
1200 Macromolecules 1985,18, 1200-1206 

\ A 

0' -6 - 5  -4 -3  - 2  -1 

log CP 

Figure 6. Comparison of experimental counterion activity 
coefticients for salt-free polyelectrolyte systems with the theoretical 
curves of eq 12. (0) NaPMSS,= N = 761 and b = 2.66 X 10" cm; 
(0) NaPVS,14 N = 293 and b = 5.8 X 10" cm; (A) NaPVS,14 N 
= 348 and b = 3.38 X cm; (A) AgCMC,23 N = 289 and b = 
3.31 X cm. Theoretical curves: N = 1000. 

solutions has been made without an explicit consideration 
of the condensed phase. Values of 6 and y thus obtained 
were compared with other theories and experimental data. 
The benefit of the present study may consist in that the 
dependences of 6 and y on C,, C,, and N can be predicted. 
Satisfactory agreements with the experimental data of 
Kowblansky et al.5 were found for C, and C, dependences 
of y/ yo. A minor modification of our modelB will extend 

the applicability to systems containing counterions with 
different valences and to those in which dehydrations from 
counterions and polyions are involved in the condensation 
process. 
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ABSTRACT The interactions of methyl orange with methyl, hexyl, and benzyl quaternized poly(N- 
vinylimidazoles) were studied to Mess the structural factors and the nature of the driving forces for dye binding. 
The stoichiometry of the polymer-dye complex is dictated by charge. The apparent binding constant increases 
with polymer charge density as well as polymer saturation r (where r = [Db]/[Pt], and [Db] and [Pt] are the 
molar concentraticns of bound dye and total polymer quaternary sites, respectively), but decreases in the 
presence of competing counterions, indicating that Coulombic forces operate. The van der Waals forces between 
the dye and the aromatic or long-chain hydrocarbon group at  the polymer quaternary site also enhance binding 
strength. Cooperative dye binding was observed in the region 0 5 r 5 0.7. This behavior is discussed in terms 
of the dimerization tendency of the dye molecules. In the high-saturation region (0.7 I r I LO), however, 
steric hindrance prevents further aggregation of the dye, and cooperativity was lost. 

Two types of interactions can occur between an aromatic 
dye molecule and a polymer in aqueous solution, i.e., the 
nonspecific adsorption and the specific site interaction. 
The former interaction is a result of van der Waals at- 
traction between molecules caused by dipole-dipole, di- 
pole-induced dipole, and the London dispersion forces. 
The enthalpy of such an interaction is generally very small 
among nonpolar linear hydrocarbons, but the total free 
energy change in an aqueous medium can be significant 
because of an entropy gain resulting from the structural 
change of the "hydrophobic hydration"' shells surrounding 
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the associated ~ o m p l e x . ~ , ~  The second type of interaction 
involves specific sites on the polymer where a covalent 
bond, metal complex, charge-transfer complex, or ion-pair 
formation takes place. The enthalpy for this type of in- 
teraction is generally large, and the total free energy change 
may be enhanced by an entropy gain caused by the 
"hydrophobic effectn2v3 described above for the nonspecific 
nonpolar association. 

The interaction between anionic dye molecules and 
synthetic polycatioris has been investigated by several 
workers,"8 yet the nature of the driving forces for binding, 
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Table I 
Structures of Methyl Orange and Polymers 

Compound St r u c lure Symbol - 

Methyl  Orange N -@ N N @ O ; N a +  MO 
C H 3  

Homopolymers (1 n P V I  

R=-CH3, X = B r  MPVI 

I 
R R : - n C 6 H , , ,  X = B r  HXWI 

MPVI ( 0 )  

the molecular mechanisms for t h e  binding process, the 
stoichiometries, and the  geometries of the bound com- 
plexes cannot be generalized. To gain such molecular 
insight, we chose to  study methyl orange and several 
homopolymers and copolymers containing imidazole and 
imidazolium salts. 

In this work, we investigated the effects of polymer 
structure (such as the type of the  quaternizing groups and 
the extent of quaternization) and the competing coun- 
terions on dye binding characteristics. The binding da ta  
were analyzed by the cooperative models involving bound 
dye-dye interactions. Other papersgJO discuss thermody- 
namic functions of dye binding, AGO, AHo, and ASo, and 
a molecular mechanics model for estimating the relative 
magnitudes of the Coulombic and van der Waals inter- 
action energies and the  probable molecular geometries of 
the polymer-dye complexes. 

Experimental Section 
A. Materials. The structures of the polymers and the dye 

are shown in Table I. The preparations of poly(N-vinylimidazole) 
(PVI) and poly(3-benzyl-l-vinylimidazolium chloride) (BPVI) have 
been reported." 

The syntheses of the partially quaternized BPVI polymers, the 
homopolymer poly(3-methyl-1-vinylimidazolium bromide) (MPVI) 
and its partially quaternized forms, and the homopolymer 
poly(3-hexyl-1-vinylimidazolium bromide) (HXPVI) are described 
below. 

1. Pa r t i a l ly  Quatern ized  Poly(3-benzyl-1-vinyl- 
imidazolium chloride). Five levels of quaternization were 
achieved by reacting PVI with different amounta of benzyl chloride 
for the same amount of polymer. For example, a sample con- 
taining 70 mol % quaternized groups was prepared as follows: 
To a solution of 1.0 g (1.1 mmol) of PVI in 15 mL of methoxy- 
ethanol was added 1.8 g (1.42 mmol) of benzyl chloride, and the 
mixture was heated for 2 days in a 60 "C bath. The solution was 
then treated with 1.8 g (0.75 mmol) of a 25% methanolic tri- 
methylamine solution to react with the excess benzyl chloride. 
The solution was allowed to stand for 2 days at room temperature, 
dialyzed against distilled water for 4 days, and freeze-dried: yield 
1.66 g. 

The mole fraction of the monomer unit quaternized was smaller 
than the feed ratio. Two samples with 23% and 45% quater- 
nization [BPVI(23) and BPVI(45)I were chosen for the present 
study. 

2. Poly(3-methyl-1-vinylimidazolium bromide). Methyl 
bromide (96 g, 1 mol) was added to a solution of poly(N-vinyl- 
imidazole) (37.6 g, 0.4 mol) in NJV-dimethylformamide (200 mL) 
at  room temperature under nitrogen. Upon precipitation of the 

Table I1 
Intrinsic Viscosities (dL/g) as a Function of Salt Solution 

[ V I  
polymer I&, NaAc" NaCl" NaSCN" 

BPVI(C1) 470000 1.91 1.49 (ppt) 
HXPVI(Br)b 1290000 3.75 3.05 (ppt) 
MPVI(Br) 375000 3.28 2.78 2.3 
PVI 210000 0.65 0.55 

'0.01 M. 6The stock solution of the aqueous dispersion of 
HXPVI(Br) became clear when dissolved in 0.01 M N d c  or NaCl 
solutions. 

polymer, additional Nfl-dimethylformamide (100 mL) was added, 
and the mixture was stirred overnight. The mixture was then 
heated at 70-80 "C for 2 h under nitrogen. The solid was filtered 
and immediately dissolved in 300 mL of methanol to make a 
solution containing 25.6% solids. Additional methyl bromide (50 
g, 0.5 mol) was added, and the solution was stirred overnight at  
room temperature. The polymer was precipitated with ethyl 
acetate, filtered, washed, and dried, yielding 68 g of solid material. 
Anal. Calcd for C6HsN2Br: C, 38.1; H, 4.8; N, 14.9; Br, 42.2. 
Found C, 37.3; H, 5.3; N, 14.7; Br, 40.3. 14.7; Br, 40.3. 

3. Pa r t i a l ly  Quatern ized  Poly(3-methyl-1-vinyl- 
imidazolium bromide). A stoichiometric amount of gaseous 
methyl bromide was condensed into a solution of poly(N-vinyl- 
imidazole) in 150 mL of methoxyethanol at 0 "C. The solution, 
enclosed in a bomb, was heated overnight in a 60 "C bath. The 
absence of residual pressure in the vessel showed complete reaction 
of the methyl bromide. The solution was diluted to 600 mL with 
water, dialyzed, and freeze-dried. Two samples with 32% and 
78% quaternization [MPVI(32) and MPVI(78)I were used. 

4. Poly(3-hexyl-1-vinylimidazolium bromide). A solution 
of 10 g of poly(N-vinylimidazole) and 20 g of 1-bromo-n-hexane 
in 110 mL of methoxyethanol was heated in a steam bath for 48 
h. The product was precipitated with ether, washed, and dissolved 
in 50 mL of methanol without drying. The product was again 
precipitated with ether, washed, and vacuum dried, giving 20 g 
of solid. Anal. Calcd for CllHISNBr: C, 51.0; H, 7.38; N, 10.8; 
Br, 30.8. Found: C, 49.4; H, 7.1; N, 10.5; Br, 28.1. 

The dye, methyl orange (MO), was obtained from Kodak 
Laboratory Chemicals and purified by recrystallization. 

B. Polymer Characterization. All polymers except 
HXPVI(Br) are water soluble and were dialyzed for 3 days and 
freeze-dried before use. The water-insoluble HWVI(Br) polymer 
was dissolved in methanol and dialyzed against water. A uniform 
stable aqueous dispersion was obtained. The percentage of 
quaternization of the polymers was determined by acid-base 
titration of the imidazole groups and halide titration of the 
counterions associated with the quaternized groups. 

The fractionation and characterization by intrinsic viscosity 
and light scattering of the BPVI homopolymer were reported 
elseulhere." By using two fractions of fully quaternized BPVI 
(I5, M, = 470000; Is, &fw = BOOOO),  we showed that dye binding 
is independent of molecular weight. Consequently, all other 
polymers (Table 11) were used in unfractionated form. 
Weight-average molecular weights for these polymers were de- 
termined by light scattering in MeOH/O.Ol M tetrabutyl- 
ammonium bromide solution. 

Solution concentrations of all polymers are based on moles of 
quaternized sites (or the repeat unit in the case of the uncharged 
PVI) per liter. The concentrations of the stock polymer solutions 
were determined by weight and confirmed by titration of the 
counterions of the quaternized group. 

In the following dye-binding measurements, the concentrations 
of the polymers were kept much smaller than the electrolyte 
concentrations so that complete counterion exchange was ex- 
pected. Therefore, the nature of counterions in the original 
polymers should have little effect on the binding data. 

C. Methods. 1. Spectrophotometric Titrations. A 3-mL 
portion of dye ([D] = 3.5 X 10-5M) in aqueous 0.01 M NaAc was 
titrated with microliter incrementa of polymers ([PI = 0.01-0.03 
M), and the spectra were recorded with a Varian Superscan 3 
UV-visible spectrophotometer. 

2. Equilibrium Dialysis. An 11-cm-long (1.5-cm diameter) 
cellulose tubing was soaked successively in MeOH/H20 and 
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Table 111 
Turbidimetric Titration 

Dolvmer Mw M M M 
[NaAc], [NaCl], [NaSCNl, 

BPVI(C1) 470000 1.12 0.096 0.00083 
HXPVI(C1)” 1070000 0.74 0.044 0.001 47 
MPVI(Br) 315 000 0.063 
PVI 210000 

a Ion exchange was necessary to convert the water-insoluble 
HXPVI(Br) to water-soluble HXPVI(C1). 

demineralized H20 for several days before use. Polymer and dye 
solutions used in the dialysis experiments were prepared in a 
minimum of 0.01 M aqueous salt to suppress the Donnan effect. 
The bags were filled with 10 mL of polymer solution with various 
concentrations (10-3-10-5 M) and a magnetic stirrer, secured at 
both ends with polyester thread, and placed in a 30-mL beaker 
containing 10 mL of dye solution at a constant concentration (lo4 
M). The beakers were covered and the solutions were allowed 
to equilibrate with stirring for 24 h. When binding was weak, 
additional experiments were run in which the polymer concen- 
tration was kept constant while the initial dye concentration 
outside the bag was varied (from 5 X lo4 to 5 X lo4 M). Blanks 
were run for each dye concentration to correct for the 1-3% 
adsorption of the dye by the bag. 

Upon equilibration, free-dye concentrations were determined 
by measuring the absorbance of the dye solutions outside the bag. 
When the polymer concentrations were high, readings were taken 
at two intervals to ensure complete equilibration. The absorbance 
of the dye follows Beer’s law over the concentrations used. The 
molar extinction coefficient of the dye in the aqueous solution 
was 2.72 X lo4 f 400 cm-’ M-’ at 465 nm, in good agreement with 
that reported elsewherea6 The constancy of this coefficient in the 
different salt solutions warranted using this value at all times. 

3. Intrinsic Viscosity. Intrinsic viscosities were measured 
in various salt solutions with a Ubbelohde viscometer at 25 O C  

(see Table 11). Details of the procedure were reported previously.12 
The BPVI, MPVI, and PVI polymers were soluble in the aqueous 
salt solutions studied. The stock solution of HXPVI(Br) dis- 
persion was soluble in 0.01 M NaAc or NaCl. 

4. Turbidimetric Titrations. A 3-mL portion of a 0.2-1% 
polymer solution was titrated with a concentrated salt solution 
by use of a microliter syringe. For the water-insoluble HXPVI(Br), 
counterion exchange gave water-soluble HXPVI(C1). The salt 
concentration at the onset of turbidity (see Table 111) was taken 
as a relative measure of counterion binding.” Turbidity was 
observed by the scattering of incident light from a microscope 
lamp on the solution. 

5. Acid-Base Titration. A 15-mL portion of a 0.01 M (base 
moles) polymer solution in 5050 MeOH/CH,CN and 0.25 M 
tetrabutylammonium bromide was titrated with HCl. The pH 
was monitored with a Corning Model 130 pH meter and a Sar- 
gent-Welch miniature combination electrode. 

6. Chloride Titration. The quaternized groups of the hom- 
opolymers were determined from titration of the halide counterion 
by incremental addition of 0.02 M &NO3 to 15 mL of an aqueous 
solution containing 2.5 mmol of polymer. The same procedure 
was followed for titration of the copolymers except that 2 equiv 
of HNO, per equivalent of imidazole monomer was added to avoid 
silver complexation with the base. A Corning Model 130 pH meter 
equipped with Orion silver and double-junction reference elec- 
trodes was used to measure the potential (millivolts) as a function 
of added AgNO,. 

Results and Discussion 
A. Spectral Behavior. To determine the stoichiom- 

etry of the polymer-dye complex and probe the environ- 
ment of the bound dye, we spectrophotometrically titrated 
MO with the various polymers. Figure 1 shows the titra- 
tion curves for MO + BPVI in 0.01 M NaAc at various 
[P,]/[Dt] ratios, where [P,] is the total molar concentration 
of the polymer quaternized sites and [D,] is the total dye 
concentration. The absorption spectrum peaking at  465 

10-  
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Figure 1. Spectral changes for MO + BPVI in 0.01 M NaAc at 
various [P,]/[D,]. 
nm corresponding to [P,]/[D,] = 0 is that of the isolated 
monomeric dye in the absence of polymer. Upon addition 
of polymer, the band at  465 nm gradually decreases in 
intensity and is replaced by a new band around 390 nm. 
From a plot of the absorbance at  465 nm vs. [P,]/[D,], a 
complex stoichiometry of unity was obtained from the 
interpolated end point. Similar stoichiometry was also 
obtained for the other quaternued homopolymers, showing 
that complex composition is “dictated by charge. 

For the partially quaternized copolymers, the end points 
were slightly less than unity, e.g., [Pt]/[Dt] = 0.8 for MO 
+ MPVI(32), suggesting some binding of the dye a t  the 
uncharged sites. However, these stoichiometries may be 
contrasted to the larger values found for uncharged poly- 
mers such as p~ly(vinylpyrrolidone),~~ again demonstrating 
the importance of charge for high binding capacity of the 
present polymers. 

For MPVI and HXPVI with MO, the spectral curves 
with changing [P,]/[D,] follow the sarhe trend as that for 
BPVI. The curve shapes, however, are slightly different 
(Figure 2a). The new band that appears when the con- 
centration of polymer is increased (at low [P,]/[D,]) is 
sharper and further blue shifted to 370 nm. Analogous 
spectral features were reported by others for MO bound 
to poly(viny1-N-methylpyridinium ~ h l o r i d e ) , ~  poly(L- 
l y ~ i n e ) , ~  poly(~-ornithine),~ acylated poly(ethylenimine),4 
and the methyl sulfate analogue of MPVI.6 

Reeves and Harkaway explained the origin of the high- 
energy band (370 nm for MO + MPVI) from dye stacking 
on the polymer backbone.6 This interaction between the 
bound dye molecules may also be accompanied by the 
additional interaction between the dye and pendant 
polymer groups (e.g., 390 nm for MO + BPVI), causing 
differences in the orientation of the stacked dyes. The 
transition moments of the excited chromophores may, 
therefore, vary with each polymer, resulting in the observed 
spectral features. 

If dye stacking is the cause of the blue-shifted bands, 
increasing the probability for the dyes to spread out along 
the polymer chain by increasing [P,]/[D,] should result in 
a gradual disapperance of the high-energy band and ap- 
pearance of a “monomeric” band for the bound dye. The 
spectral curves for MO + MPVI at high [P,]/[D,] indeed 
show this, Figure 2b shows that the band associated with 
the isolated monomeric bound dye is centered at  465 nm, 



Macromolecules, Vol. 18, No. 6, 1985 Dye Binding 1203 

o s  

0 6  

u) n a 

0 4  

0 2  

I I I I 
3 50 400 450 500 550 

n a 
0 4 1  "' 

I I I 
350 400 450 500 550 

Wavelength (nm) 

Figure 2. (a) Spectral changes for MO + MPVI in 0.01 M NaAc 
at low [P,]/[D,]. (b) Spectral changes for MO + MPVI in 0.01 
M NaAc at high [P,]/[D,]. 

similar to that for the free monomeric dye, and increases 
with increasing [P,]/[D,] at the expense of the dye ag- 
gregate band a t  370 nm. The large [P,] / [D,] values nec- 
essary to recover the 465-nm band are noteworthy and may 
suggest cooperativity OF a preference for the dye to occupy 
sites adjacent to bound dyes. Similar phenomena were 
observed for BPVI (data not shown) and the methyl sulfate 
ana loae  of MPVI.6 

In addition to an estimation of the complex stoichiom- 
etries and insight into the nature of complexation, the 
equilibrium constant may be obtained from spectropho- 
tometric titrations. This is possible, however, only for 
systems containing two absorbing species in equilibrium 
(i.e., free and bound dyes). In Figures 1 and 2 an isosbestic 
point, indicative of the presence of two species, persists 
only at low values of [PJ/ [D,]. At higher values it is likely 
that the equilibrium involves several species, including free 
dye and various forms of bound dye. Consequently, the 
spectral change is too complex to be used for the analysis 
of the binding constant. 

B. Effect of the Bound Dye-Dye Interaction on the 
Binding Isotherm. If all the binding sites are identical 
and binding at each site is independent of the binding at 

'4 
MO 

1 1 1 1 1 1 l l l  
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Figure 3. Klotz plots for MO + PVI (data points are outside 
the range of graph above l / r  = 18) and MO + MPVI in 0.01 M 
NaAc, NaC1, and NaSCN. 

other sites, the binding data can be described by any of 
the following equations: 

r/[D] = K(n - r) (S~atchard '~  form) (2) 
r = nK[D]/(l + K[D]) (Langmuir form) (3) 

Here [P,] is the total molar concentration of the polymer 
binding sites (quaternized sites), [Db] and [D] are the 
molar concentrations of the bound and free dye, n is the 
number of dyes bound per polymer site, and K is the 
intrinsic binding constant per pair of dye and binding site. 
A plot of l / r  vs. 1/[D] or r/[D] vs. r according to eq 1 and 
2, respectively, will be linear if binding obeys the above 
model. The binding constant may, therefore, be deter- 
mined from the slope and the stoichiometry from the in- 
tercept. 

In many cases, the occupation of one site on the polymer 
affects binding a t  neighboring sites so that K defined in 
eq 1-3 is no longer a true constant. Rather, it is dependent 
on the degree of occupation r of the polymer chain. The 
dissociation of polyacids and polybases shows a similar 
phenomenon.16 

Figure 3 shows the Klotz plots for MO + PVI and MO + MPVI in various salt solutions. Because of weak bind- 
ing, the data points for PVI are outside the range of the 
graph. The value of unity for lim[Dl.-m ( l / r ) ,  as shown by 
the data points for the charged polymer MPVI + MO, 
indicates a complex stoichiometry of one, in agreement 
with the end point determined by spectrophotometric 
titrations discussed above. The nonlinearity of these plots 
suggests that eq 1 and 3 are not applicable because of 
interaction among the occupied sites, also consistent with 
the observed spectral shift previously discussed. Because 
of this neighboring site-site interaction, we shall use the 
apparent equilibrium constant Kapp (per pair of dye- 
polymer site) defined as follows: 

K, 
P + D - P D  

where 

In the following section, Kapp will be presented as a 
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screened and dye binding subsequently altered to a degree 
dependent on the extent of binding of the different 
counterions. Comparison of the relative extent of coun- 
terion binding to these polymers is shown by the data in 
Tables I1 and 111. In the turbidimetric titrations (Table 
111) the concentration of a particular salt required to induce 
turbidity in the polymer solutions was taken as a relative 
measure of charge-screening ability. That is, the smaller 
the salt concentration required to induce turbidity, the 
stronger the counterion binding. For all the polymers, 
SCN- is the most effective charge-screening counterion and 
Ac- the least. The intrinsic viscosities in Table I1 cor- 
roborate the titration data. For a given polymer, a smaller 
intrinsic viscosity reflects a more tightly bound counterion 
and a highly collapsed chain. Again, the order of binding 
is SCN- > C1- > Ac-, which is similar to the order of the 
Hofmeister series for positively charged ~ r0 te ins . l~  

Figure 4 compares the effect of 0.01 M NaAc, NaC1, and 
NaSCN on the binding of MO to MPVI. The decrease in 
dye binding strength at a given r with increasing charge- 
screening ability of the counterion is what one would an- 
ticipate if Coulombic forces are important. Increasing the 
concentration of a given salt also decreases the dye binding 
strength in the same manner (data not shown). Similar 
ionic strength effects on dye binding strength were also 
observed for the BPVI and HXPVI polymers. 

E. Effect of Charge Density on Dye Binding. In the 
preceding sections, we have demonstrated that quaterni- 
zation enhances binding strength because of Coulombic 
as well as nonionic forces between the dye and the polymer 
side chain. These forces between the dye and a polymer 
site, however, may not be the only driving forces for the 
binding of MO with the polycations. The increase in Kapp 
with r (Figure 4) and the blue shift of the dye absorption 
band upon binding of the dye to polymers shown earlier 
(Figures 1 and 2) suggest that bound dye-dye interaction 
may also contribute to the binding mechanism. This 
bound dye-dye interaction may be further examined by 
using PVI polymers quaternized to different extents so 
that the bound dye molecules are physically separated by 
the uncharged and weakly binding imidazole spacer groups. 
The apparent binding constants (per pair of dye-quater- 
nary site) as defined by eq 4 are plotted against r in Figure 
5a,b for the partially quaternized MPVI and BPVI, re- 
spectively. The effect of the bound dye-dye interactions 
on K,  is apparent from these data. The decrease in Kapp 
with Secreasing percentage quaternization, resulting from 
a decrease in bound dye-dye interaction, is substantiated 
in these data. 

F. Cooperative Binding. Because the binding process 
for our systems cannot be described by the independent 
single-site model as discussed earlier (eq 1-3), we further 
examined our data by several interacting-site mod- 
e l ~ . ~ ~ , ~ ~ , ~ ~ ~ ~  Among them, the cooperative model proposed 
by McGhee and von Hippel is the most suitable for the 
present systems. The general reaction scheme and defi- 
nition of binding constant are depicted in Figure 6. A 
cooperative interaction parameter w has been incorporated 
in the binding constantx for the singly contiguous site (K@) 
and the doubly contiguous site (K0o2). For a singly charged 
dye binding to one quaternary site on a partly saturated 
polymer, we use eq 5 

MYVI 
MO 

3 

II I I b I I I 1  I I I 
0 0.2 0.4 06 08 1.0 

r 

Figure 4. log Kapp vs. r for MO + PVI and MO + MPVI in 0.01 
M NaAc, NaC1, and NaSCN. 

function of polymer saturation r for comparison of the 
binding strengths of the various polymers. 

C. Effect of Quaternization and the Nature of the 
Quaternizing Side Chain on Binding Strength. The 
magnitude of Kapp. and how it varies with polymer satu- 
ration are shown in Figure 4 for the binding of MO to 
MPVI and PVI in various salt solutions (for PVI, [P,] is 
the concentration of monomer units). The increase in Kapp 
with polymer saturation shows favorable interaction among 
the bound dye molecules. 

The apparent equilibrium constant was measured only 
a t  low values of r for PVI because of the weak binding of 
this polymer and experimental difficulty of saturating the 
chain. For MPVI, the consistently higher values of K,  
and the fact that binding data can be obtained for the fuiy 
occupied polymer (Le., r - 1) clearly show that quater- 
nization enhances the binding strength and capacity sub- 
stantially. 

Although the plots for MO + MPVI showed curvature 
(Figure 3), linear Klotz plots for MO + BPVI and MO + 
HXPVI in 0.01 M NaCl and 0.01 M NaAc were obtained 
over the experimentally accessible concentration range (i.e., 
0.8 < r < 1). The linearity does not preclude interaction 
among the binding sites, however. Curvature corre- 
sponding to a decrease in binding strength with a decrease 
in r would be expected in the unsaturated region (r < 0.8), 
but binding data for this region are difficult to obtain for 
a strong binding polymer such as BPVI or HXPVI. 

Linearity in the Klotz plots for MO + BPVI and MO 
+ HXPVI in the concentration range (0.8 < r < 1) studied 
warrants calculation of a single value of Kapp from the 
slope. For BPVI and HXPVI in 0.01 M NaAc, log Kapp 
is 6.6 and 6.5, respectively. For MPVI in similar solvent 
conditions, log K,  corresponding to the saturated region 
( r  - 1 in Figure 4) is 5.7. The enhanced binding strength 
of the benzyl and hexyl quaternized polymers relative to 
MPVI results from additional nonionic forces between the 
dye and polymer side chain. 

D. Effect of Counterion Binding on Dye Binding. 
To study the ionic component of polymer-dye interactions, 
we measured binding of the fully quaternized polymers and 
MO in various salt solutions. The polymer charge is 

where R = ((1 - 2r)2 + 4wr(l - r)j1lz. 
1. MPVI + MO. The binding data for MPVI + MO 

in 0.01 M NaCl are presented as the Scatchard plot in 
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Table IV 
Binding Parameters for the Linear and Nonlinear Binding Regions according to the Klotz (Eq 1) and 

McGhee-von Hippel (Eq 5) Formulas 
system medium r n log K (eq 6) logKO (eq 16) w 

MPVI + MO 0.01 M NaCl 0.7 C r I 1.0 (Klotz) 1 5.2 
0 I r 50.7 (McGhee-von Hippel) 1 2.85 100 

0 I r < 0.6 (McGhee-von Hippel) 1 4.0 55 
BPVI + MO 0.05 M NaCl 0.6 C r I 1.0 (Klotz) 1 5.8 

T 7 - T -  - 
(naked lattice) Ll L1 L2 

f + + 
L1 (1st ligand) L2 (2nd ligand) L3 (3rd ligand) 

0 

I 1 I I I I I 
0 0.2 0.4 0.6 0.8 1.0 

0 
0 

0 

0 0.2 0.4 0.6 0.8 1.0 

Figure 5. (a) log Kapp va. r for MO + MPVI as a function of 
percent quaternization. (b) log Kapp va. r for MO + BPVI as a 
function of percent quaternization. 

Figure 7. The theoretical curve that fits the data points 
in the lower region 0 5 r 5 0.7 is calculated according to 
eq 5 by using the two parameters log KO = 2.85 and w = 
100 obtained by iteration. The data points beyond r = 0.7 
do not fall on this curve, however. This result implies that 
cooperative interaction with a binding constant K@ occurs 
at the singly contiguous site when 70% of the quaternary 
sites are bound to the dye molecules. Site-site interaction 
involving the doubly contiguous site in the high-saturation 
region (0.7 < r I 1.0) is not appropriate for the present 
system. This is possibly caused by steric hindrance im- 
posed by the two bound dyes. Although the cooperativity 
effect may not persist in the high-saturation region in- 

(isolated) (singly contiguous) (doubly contiguous) 

Figure 6. Reaction schemes for cooperative binding. 7rM-'' n =I, log K z 5 . 2  - \ 6 Scotchard 

I I I Y 
0 0.2 0.4 0.6 0.8 I O  

r 

Figure 7. Scatchard plot r/[D] vs. r for MPVI + MO in 0.01 M 
NaCl (solid curve: eq 5, n = 1, w = 100, log KO = 2.85; straight 
line: eq 2, n = 1, log K = 5.20; 0: experimental data). 

volving the last one-third of the sites, the binding strength 
remains constant beyond r = 0.7. A linear Scatchard line 
with n = 1 and log K = 5.2 (see Figure 7 )  was used to 
approximate the experimental points. 

The bound dyedye interaction energy can be calculated 
from the parameter w obtained in Figure 7 ,  i.e., -RT In w 
= -2.73 kcal/mol. This value is smaller than the heats of 
dimerization for several larger planar aggregating dyes.23 
The heat of dimerization for the present dye is not 
available in the literature, mainly because the monomer 
and dimer peaks for the free dye in the UV-visible spectra 
are not greatly differentiated to allow spectrophotometric 
determination of the dimerization constant. Some pre- 
liminary NMR measurementsu show that the dimerization 
constant of methyl orange in 0.01 M NaCl has approxi- 
mately the same order of magnitude as the w value esti- 
mated above. Consequently, we believe that the cooper- 
ative interaction caused by the bound dye-dye interaction 
originates from the aggregation tendency of the dye. Al- 
though aggregation occurs at  a higher dye concentration 
in pure aqueous dye solution free of polymer, this effect 
may be manifested in the presence of polymer sites that 
can bring the dye molecules into proximity even at  low dye 
concentration. 

2. BPVI + MO. The data for BPVI + MO in 0.01 M 
NaAc and NaCl can be represented by linear Klotz or 
Scatchard plots, yielding n = 1, K = 106.3 (in 0.01 M NaC1) 
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and n = 1, K = 106.6 (in 0.01 M NaAc), respectively. Be- 
cause the range for the extent of binding r is limited (0.7 
< r < 1.0) for this strong binding polymer, the agreement 
between the calculated curves and the data points in these 
plots does not support the validity of the independent-site 
model, however. 

One way to circumvent this difficulty was to increase 
the ionic strength of the medium to 0.05 M NaCl and 
hence to weaken the binding so that the data points can 
cover the whole range of r.  These data were indeed ob- 
tained and analyzed in the same manner as those above 
for MPVI + MO and are summarized in Table IV. Direct 
comparison of the parameters KO and w for the two poly- 
mer listed in this table is not appropriate because the two 
systems were not measured a t  the same ionic strength. 
Note that the cooperative model seems to describe well 
both systems when the polymer sites are approximately 
70% occupied (Le., r = 0.6-0.7). 

Conclusions 
1. The 1:l stoichiometry for complexes of methyl orange 

and the quaternized poly(N-vinylimidazole) homopolymers 
suggests that binding capacity is dictated primarily by 
charge. 

2. The binding strength between methyl orange and the 
quaternized polymers is influenced by (a) Coulombic in- 
teraction between the anionic dye and polycations, (b) 
nonionic interaction between the quaternizing side chain 
and the dye, and (c) nonionic bound dye-dye interaction. 

3. The binding behavior in the saturation range 0 < r 
< 0.7 can be described by the McGhee-von Hippel ex- 
pression. The bound dye-dye interaction is associated with 
the aggregation tendency of the dye, which contributes an 
additional force to the overall polymer-dye interaction. 
The cooperative binding cannot persist, however, a t  a 
higher saturation level, possibly because of the steric 
hindrance of the two neighboring dye molecules. 
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Shape of Unperturbed Linear Polymers: Polypropylene 
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ABSTRACT Large numbers of conformations of unperturbed polypropylene chains are generated in Monte 
Carlo experiments, based on a rotational isomeric state scheme, and the average instantaneous shape in the 
system of principal axes of gyration is evaluated. Several new shape measures are introduced to characterize 
the shape anisotropy, asphericity, and acylindricity. Significant differences are found between short- and 
medium-length chains of different tacticity, while for long chains all shape measures converge to a common 
limit. The detailed three-dimensional segment density distributions are examined, and they are found to 
be bimodal along the longest principal axis of gyration. The loci of highest segment density are always two 
clearly separated domains, not containing the center of gyration, and they lie on the major principal avis separated 
by ca. 1.3(S2)01/2-2.0(S2)01~2. The core of the segment distribution of an unperturbed chain is therefore 
dumbbell-like in shape. 

Introduction 
Flexible-chain molecules can assume a large number of 

conformations and shapes due to the many internal degrees 
of freedom. The average shape of these molecules is of 
importance for a variety of phenomena, especially for 
dilute-solution hydrodynamics. Commonly the segment 
distribution for long chains around their center of mass 
is examined as an average over all possible orientations in 
space, i.e., integrating over the external degrees of freedom, 

and spherical distributions of approximately Gaussian 
shape are ~btained.l-~ As early as 1934, however, Kuhn 
had realized5 that the instantaneous shape of polymer 
coils, observed without orientational averaging, is far from 
spherical. Average shapes obtained without orientational 
averaging are therefore necessarily aspherical, and the 
accurate characterization of these shapes is relevant for 
the interpretation of phenomena with characteristic time 
scale smaller than the largest relaxation time of the 
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