 
Chains 

It is well known that in addition to coulombic forces, 
the nonionic interactions between the dye molecules 
and the polymer side chains contribute toward the 
binding mechanism. The benzyl and the hexyl qua- 
ternized polyvinylimidazole are reported4 to show 
enhanced binding strength relative to the methyl 
derivatives. In P4VP partially quaternized with 
methyl, ethyl, and propyl chains, the first binding 
constant for MO ( K l )  increased in the same order 
as the hydrophobicity of the side  chain^.^ We have 
investigated the effect of the alkyl and the aryl side 
chains on the dye-binding characteristics of the 
quaternized P2VP and P4VP. The spectral changes 
of MO in the presence of P4VPBC (VLDS and 
HDS) are shown in Figures 2 ( a )  and 2 (b) .  Com- 
parison of Figures 2(b)  and l ( c )  shows that the 
aggregation behavior of the dye is similar for the 
methyl and the benzyl quaternized P4VP derivatives 
of high charge density. The corresponding plots in 
Figure 5 [see ( a )  and ( b ) ]  show nearly equal slope. 
The deviation of the curves from the straight line 
nature occurs a t  a lower value of p for the methyl 
quaternized P4VP. This indicates that the binding 
on isolated sites is stronger in this case, compared 
to the benzyl derivative, which could be due to the 
lesser steric hindrance offered by the methyl group. 
But, at low p values, the steric hindrance of the ben- 
zyl derivatives is nearly, though not fully, compen- 
sated by the involvement of the 7 electrons of the 

benzyl group in the stacking process, resulting in 
nearly equal extent of stacking on both the polymers. 
A similar effect of an increase in the interaction en- 
ergy between the dye and the polymer due to the 
intercalation of the dye between the side chain rings 
in the polymer has been reported for MO and poly ( 3- 
benzyl 1-vinylimidazolium bromide) .3 The low DS 
polymers (PZVPMI-LDS and PZVPBC-LDS) show 
identical behavior regarding the amount of stacking 
(Table 11) and the extent of cooperativity, which is 
probably due to the absence of steric hindrance, as 
the binding sites are well separated from each other. 

The Effect of the Location of the Binding Site 

It is evident from the higher value of r for P4VP 
derivatives (Table 11) that the stacking of the dye 
on these polymers is much more than on the PZVP 
derivatives, which is due to the difference in steric 
hindrance offered by the binding sites in the two 
cases. However, for the same reason, the binding 
constant for the isolated sites is also higher in the 
case of P4VP derivatives, resulting in the deviation 
of the E vs. p curve from linearity at relatively lower 
values of p in these polymers [Figs. 5 ( a )  and ( d )  1. 
Thus, the easy availability of the charged site on 
the polymer chain seems to be an important factor 
for the favorable binding of the dye. 

Quaternized PVBC Derivatives 

The Effect of the Nature of the Quaternizing Side 
Chain 

Aggregation of dye molecules on the PVBTEAC and 
the blue shift of the 465-nm band have been reported 
by Quadrifolio and Cre~cenzi.~ We have carried out 
similar studies with PVBTEAC and compared the 
results with trimethylamine and triphenylphosphine 
derivatives. The absorption spectra of the dye in the 
presence of the above polymers is shown in Figure 
3. The absorption for the highest form of the stacked 
dye, i.e., the maximum blue-shifted peak, appears 
at 404,413, and 430 nm for the trimethylamine, tri- 
ethylamine, and triphenylphosphine derivatives, 
respectively. The smaller magnitude of the blue shift 
of the 465-nm peak indicates low extent of stacking 
on these polymers compared to the PVP derivatives. 
The extent of stacking ( r )  has been calculated from 
the slope of the E vs. p curves (not shown) for the 
trialkylammonium derivatives. The corresponding 
plot for the PVBTPPhC shows a continuous change 
in slope, because of which the r value could not be 
calculated. From the initial slope of e vs. p curves, 
the stacking tendency of MO seems to be similar on 
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these polymers irrespective of the nature of the qua- 
ternizing side chain. The extent of restoration of 
the 465-nm peak at p = 7-8 is in the order 
PVBTMAC < PVBTEAC < PVBTPPhC, which 
shows that the binding strength of the dye at the 
isolated sites follows the same order as the hydro- 
phobicity of the quaternizing side chain. The non- 
polar interaction between the pendant groups of the 
polycations and the dye seems to increase the bind- 
ing strength of the dye at  the isolated sites of these 
polymers. 

The Effect of Charge Density on Dye Binding 

The P4VBC derivatives of low DS tend to form ether 
crosslinks on reacting with water. In order to make 
soluble quaternary salts of PVBC of various DS, a 
certain number of the chloromethyl groups were 
initially blocked by esterification and the remaining 
were used for the quaternization reaction. The dye- 
binding characteristics of the PAcTEA derivatives, 
esterified and aminated to different extent, are 
shown in Figure 4. In the case of PAcTEA-HDS, 
the absorption peak for the highest form of the 
stacked dye appears a t  a wavelength (413 nm) that 
is very close to that of PVBTEAC (410 nm), showing 
similar stacking on both the polymers in spite of the 
reduction in charge density of the former. Further, 
in the case of PAcTEA-LDS, where the charge den- 
sity is reduced to half, the blue shift (419 nm) is not 
much less compared to the PAcTEA-HDS, and the 
465-nm peak is not restored even at a large p value 
(p = 20.0). This shows the involvement of the ester 
groups in the enhancement of stacking of the dye. 
This enhancement of stacking in spite of the large 
decrease in the electrostatic interaction is unex- 
pected. However, it is known that nonionic forces 
between the dye and the polymer side chain do en- 
hance the dye binding.*v6 More elaborate studies are 
to be carried out in this regard. 

CONCLUSIONS 

The dye-binding ability of the polycations is ob- 
served to have a strong dependence on the structure 
of the polymer. It is favored by the easy availability 
of the charged site on the polymer. The stacking 
tendency of the dye is enhanced by the high charge 
density of the polymer. The binding ability of the 
PVP-based polycations is higher than the quater- 

nized PVBC polymers. The loss of cooperative 
binding at  high p values and the preference for iso- 
lated sites on the polymer is dependent on the 
strength of the binding of the dye at  isolated sites. 

The author gratefully acknowledges S. Ghosh for helpful 
discussions and V. Kalpagam for constant encouragement. 
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