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ABSTRACT 

The eflect of aromatic bolaform electrolytes which contain two quaternized 
amino groups and two phenyl rings on the interaction between sulphonated 
monoazo dyes and poly(vinylpyrrolidone) was investigated using visible 
absorption spectrum measurements. Since the aromatic bolaform electrolytes 
aggregated in a higher concentration range, the formation of complexes 
between the dyes and the bolaform electrolytes was investigated in the 
concentration range where no aggregate was formed. An equation based 
on the equilibria in the ternary systems containing the dyes, the bolaform 
electrolytes and poly(vinylpyrrolidone) was used to estimate the first binding 
constants of the dye/bolaform electrolyte complexes with poly(vinylpyrro- 
lidone); the values were smaller than those of the dyes themselves. The 
eflect of the aromatic bolaform electrolytes on the interaction between 
the dyes and poly(vinylpyrrolidone) is discussed, as compared with that 
of aliphatic bolaform electrolytes, by using thermodynamic parameters 
calculatedfrom the temperature dependence of the first binding constants. 

1 INTRODUCTION 

We have studied various factors affecting the interaction between 
sulphonated monoazo dyes and poly(vinylpyrrolidone) (PVP), e.g. cosolutes, 
dye structures, temperature, etc. I-5 Bolaform electrolytes (bolytes) were 
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found to enhance the first binding constants of the dyes with PVPe5 
However, the effect of the chemical structure of the bolytes on the inter- 
action has not been elucidated. 

The effects of the terminal alkyl chain length and of the connecting 
alkyl chain length of bolaform electrolytes on surface activity, solubiliza- 
tion properties and micelle formation have been discussed.k8 Applica- 
tions of bolaform amphiphiles containing the bispyridium moiety as 
counterions of anionic surfactants have also been repor~I.~*‘~ Recently, 
the behaviour of n&elks or vesicles famed by crown ether-based 
bolaform amphiphiles in aqueous solutions has been studied.” These 
researches confirmed that the behaviour of bolaform electrolytes in 
aqueous solutions is greatly dependent on their chemical structures. 

In the present study, bolaform electrolytes containing two cationic 
groups (bisquatema~ ammonium) and two phenyl rings were prepared 
and their effect on the interaction between PVP and sulphonated mono- 
azo dyes in aqueous solutions was investigated using visible absorption 
spectroscopy. An equation based on the equilibria in the ternary systems 
containing the dyes, the bolaform electrolytes, and PVP, as described in 
a previous paper,5 was used to determine the first binding constants of 
the dyelbolaform electrolyte complexes with PVP. The first binding 
constants obtained are discussed and compared with those of the dyes 
with PVP in the presence of aliphatic bolaform electrolytes5 

2 EXPERIMENTAL 

2.1 Materials 

Three munuazu sulphonated dyes, viz. sodium 1-phenylazo-2-hydroxy-6~ 
naphtha~enesu~phonate (AS), sodium I-(3-meth~~pheny~~o)-~-hydroxy- 
6naphthalenesulphonate (m-TS), and 1-(3~trifluoromethylphenyl~o)-2- 
hydroxy-6naphthalenesulphonate (m-FTS) were used. 

R HO 

SO,Na 
R=H:AS 
R = CH,: m-TS 
R = CFJ: m-FTS 
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AS (Crocein Orange G) was purchased from Tokyo Kasei Kogyo Co. 
(Tokyo, Japan) and purified by repeated recrystallization from 80% 
aqueous ethanol. m-TS and m-FTS were prepared as described in pre- 
vious papers.‘,12 

Two bolaform electrolytes, N,llr-bis(benzyldimethyl)-1,3-propane- 
diammonium dibromide (DCBz3) and N,lvl-bis(benzyldimethyl)-1,6-hexane- 
diammonium dibromide (DCBz6) were used. 

Br- Br- 

12 = 3: DCBz3 
n = 6: DCBz6 

DCBz3 and DCBz6 were prepared as follows: a mixed solution of 
benzyl bromide and the corresponding diamine (N,N,N,M-tetramethyl- 
1,3_propanediamine or N,N,llr,N-tetramethyl- 1,6-diaminohexane) in nitro- 
methane was stirred at room temperature for 3 days. The products were 
then filtered, purified by repeated precipitation from ethanol into ether 
for DCBz3, and from methanol into acetone for DCBz6, and dried. 
Purity was confirmed by elemental analysis. (Calculated for DCBz3 as 
water content 2.07%: C, 52.30; H, 6.92; N, 581; Br, 33.1%. Found: 
C, 52.47; H, 6.78; N, 5.79; Br, 33.9%. Calculated for DCBz6: C, 56.70; 
H, 7.40; N, 5.51; Br, 31.4%. Found: C, 55.98; H, 7.50; N, 5.58; Br, 32.5%.) 

Poly(vinylpyrrolidone) (mol. wt 360 000) was purchased from Tokyo 
Kasei Co., and used without further purification. 

2.2 Visible absorption spectrum measurements 

In the absence and presence of bolaform electrolytes (6.00 X lOA or 
1.20 X 10e3 mol dm-3), the visible absorption spectra of aqueous 
solutions with various polymer concentrations and a constant dye 
concentration (3.00 X 10m5 mol dmm3) were recorded using a Shimadzu 
UV-240 spectrophotometer together with a Shimadzu SPR-5 temperature 
controller. 

The visible absorption spectra of the aqueous solutions with various 
bolyte concentrations and a constant dye concentration (3.00 X 10e5 mol 
dm-3) were also similarly measured, as were the spectra change of the 
aqueous bolyte solutions with increase in bolyte concentration. 
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3 RESULTS AND DISCUSSION 

3.1 Behaviour of ~laform electrolytes in aqwxxw solutions 

In contrast with aliphatic bolaform electrolytes containing two alkyl groups 
as terminal groups as described in our previous paper,5 significant ultra- 
violet absorption was observed for DCBz3 and DCBz6 at 262 nm due to 
the presence of the phenyl rings, This makes it possible to investigate 
their behaviour in aqueous solutions using spectrophotometric methods. 
The concentration dependence of the extinction coefficients, E, at maxi- 
mum absorption wavelength (262 nm) for DCBz3 is shown in Fig. 1. The 
extinction coefficients for DCBz3 abruptly decreased at approximately 
1.2 X 1e3 mol dm-3 and a similar decrease of the extinction coefficients 
was observed at approximately l-6 X 10e3 mol dme3 for DCBz6. These 
results might suggest that bolaform electrolytes containing phenyl rings 
aggregate easily in the higher concentration range. Bolaform electrolyte 
concentrations where no aggregate is formed were therefore employed in 
the following sections. 

3.2 Interaction between the dyes and the bolaform electrolytes 

The visible absorption spectra of aqueous solutions with a constant dye 
concentration and various bolyte concentrations changed gradually with 

-4 -3 
log (CBL f mol. dm“) 

Fig. 1. Relationship between the extinction coefficients for DC323 on the bolyte concen- 
tration at 298 K and 262 nm. 
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Fig. 2. Relationship between the extinction coefficients on the bolyte concentration for 
ASDCBz3 system at 298 K and 480 nm. 

increasing bolyte concentration. As shown in Fig. 2, for the AS/DCBz3 
system, the extinction coefficients at the absorption maxima decrease 
with increasing bolaform electrolyte concentration, indicating that the 
dye binds with the bolaform electrolyte in the aqueous solutions. In the 
case of m-TS and m-FTS, precipitates of the dye/bolyte complexes were 
produced, so that visible absorption spectra could not be recorded. It 
seems that such precipitation is due to the chemical structure of the dyes, 
i.e. the substituents in the dyes. Thus, only results for AS are discussed 
below. 

As the bolaform electrolyte concentration is much greater than the 
dye concentration, one of the positively charged groups in the bolytes 
and the negatively charged group in the dye are believed to form a 1: 1 
complex; the following single equilibrium exists in the dye/bolyte systems: 

D+BL$D.BL (1) 
where D, BL and D. BL express the dye, the bolyte, and the dye/bolyte 
complex, respectively. When the concentrations of the total dye, the total 
bolaform electrolytes, the bound dye (the complex), and the free dye are 
defined as C,,, Cir, Ccomp, and Cr,- respectively, the 
the dye with the bolaform electrolytes, KcOmP, is 
following equation: 

K 
C 

camp = (C,, -c~,,p)cf 

binding constant of 
represented by the 

(2) 
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Since C, =C, + Ccomp, eqn (2) can be rewritten as follows: 

c camp = 0*5{A - (A2 - 4C~C~~)i’Z~ (3) 

where A = C, + C,, + l/&Omp. On the other hand, if Ef and ~~~,,,r are the 
extinction coefficients of the free and bound dyes, respectively, then the 
observed extinction coefficients, E, can be expressed as follows: 

Cf C C0mp 
&=-_E +-g rf t-f Comp (4) 

By substituting eqn (3) 

&=&r+ 

LO LO 

and Cf = C, - Ccomp into eqn (4), we obtain 

Qomp - Ef 

2co 

(A - (A2 - 4C,C,3’“) (5) 

On the basis of eqn (5), the binding constant, Kccomp, and the extinction 
coefficient of the bound dye, t;i70mp, can be calculated by using the nonlin- 
ear least-squares method.5 The solid line in Fig. 2 expresses the fitting 
curve calculated using Kcomp and cComp obtained above, and shows good 
agreement with the observed values below 1.2 X 1O-3 mol dme3. How- 
ever, deviation of the observed values from the fitting curve was found 
above 1.2 X low3 mol dme3. Similar results were obtained at all tempera- 
tures used in this study. Such deviation is also observed for DCBz6, 
where the fitting curve deviated from the observed values above 1.6 X 

low3 mol dm-‘. This might be attributed to aggregation of the bolaform 
electrolytes in the higher concentration range, as noted above. These 
findings support the argument described in the preceding section. 

The binding constants, IGomp, and the thermodynamic parameters (the 
enthalpy change, A&,, and the entropy change, A&,,,) calculated from 
the temperature dependence of Kcomp for AS are given in Table 1. The 
positive values of the enthalpy change and the entropy change indicated 
that the binding process of the dye with the bolytes was endothermic 
and entropic; the binding process of the dye with the aromatic bolaform 
electrolytes was enthalpically unfavourable, but entropically favourable. 

TABLE 1 
Binding Constants, Kcomp, and Thermodynamic Parameters for AS 

K co,,,p (dm3 mol-‘) AHcomp &xnp 

DCBz3 
DCBz6 

288 K 298 K 308 K 318K (kJm&‘) (Jmol-’ R’) 

860 1150 1550 1690 18 + 2 118*8 
3 580 3 850 4 160 4410 5.36 + 0.14 86.7 + 0.5 
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Moreover, the Kcomp values for DCBz6 possessing a longer connecting 
alkyl chain were much greater than those for DCBz3. These results may be 
due to the hydrophobic interaction between the hydrophobic part of the 
dye and the connecting alkyl chain of the bolaform electrolytes. 

3.3 Interaction between AS and PVP 

The same changes in the visible absorption spectra for AS as reported in 
our previous paper’ were observed with increasing polymer concentra- 
tion. To analyze the spectral change with the polymer concentration 
based on monomer units, the extinction coefficients, E, at the wavelength 
where the largest difference was observed are useful. These extinction 
coefficients decrease with increasing polymer concentration (C,). To 
estimate the first binding constants, the same equation as used in our 
previous investigations was employed, i.e. 

Ef-E 1 
E=TG-+Eb (6) 

where gf and &b are the extinction coefficients of the free and bound dyes, 
respectively. This equation includes the assumption that the bound dye 
concentration is much smaller than C,, an assumption which is fulfilled 
in the AS/PVP system. 

The plots of E against (Ef - &)ICr gave good linearity at 480 and 
530 nm, the former of which is shown in Fig. 3. The first binding 
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Fig. 3. Plots of E against (q - 8)/C, for AS at 298 K and 480 nm. 
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TABLE 2 
Binding Constants, KBlndr and Thermodynamic Parameters for AS 

288 K 

KBlnd (dm3 mol-‘) 

298 K 308 K 318 K 

AHBInd 

(kJmol_‘) 

‘%nd 

(JmoT’ Km’) 

480 nm 73.2 60.0 48.4 40.2 - 15.3 f 0.3 -17.5 f 1.0 
530 nm 66.0 55.5 47.1 37.8 - 14.0 I!z 0.9 - 14.0 -+ 3.0 

constants, KBind, calculated from the slopes and the thermodynamic 
parameters (the enthalpy change, AHBind, and the entropy change, AS,,3 
determined from the temperature dependence of KBind are shown in Table 
2; the values are in good agreement with those reported in previous 
papers. 3-5 On the other hand, the binding constants and the thermo- 
dynamic parameters at both the wavelengths also showed good agree- 
ment. This result confirms that only a single equilibrium exists in the dye 
and polymer system investigated. 

3.4 Interaction between AWbolaform electrolyte complexes and PVP 

The spectral change with increasing polymer concentration was greater in 
the presence of the bolytes than in their absence. As shown in Fig. 4, the 
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Fig. 4. Relationship between the extinction coefficients on the polymer concentration for 
AS in the absence (0) and presence (0) of DCBz3 (6 X 10-4 mol dme3) at 298 K and 480 nm. 
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extinction coefficients for the ternary systems were smaller than those 
for the binary systems in the polymer concentration region investigated, 
suggesting that the bolytes influence the interaction between the dye and 
PVP. Since the interaction between the dye and the bolaform electrolytes 
has been established, we assumed the following equilibria: 

Dye + BL 3 Dye. BL 
+ + 

PVP PVP (7) 
It hnd 

P 
Jt K,$rp 

Dye . PVP + BL > Dye . BL . PVP 

where Dye. BL, Dye. PVP, and Dye. BL. PVP represent the dye/bolyte, 
dye/PVP, and dye/bolyte/PVP complexes, respectively; Kcomp and KBind 
are the binding constants of the dye with the bolyte and the dye with 
PVP, as described in the preceding section, while KLrnp and Kzsr’ are the 
binding constants of the dye/PVP complex with the bolyte and the dye/ 
bolyte complex with PVP, respectively. On the basis of the above four 
equilibria, the following equation can be derived, in the same manner as 
described in a previous paper.’ 

Ef + J&npCaL~comp - (1 + JkJmpC& 1 
&= 

KBind t1 + K&npCLK) 

+ 
Eb + K&mpcBL%cmp 

1 + K%npcBL 
(8) 

where Ef, &b and &cOmp are as defined in eqns (4) and (6); &bcomp represents 
the extinction coefficient of the dye/bolyte/PVP complex. The original 
bolaform electrolyte concentration is used as C,,. 

Using the values of .sf, &b, E,-~~~, Kcomp and Kaind determined in the 
previous sections, the plots of the observed extinction coefficients, E against 

tEf + KCompCBLEComp - c1 + &omp C BL )E)IC~ would give a linear relation- 
ship, the slope and intercept of which can give K&mp and 8bcomp. Further- 
more, from the above equilibria, the following relationship can be 
obtained: 

K c~~~K~~ = KBindGxnp (9) 

From eqn (9), the binding constant of the dyebolyte complex with PVP, 
KB$‘$’ can be determined. 

In all the cases investigated, the plots of E against {.zf + ~KcompCBL . 
~~~~~ - (1 + K&mpCai)~}/Cp were almost linear, as shown in Fig. 5. The 
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X 

Fig. 5. Plots of E against X for AS in the presence of DCBz3 at 298 K and 480 nm. 
X = 10-4{.q + K~~~~C~~&~~~~ - (1 + K~*~~Ca~~~JC~, C,, = 6 X IO4 mol dm3. 

&$j!j calculated at two wavelengths are given in Table 3. The KBTti!j’r’ 
values for two bolaform electrolytes at 480 and 530 nm were smaller 
than the corresponding ICain, values at all the temperatures. This result 
was contrary to the conclusion drawn in our previous papelj in which 
the aliphatic bolaform electrolytes containing alkyl groups as two termi- 
nal groups enhanced the first binding constants of the sulphonated 

TABLE 3 
Binding Constants, K,c”p (dm3 mol-‘), for AS 

288 K 298 K 308 K 318 K 

480 nm 
None WBlnd) 73.2 60.0 48.4 40.2 
DCBz3 (6 X iOJ mol dmm3) 64.9 39.6 27.1 24.6 

(1-2~10.~~ moi dm-3) 78.3 48.1 36.3 22.1 
DCBz6 (6 X lo4 mol dmm3) 67.1 48.5 38.1 36.3 

(1.2~10~~ mol dmm3) 61.7 46.2 44.6 35.1 
530 nm 

None (b,,,J 66.0 55.5 47.1 37.8 
DCBz3 (6 X 10-l mol dmw3) 55.2 42.4 23.1 18.7 

f1~2~10-~ mol dmw3) 53.6 36-7 32.3 19.7 
DCBz6 (6 X lO* mol dm-3) 49.6 31.9 30.0 20.3 

(1.2~ 10e3 mol dme3) 51.5 37.1 36.7 28.8 
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TABLE 4 
Thermodynamic Parameters 

(kJ mol-‘) (J mol-’ K-l) 

480 nm 
None 
DCBz3 (6 X lOA mol dmm3) 

(1.2X10m3 mol dme3) 
DCBz6 (6 X 10-4 mol dmm3) 

(1.2X10m3 mol dmw3) 
530 nm 

None 
DCBz3 (6 X lOA mol dme3) 

(1.2X 10m3 mol dmm3) 
DCBz6 (6 X lOA mol dmm3) 

(1.2X 1O-3 mol dme3) 

15.3 zk 0.3 
-2Sf4 
-31 f2 
-16f3 
-13f2 

14.0 f 0.9 
-29f4 
-24+4 
-21+4 
-13f3 

-17.5 f 1.0 
-53 f 14 
-72&S 
-21 f 10 
-12f8 

-14f3 
-68 f 13 
-49 f 13 
-40 f 13 
-14+ 10 

monoazo dyes with PVP through the formation of the complexes. This 
fact suggests that the dye/aromatic bolyte complexes have a lower affinity 
for the polymer than the dye alone. Thus, the terminal groups of the 
bolaform electrolytes play an important role in the binding of the dye/ 
bolyte complexes with PVP. Moreover, the KBciondnp values hardly varied 
with the bolaform electrolyte concentration, confirming that eqn (8) 
derived in a previous study5 was reasonable, and applicable to the 
ternary system containing the dye, the bolaform electrolytes and the 
polymer. On the other hand, the small difference between the KBy$P 
values at 480 and 530 nm also confirms that the four single equilibria as 
described in eqn (7) exist in the ternary system. 

The thermodynamic parameters for the binding, viz. the enthalpy change, 
A@@“‘P and the entropy change, A$y$P, were determined from the Bud 3 

temperature dependence of Kaid Comp (Table 4). As a result, the thermo- 
dynamic parameters for the two bolaform electrolytes were quite different. 
The binding process of the dye/DCBz3 complex with PVP was more 
exothermic and less entropic than that of the dye itself. This result might 
be attributed to the difference of hydration between the negatively 
charged dye and the positively charged dye/DCBz3 complex. However, in 
the case of DCBz6, except in the case of 6 X 10e3 mol dmW3 at 530 nm 
(which might be due to too small a change in the absorbance at 530 nm), 
the thermodynamic parameters for the dye/DCBz6 complex were similar 
to those for the dye itself. This result might be explained in that the 
varied lengths of the connecting alkyl chain between two positive charges 
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may change the distribution of the charge density, and affect the hydra- 
tion around the dye/bolyte complexes. 

From the above results, it is concluded that the aromatic bolaform 
electrolytes containing two phenyl rings lower the first binding constants 
of the sulphonated monoazo dye with PVP through the formation of 
complexes, in contrast to the case of aliphatic bolaform electrolytes. 
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