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ABSTRACT 

The interaction between sulphonated monoazo dyes and poly( vinylpyrroli- 
done) in the presence of bolaform electrolytes with two quaternized amino 
groups was investigated by means of visible absorption spectrum measure- 
ments. The first binding constants of the dyes with poly(vinylpyrroli- 
done), determined by neglecting the binding of the dyes with the bolaform 
electrolytes, were much larger than those in the absence of the bolaform 
electrolytes. However, interaction between the dyes and the bolaform 
electrolytes in aqueous ,solutions was found, so that the above assumption 
was not fulfilled. Therefore, theJirst binding constants of the dye/bolaform 
electrolyte complexes with poly(vinylpyrrolidone) were determined by 
using the equation based on the equilibria in the trinary systems containing 
the dyes, the bolaform electrolytes and poly(vinylpyrrolidone). The first 
binding constants of the complexes with poly(vinylpyrrolidone) were 
larger than those of the dyes, which suggests that the bolaform electrolytes 
enhance the afinity of the dyes for the polymer through the formation of 
dye/bolaform electrolyte complexes. 

1 INTRODUCTION 

Organic compounds possessing two cationic or anionic groups separated 
by relatively large distances have been named ‘bolaform electrolytes 
(bolytes)’ or ‘bolaform amphiphiles (bola-amphiphiles)‘.‘,2 Various 
physical properties of bolaform electrolytes or amphiphiles have been 
extensively studied. The surface activity, solubilization properties and 
micelle formation for some bolaform amphiphiles have been discussed in 
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detail.3-5 The application of bolaform amphiphiles to monolayer lipid 
membranes has also been reported. 6,7 Recently, a study on the micelles or 
vesicles formed from crown ether-based bolaform amphiphiles has been 
reported.8 These studies show that the bolaform electrolytes or amphi- 
philes behave peculiarly compared to the corresponding compounds 
having a single positive or negative site. 

We have investigated the interaction between sulphonated monoazo 
dyes and poly(vinylpyrrolidone) (PVP) in aqueous solutions by means of 
visible absorption spectroscopy. %12 As a result, the effects of cosolutes 
(sodium chloride and sodium thiocyanate) as well as those of the sub- 
stituents in the dyes were elucidated. In addition, the sorption behaviours 
of sulphonated monoazo dyes by nylon 6 film’“i5 and silk fibre”j have 
been evaluated with respect to the dye structures. However, the effects of 
bolaform electrolytes or amphiphiles on the interaction and the sorption 
have, to date, not been fully clarified. 

In the present study, bolaform electrolytes possessing two cationic 
groups (bisquaternary ammonium) were prepared and their effects on the 
interaction between PVP and sulphonated monoazo dyes in aqueous 
solutions were investigated using visible absorption spectroscopy. An 
equation based on the equilibria in trinary systems containing the dyes, 
the bolaform electrolytes and PVP is derived, and the first binding con- 
stants of the dye/bolaform electrolyte complexes are discussed, and com- 
pared with those obtained from equilibrium in binary systems containing 
the dyes and PVP. 

2 EXPERIMENTAL 

2.1 Materials 

Three monoazo sulphonated dyes, sodium 1 -phenylazo-2-hydroxy-6-naph- 
thalenesulphonate (AS), sodium l-(3-methylphenylazo)-2-hydroxy-6- 
naphthalenesulphonate (m-TS), and I-(3-trifluoromethylphenylazo)-2- 
hydroxy-6-naphthalenesulphonate (m-FTS) were used. 

R 

tr>- 

HO 

0 N=N 0 

8 
0 

S03Na 
R=H:AS 

R = CH, : m-TS 

R = CF, : m-FTS 



Eflects of bolaform electrolytes on polymer and dye interactions. Part 1 169 

AS (Crocein Orange G) was purchased from Tokyo Kasei Kogyo Co. 
(Tokyo, Japan) and purified by repeated recrystallization from 80% 
aqueous ethanol solution; m-TS and m-FTS were prepared as described 
in previous papers.9*17 

Two bolaform electrolytes, N&V’-bis(butyldimethyl)-1,3-propanedi- 
ammonium dibromide(DC3-4) and N,M-bis(butyldimethyl)- 1,6-hexane- 
diammonium dibromide (DC6-4) were used. 

CH, 
Br- 

CH, 
Br- 

n=3:DC3-4 
n=6:DC64 

DC3-4 and DC6-4 were prepared as follows. A mixed solution of 
1-bromobutane and the corresponding diamine (N,N,llr,llr-tetramethyl- 
1,3_propanediamine or N,N,M,ZV’-tetramethyl-1,6_diaminohexane) in nitro- 
ethane or nitromethane was stirred at room temperature for four days. 
For DC3-4, the mixed solution was reacted at 323 K for a further two 
days. The products were then filtered, purified by repeated precipitation 
from ethanol into ether for DC3-4 and from methanol into acetone for 
DC6-4, and dried. Purity was confirmed by elemental analysis. (Cal- 
culated for DC3-4 at water content 18%: C, 43.76; H, 9.02; N, 680; 
Br, 38.8%. Found: C, 43.79; H, 9.27; N, 6.80; Br, 40.1%. Calculated 
for DC6-4 at water content 59%: C, 45.58; H, 9.59; N, 5.91; Br, 33.7%. 
Found: C, 45.15; H, 9.10; N, 5.96; Br, 35.0%.) 

Poly(vinylpyrrolidone) (mol. wt 360 000) was purchased from Tokyo 
Kasei Co., and was 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 10m3 mol dmm3), the visible absorption spectra of the aqueous 
solutions with various polymer concentrations and a constant dye 
concentration (3.00 X 10e5 mol dmm3) were recorded using a Shimadzu 
UV-240 spectrophotometer in conjunction with a Shimadzu SPR-5 tem- 
perature controller. 

The visible absorption spectra of the aqueous solutions with various 
bolyte concentrations and a constant dye concentration (3.00 X lo-’ mol 
dme3) were similarly measured. 



170 J. Qian, K. Hamada, A4. Mitsuishi 

3 RESULTS AND DISCUSSION 

3.1 Interaction between the dyes and PVP without considering their 
binding with the bolaform electrolytes 

The same spectral changes as reported in a previous paper” were 
observed for all the dyes in the absence and presence of the bolaform 
electrolytes. To analyse the spectral change with polymer concentration 
based on monomer units, the extinction coefficients, E, at the wavelength 
where the largest difference was observed are useful. These extinction 
coefficients decreased with increasing polymer concentration (CJ for all 
the dyes, as shown in Fig. 1. To estimate the first binding constants, the 
same equation as that used in previous studies was employed%i2 for the 
polymer and dye systems. If the binding of the dyes with the bolytes is 
neglected, this equation is also applicable to the trinary systems contain- 
ing the dyes, the bolaform electrolytes and PVP. This equation enables 
the first binding constants, KBind, to be determined from the change in E: 

&r-E 1 EZ-.- 
cp KBind + Eb 

(1) 

where ,!zf and J?b are the extinction coefficients of the free and bound dye, 
respectively. This equation includes the assumption that the bound dye 
concentration is much smaller than C,. The above assumption is fulfilled 
in all the systems investigated. r 

*loo I 

0 1 2 3 
102.CP/ mol.dms3 

Fig. 1. Relationship between extinction coefficients and polymer concentration for m-T.5 
in the absence (0) and presence (0) of DC3-4 (6 X lOA mol dm-‘) at 298 K and 487 nm. 
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Fig. 2. Plots of E against (q - 8)/C,, for m-TS in the absence (0) and presence (0) 
of DC3-4 (6 x lOA mol dme3) at 298 K and 487 nm. 

The plots of E against (or - E>/C$ gave good linearity, except for 
m-FTS, as shown in Fig. 2. The binding constants, Keind, are calculated 
from the gradients (Table 1). The values in the absence of the bolaform 
electrolytes are in good agreement with those reported in a previous 
paper,r2 except for m-FTS. The measurements for m-FTS appear to show 
large errors, as pointed out in our previous study.12 

The KBind values in the presence of the bolaform electrolytes were 
much larger than those for the binary systems. This result suggests that 
DC3-4 and DC64 significantly enhance the affinity of the dyes for PVP, 
if they behave as NaCl and NaSCN without binding with the dyes. How- 
ever, account should be taken of the electrostatic interaction between the 
dyes and the bolaform electrolytes, because the former has a negatively 
charged group and the latter has two positively charged groups. Taking 
the above interaction into consideration, we now discuss the binding of 
the dyes with PVP. 

3.2 Interaction between dyes and bolaform electrolytes 

The visible absorption spectra of the aqueous dye solutions containing 
the bolaform electrolytes changed with the concentration of the bolaform 
electrolyte, as in the case of the dye/PVP systems. As shown in Fig. 3, the 
extinction coefficients for AS at the absorption maxima decreased with 
increasing bolaform electrolyte concentration, indicating that the dyes 
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TABLE 1 
Binding Constants, Kelna (dm3 mol-‘), in the Absence and Presence of the Bolaform 

Electrolytes 

288 K 298 K 308 K 318K 

AS 
None 
DC3-4” 
DC3-4’ 
DC6-4” 
DC6-4’ 

m-TS 
None 
DC3-4“ 
DC3-4’ 
DC6-4” 
DC6-4’ 

m-FTS 
None 
DC3-4“ 
DC3-4’ 
DC6-4” 
DC6-4’ 

73.1 f 1.4 
123 f 7 
141 f 13 
173 f 14 
1.50 f 13 

120f 3 
280 + 20 
3OOrt30 
261 f 18 
330 f 20 

68 f 3 
270 f 40 
530 f 130 
370 f 30 
360 f 60 

59 f 2 
105 f 6 
135 z!I 12 
181 f 17 
149 + 15 

102f2 
292 f 13 
290 f 40 
24Of20 
310 * 30 

54 f. 4 
280 f 40 
580 f 100 
410 & 80 
400 + 60 

52 f 2 
97 f 5 

126 f 15 
171 + 19 
146 f 13 

86 +4 
276 zk 18 
26Of30 
232 * 12 
290 f 30 

60 -+ 4 
360+50 
580 f 70 
470 f 80 
410 f 50 

39 f 3 
86 f 6 

128 f 17 
190 f 20 
150 f 13 

62 & 5 
280 f 20 
260 f 30 
204f15 
310 f 30 

47 IL 2 

380 f 40 

740 f 90 

560 f 110 
380 f 40 

’ 6IMl X lo4 mol dmF3. 
b 1.20 X 10m3 mol dme3. 

bind with the bolaform electrolytes in the aqueous solutions. A similar 
result was obtained for m-TS and m-FTS. Since the dye concentration is 
much smaller than the bolyte concentrations, the negatively charged 
group in the dye and one of the positively charged groups in the bolytes 
is believed to form a 1: 1 complex; the following single equilibrium exists 
in the dye/bolyte systems: 

D+BLzD.BL (2) 

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 electrolyte, the bound dye (the complex) and the free dye are 
defined as CO, CaL, Ccomp and C,, respectively, the binding constant of the 
dye with the bolyte, Kcomp, is represented by eqn (3): 

K 
C 

cOmp = (C,, - PZrnP) . c, 
(3) 
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Fig. 3. Relationship between extinction coefficiehts and the bolyte (DC3-4) concentration 
for AS at 298 K and 480 nm. 

Since C, = C, + Ccomp, eqn (3) can be rewritten as follows: 

C camp = 0.5{A - (A2 - 4C,C,,)“2} (4) 

where A = C, + C,, + l/Kcomp. On the other hand, if cf and ~~~~~ are the 
extinction coefficients of the free and bound dye, respectively, then the 
observed extinction coefficient, 6, is 

Cf C camp g=_.q+_. 
Co Co 

~Comp 

Substituting eqn (4) and C, = Co - Ccomp into eqn (5), we obtain 

(5) 

8=&f+ 
Qomp - Ef 

2co 

. (A - (4 - 4CoC,,)“~} (6) 

On the basis of eqn (6), the binding constant, Kcomp, and the extinction 
coefficient of the bound dye, .+omp, were calculated by using the non- 
linear least-squares method. The solid line in Fig. 3 expresses the fitting 
curve calculated using Kcomp and .+omp obtained above and shows good 
agreement with the observed values. 

The binding constants, KComp, for all dyes are given in Table 2. For the 
m-TS/DC6-4 and m-FTS/DC6-4 systems, KComp increased with increase 
in temperature, whereas for the other systems, the temperature dependence 

of &omp values does not exhibit such a specific tendency. This might 
be attributed to a small change in the extinction coefficients, so that the 
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TABLE 2 
Binding Constants, Kc_, (dm3 mole’), for AS, m-TS and m-FTS 

288 K 298 K 308 K 318 K 

AS 
DC3-4 1520 700 840 1420 
DC6-4 1 130 930 1 180 1550 

m-TS 
DC3-4 2 790 5 090 3 080 4210 
DC6-4 1 140 2 290 3 200 4 620 

m-FTS 
DC3-4 1450 2 330 2 730 2 650 
DC6-4 1 170 1 160 1810 3 350 

K camp values, especially for DC3-4, involve large errors. However, 
approximate estimation leads to the athermic process for DC3-4 and the 
endothermic process for DC6-4. Furthermore, the KC_, values increased 
in the order AS I m-FTS < m-TS, indicating the influence of the func- 
tional groups on the interaction between the dyes and bolytes. 

3.3 Interaction between the dyes and PVP with consideration of their 
binding with the bolaform electrolytes 

Because the interaction between the dyes and the bolaform electrolytes 
was confirmed, we can assume the following equilibria (eqn (7)): 

Kcomp 
Dye + BLI Dye.BL 

+ + 
PVP PVP (7) 

klmd 1‘J CpnP 
‘hnd 

&np 

Dye. PVP + BL I Dye.BL.PVP 

In eqn (7) Dye . PVP and Dye . BL . PVP represent the dye/PVP and the 
dye/bolyte/PVP complex, respectively. K&,,, and K$$‘P are the binding 
constant of the dye/PVP complex with the bolaform electrolytes and that 
of the dye/bolyte complex with PVP, respectively. On the basis of the 
above four equilibria, the following equations can then be derived: 

cb = Ksi,dCpG 03) 

C Comp = KCompCBLG (9) 
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CpmP = K~,,CbCcL 

=K. KP 
Bmd CompCBLCpCf (10) 

where Cf, Cb, Ccomp and Camp are the concentrations of the free dye, the 
dye/PVP complex, the dye/bolyte complex and the dye/bolyte/PVP 
complex, respectively. Although these equations contain the assumption 
that C, >> C, and CBL >> C,,, the experimental conditions used in the 
present study satisfy this assumption. Substituting eqns (8), (9) and (10) 
into Cf + C, + Ccomp + Cp”P = C,, we obtain 

G = G{(l ’ KCompCd ’ KBindCp<l + GompCdl (11) 

On the other hand, if Ef, +,, .zcomp and E~~P are the extinction coefficients 
of the free dye, the dye/PVP complex, the dye/bolyte and the dye/bolyte/ 
PVP, respectively, then the observed extinction coefficient, E, is 

Cf c Comp &=_.gf+_. cb 
cpmp 

Comp 

CO CO 

&Comp + C ’ &,, + - ’ 
CO Eb 

(12) 
0 

Substituting eqns (8), (9), (10) and (11) into eqn (12), we obtain 

Ef ’ KCompcBLEComp - (1 f KCompCBL) ’ 8 1 
E= ._ 

&id1 + GompCd CP 

Comp 

+ 
Eb -I- KPCompCBLEb 

1 + KPCompCBL 
(13) 

Using the values determined in the previous sections as Ef, &b, ~~~~~~ KBind 

and Kcomp, the plots of E against { + + K~ompC~~~~omp - (1 + KCompCBL) . E}/ 

cp give K”Comp and E~~P. Furthermore, from the above equilibria, the 
following relationship can be obtained. 

KCompKBCZ’ = h&PComp (14) 

From eqn (14), the binding constants of the dye/bolyte complex with 
PVP Kzrn7P, can be determined. 

In’all the cases investigated, the plots of E against {cf + lycompCBL~comp- 
(1 + KcompCB,) . c}/C, were almost linear, as shown in Fig. 4. The Kgz7p 
values were calculated from the plots in the above manner (Table 3). The 
K,“fzP values for all the dyes were larger than the corresponding KBind 
values at all temperatures. This result suggests that the dye/bolyte com- 
plexes possess greater affinity for the polymer than the dyes themselves. 
If the procedure mentioned above is reasonable, the K$!r$P values should 
be independent of the bolaform electrolyte concentration, C,,. For 
AS/DC3-4, m-TS/DC3-4 and m-TS/DC6-4 system, the binding constants 
of the dye/bolyte complex were not dependent upon CBL, while for the 
other systems, the KBind ‘Ornp values varied with a change in the bolyte con- 
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Fig. 4, Plots of 8 against X for m-IS in the presence of DC3-4 at 298 K and 487 nm. 
X= 15-4{c, + KcOmpCB,,~cO,,,p - (1 + KcompCeL)~ .$/Cp, C,, = 6 X IO4 mol dm3. 

TABLE 3 
Binding Constants, K$‘$p (dm3 mol-‘), for AS, m-TS and m-FTS 

288 K 298 K 308K 3i8K 

AS 

None (bind) 

DC3-4” 
DC3-4’ 
DC6-4” 
QC6-4b 

m-TS 

None (GM) 
DC3-4” 
DC3-4’ 
DC6-4” 
DCs-46 

m-FTS 

None (KBmd) 

DC3-4” 
DC3-4’ 
DC6-4” 
DC6-4* 

73.1 59 52 39 
111 100 85 39 
157 99 86 57 
225 222 154 151 
115 97 62 55 

125 152 86 62 
242 166 134 94 
238 217 156 154 
335 258 135 158 
282 217 162 127 

68 54 65 47 
182 111 97 129 
254 139 113 140 

322 212 136 36 
162 186 73 83 

a 6.55 X 10”’ mol dmw3. 
* 1.25 X 10e3 mol dme3. 
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TABLE 4 
Thermodynamic Parameters 

AH,$&yP (kJ mot’) ASsi2p (J mot’ R’) 

AS 
None 
DC3-4 

m-TS 

None 
DC3-4 
DC6-4 

-15.3 f 1.8 (AHBind) - 17 f 6 (AS& 
-20+7 -3Of20 

-16 f 2 (AH& - 16 f 8 (A&,,) 
-22f2 -3lf8 
-24.7 zk 1.6 -38fS 

centration. This result might be attributed to the uncertain values of 

KBindy &omp9 Eb and %mpm As described in a previous section, &Omr, has 
large errors, resulting in an uncertain value for Kj$P. Furthermore, as 
these values are determined by the measurements in the binary systems, 
they may change in the trinary systems. Therefore the binding constants 
are discussed only for the systems in which the K$?P values at both 
concentrations are similar. 

The ratio $$~~p/&,,d is useful in explaining the degree of the enhance- 
ment of the binding constants by the bolaform electrolytes. For the 
AS/DC3-4, m-TS/DC3-4 and m-TS/DC6-4 systems, the ratios are l.O- 
1.7, 1.5-2.1 and 1.5-2.8, respectively, suggesting that the binding of 
m-TS is influenced more by the bolaform electrolytes than the binding of 
AS. In the case of m-TS, the methylene chain length of the bolytes 
hardly affects its binding with PVP. 

The thermodynamic parameters for the binding, viz. the enthalpy 
change, AH$$r, and the entropy change, ASirn7p, are calculated from 
the teUlperatUre dependence Of &i,,d , ‘Ornp In this calculation, the average 
values of Kg,pnmdP obtained at different C,, values were used. The thermo- 
dynamic parameters thus determined are given in Table 4. As a result, 
the binding process of the dye/bolyte complexes with PVP was more 
enthalpic and less entropic than that of the dyes themselves, although 
the thermodynamic parameters for the AS/DC3-4 complex had very 
large errors. This result may be attributed to the difference in hydration 
between the two species, i.e. the dyes themselves and the dye/bolyte 
complexes. 

From the above results, it is concluded that the bolaform electro- 
lytes containing two cationic groups enhance the first binding constants 
of the sulphonated azo dyes with PVP through the formation of com- 
plexes. 
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