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ABSTRACT 

The interaction between sulphonated monoazo dyes containing a triJluoro- 
methyl group and polyvinylpyrrolidone was investigated by means of visible 
absorption spectrum measurements. To elucidate the eflects offluorine atoms, 
the corresponding dyes containing a methyl group were also investigated. Dyes 
having one trtfiuoromethyl and one sulphonategroup exhibitedmultiple binding 
equilibria in phosphate bufler and formed aggregates on the polymer chains. 
However, in pure water a single equilibrium was observed, as in the case of the 
other dyes. Thefirst binding constant K, was determined at 288,293,298 and 
303 K, and the thermodynamic parameters AI-I and AS were obtained. The 
results suggest that the interaction is greatly aflected by the fluorine atoms 
andsulphonate groups of the dye molecules, as well as by the phosphate ions in 
solution. 

1 INTRODUCTION 

It is well known that dyes containing fluorine atoms such as C.I. Acid Red 
266, an acid dye for nylon dyeing, have excellent lightfastness. This property 
is due to the electronegativity of the fluorine atom, a characterstic which 
has also been used in designing fine chemicals,’ as, for example, 5- 
trifluoromethyluracil, an anti-tumor drug. Nishida et al. investigated the 
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intera~tiun between this compound and sodium poly(cx, L-~~~~~~~~~~ in 
aqueous solution2 and found that the binding of this compuund was 
strengthens through hydrophobia interaction giving larger entropic 
contributions than those of 5-fluorouraci13 and l-(2-tetrahydrofu~~}-5- 
fluorouracil.’ 

As the chemical shift of “F-NMR is very sensitive to changes in the 
mi~r~nvironment, small molecules containing “F atoms have been used as 
probes in investigations of the m~hanisms of interaction between such 
molecules and macromolecules such as ~hyrnot~spi~~$~~ Human Serum 
Albumin7 DNA,899 Calmodulin,lo~l’ and poly(l\r-substituted acryl- 
amides&l2 Recently 19F-NMR has been used to investigate the interaction 
of drugs containing ffuurine atoms with ~y~lodext~ns.1~~~4 

In this connection, we synthesized some dyes containing fluorine atoms as 
probes to obtain information from both i9F-NMR and visible absorption 
spectroscopy. 1 5,16 It was found that the dyes containing fluorine atoms had 
a marked tendency to aggregate in aqueous solution. Thus the dye 
~untaining one trifluoromethyl and one s~lphonate group showed gelation 
above 1 x lOwa mol dmm3, 

Poly(viny~pyrrolidone), PVP, has been extensivery used in investigations 
of the binding with small molecules such as simple aromatic cam- 
pounds,17-25 surfactants,“6*27 dyes,28-3g and fluorescent probes.40-4” 
Taka~shi et al. determined the the~odyna~~ parameters fur the 
interaction of Methyl Orange and its homologues with PVP by means of 
equilib~um dialysis and discussed the role of the hydrophobic interac- 
tion.30-35 They also reported the effects of cosolutes,32*33 while Sard- 
harwalla & Lawton recently used calorimetric techniques to elucidate those 
effects * 38 Reeves et af. dete~ined the number of ~uns~utive residues of the 
polymer covered by one dye molecule and the intrinsic binding constant to 
discuss the effects of dye structure on interaction.39 

We have ,used visible absorption spectroscopy to study the binding of the 
dyes with poXy(vinylpyrrolidone), PVP, with a view to ascertaining the effect 
of the fluorine atom on the interaction. In the present work the binding 
constants and the~odynami~ parameters of the intera~t.iou were 
dete~in~d and the results used to discuss the effects of fluorine atoms, 
sulphonate groups and cosolute species on hydrophobic interaction. 

2 EXPERIMENTAL 

Four azo dyes, sodium salts of I-~3-t~~uoromethylphenyi~#~2-hydro~y~6- 
naphthale~~sulfoni~ acid (m-FTS), l-(3-triff uorom~thylphenyla~o)~Z~ 
hydroxy-3~6-naphthalenedisulfonic acid (m-FTR), 1~3~methylphenyl~~o)- 
2-hydroxy-6-naphthalenesulfonic acid {m-TS), and l-(3-methylphenylazo)- 
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2-hydroxy-3,6naphthalenedisulfonic acid (m-TR) were used. The syntheses 
of m-FTS and m-FTR are reported in previous papers. “sl 6 m-TS and m-TR 
were synthesized by coupling diazotized m-toluidine with Schaeffer’s acid (2- 
naphthol-6-sulfonic acid) and R acid (2-naphthol-3,6-disulfonic acid), 
respectively, in an alkaline condition. The dyes were purified by repeated 
recrystallization from aqueous ethanol (m-TS) and aqueous acetone (m-TR). 
The purity was confirmed by elemental analysis and thin layer chroma- 
tography. 

CF, 

&N=NH@ &N=Nj$OaNa 

m-FTS SO,Na m-FTR SO,Na 

CH3 

@-N=N$~ Na &N=N~~~~ 

m-TS 3 m-TR SO,Na 

Polyvinylpyrrolidone (M, = 360 000) was purchased from Tokyo Kasei 
Kogyo Co. Ltd and used without further purification. 

Sample solutions containing polymer and dye in the concentration ratios 
(P/D) = 50-2000 were prepared. The polymer concentration is expressed in 
monomer units. The dye concentration was kept constant (in pure water, 
m-FTS; 3.94 x lo-‘, m-FTR; 2.65 x 10p5, m-TS; 2.55 x lo-‘, m-TR; 2.40 x 
lo-’ mol dmm3, in phosphate buffer, m-FTS; 3.74 x 10e5, m-FTR; 2.73 x 
lo- ‘, m-TS; 3.22 x lo- 5, m-TR; 2.58 x lo- ’ mol dm- 3). pH and the ionic 
strength of phosphate buffer were 7.10 and 0.011, respectively. 

Visible absorption spectra were measured with a Hitachi Double- 
wavelength, Double-beam Spectrophotometer at 288,293,298, and 303 K. 
The temperature was controlled within f0.1 K. 

3 RESULTS AND DISCUSSION 

The difference spectra of m-FTS in the presence of PVP in phosphate buffer 
solution are shown in Fig. 1. Isosbestic points were observed at P/D = 
5&500, but at P/D = 1000 the spectra did not pass through the isosbestic 
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Fig. 1. Difference spectra of m-FTS (3.74 x 1O-5 mol dmm3) in aqueous PVP phosphate 
buffer solution. (a) 288 K; (b) 303 K. 

points, suggesting the formation of more than one eq~~~br~urn at such a high 
P/D value. The shapes of the spectra varied with temperature. On the other 
hand, all dye solutions except the m-FTS phosphate buffer solution gave 
distinct isosbestic points, which did not disappear with increasing 
temperature. Thus it appears that the m-FTS-PVP system forms more than 
one equilibrium in phosphate buf%Yer, whereas the other systems form only 
one equilibrium. 

The first binding constant, K,, was calculated from the difference spectra, 
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by employing the equation used in the interaction between sodium 
poly(styrenesulphonate) and p-aminoazobenzene derivatives.43 When the 
concentrations of the total dye, the total polymer, the bound dye, and the 
free dye are defined as C,, C,, C,, and C,, respectively, K1 is represented by 
eqn (l), where the polymer concentration is based on the monomer unit: 

Assuming a very small bound dye concentration, C, >> C,,, 

Cb K,=- 
GCf 

(2) 

If ab and E, are the extinction coefficients of the bound and free dye, 
respectively, then the observed extinction coefficient, E, is 

Cb 
K1=(cp-cb).cf (1) 

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

G Ef - & 
-=- 

c, E-i+) 

and by substituting eqn (4) in eqn (2) we obtain 

(4) 

(5) 

As .sf is obtained in the absence of PVP, a plot of s against (af - s)/C, gives K, 
and a,,. Ando et al. used absorbance instead of the extinction coefficient,43 
and Maruthamuthu & Sobhana employed a modified form of eqn (5) for the 
binding of anionic dyes to PVP.36 

Plots of E against (a, - .s)/C,, are shown in Fig. 2. In the case of m-FTS in 
phosphate buffer, E,, changed with temperature (Fig. 2(a)), whilst in all other 
cases a,, was constant. These observations are consistent with a variation of 
the nature of the m-FTS-PVP complex with temperatures. 

The K, values of m-FTS in water and in phosphate buffer are shown in 
Table 1. The values at two wavelengths in water agree within experimental 
error, but they differ in buffer solution. In all systems other than the m- 
FTS-PVP solutions, the K, values at various wavelengths coincided. This 
indicates that the interaction between m-FTS and PVP in phosphate buffer 
involves more than one equilibrium. As we have reported previously,‘5*16 
m-FTS aggregates in aqueous solution to form polyaggregates when the 
concentration is higher than 1 x lo-‘mol dmm3. Furthermore, Methyl 
Orange homologues having long alkyl chains34 and low molecular 
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Fig. 2. E vs (cf - &)/CD. 0: 288 K; 0: 293 K; A: 298 K; A: 303 K. (a) m-FTS, at 476 nm, in 

phosphate buffer; (b) m-FTR, at 483 nm, in water. 

surfactantsZ7 were known to form aggregates by the addition of PVP. On the 
basis of these results, it is estimated that PVP and phosphate ions enhance 
the aggregation of m-FTS and therefore the interaction between m-FTS and 
PVP in phosphate buffer is not simple. 

Table 2 shows K, determined at the wavelength of maximum absorption. 
The K, values decreased with an increase in the number of sulphonate groups 
and introduction of fluorine atoms. It is worthwhile to mentipn that the 
introduction of fluorine atoms into the dye molecule increases the solubility 
in water, i.e. the solubility increases in the order of m-TS < m-FTS< 
m-TR < m-FTR, which corresponds to the decreasing order of K, in water 
(m-TS > m-FTS > m-TR > m-FTR). This means that the binding affinity to 
PVP decreases with increasing water solubility. K, in phosphate buffer also 
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TABLE 1 
K, and sr, Values in m-FTS-PVP Systems 

298 K 293 K 298 K 303 K 

In water 
K,’ 472nm 92+ 11 

495 nm 102 + 13 
Eb b 472 nm 1460 f 20 

495 nm 1380 f 30 

In phosphate buffer 
K,’ 476nm 215+6 

497 nm 251+11 

‘b 
b 476nm 1736f2 

497nm 1522+2 

84k8 
93 * 10 

145Ok20 
1370+ 10 

183 f 10 
218 + 11 

1693&4 
1488+4 

76&9 
81 f 10 

145Ok20 
136Ok20 

162f 11 
200+10 

1667f6 
1472&4 

73f17 
78f18 

1440+40 
1350f30 

147&S 
102 + 15 

1649k6 
1450+8 

“dm3 mol-‘. 
bm2 mol-I. 

decreased in the order of m-TS > m-TR > m-FTR. One can thus conclude 
that solubility of dyes in water is a key factor in the determination of K,. 

Thermodynamic parameters were determined from the temperature 
dependence of K,, which is related to the enthalpy change AH and entropy 
change AS as shown in eqn (6): 

1nK = 
1 - 

H1+!!? 
R’T T (6) 

where T is the absolute temperature and R is the gas constant. AH and AS 
were determined from the plot of In K, against l/T (van? Hoff plot) and the 

TABLE 2 
K,, ab and ar Values Determined by eqn (2) 

288 K 

K, (dm3 mol- ‘) ‘b Ef 
(m2 mol- ‘) (m2 mol- ‘) 

293 K 298 K 303 K 

In water 

m-FTS (472 nm) 
m-FTR (483 nm) 
m-TS (479 nm) 
m-TR (485 nm) 

In phosphate buffer 
m-FTR (483 nm) 
m-TS (478 nm) 

m-TR (485 nm) 

92f 11 84f8 76+9 73*17 1450 1794 

48&2 46+2 40 2 If: 35f2 1920 2 223 
128f3 118+4 101 f4 97f4 1640 2 094 
67f3 63f 1 57k2 50f2 2 060 2 592 

58k3 48+6 36f4 30+1 1900 2231 
191+15 159f14 128k9 97k6 1550 1984 
111 f 12 87&16 74&3 57+4 2100 2 589 
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TABLE 3 
Thermodynamic Parameters 

AH 
(kJmol_‘) (Jmo? K-l) 

In water 
m-FTS -11.6+ 1.3 -3f4 
m-FTR -16k2 -22f8 
m-TS -14f2 -9+7 
m-TR - 14.2 f 1.7 -14+6 

In phosphate buffer 
m-FTR -33&2 -go+8 
m-TS -33f2 -69k8 
m-TR -31.4f 1.9 -70+7 

values are shown in Table 3. As Reeves et al. pointed out,3g apparent 
entropy changes reported in some papers30- 33 vary from unit to unit of K,. 
It is, therefore, unimportant to discuss whether AS values are positive or 
negative; the values should be treated as relative ones. Both the AH and AS 
values in phosphate buffer were more negative than those in water, which 
suggests that the binding is more entropic in water than in buffer solution. 
Takagishi et al. attributed this difference to conformational changes of the 
polymer. 32 The proposal of the non-covalent cross-linking of the polymer 
chains by bound cosolute small molecules is suggestive.22 When the polymer 
has a compact conformation, the cation loci of the polymer (PVP carries 
partially positive charge on the nitrogen atoms30*44) are hardly exposed to 
water, and the electrostatic interaction of the anionic dyes with the polymer 
is hindered, resulting in AH becoming less negative. Furthermore, the 
compact conformation is believed to form a less hydrophilic environment, 
which probably interacts with the hydrophobic part of the dye molecules 
with release of the hydrated water, thus resulting in more entropic binding. 
Thus the compact conformation increases the contribution of hydrophobic 
interactions. On the other hand, when the polymer chain is extended, the 
polar groups are exposed to water, and consequently the binding becomes 
electrostatic, i.e. enthalpic. This suggests that, in water, PVP has a compact 
conformation, whereas in phosphate buffer it has a highly extended 
conformation. Therefore, the effects of phosphate ions in buffer on the 
conformation of PVP may be explained as follows. If phosphate ions break 
the structure of water, more water is available for the hydration of PVP, 
resulting in extended polymer chains. Also, if phosphate ions interact with 
the cation loci of the polymer, the polymer chains would be extended 
because of the electrostatic repulsion between the charges of adsorbed 
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phosphate anions. Nakagaki & Shimabayashi reported that thiocyanate 
ions behave as a water structure-breaker, and interact with PVP.45 It is 
possible that phosphate ions behave in a similar manner. 

The difference in the thermodynamic parameters of the dyes may be 
interpreted by considering the conformation of PVP in each solution. The 
AS values for the dibasic dyes in water were more negative than those for the 
monobasic dyes: the binding of the monobasic dyes with the polymers is 
more entropic than that of the dibasic dyes. This suggests that the less 
hydrophilic dyes enter more easily into the less hydrophilic environment 
formed by PVP in water. On the other hand, in phosphate buffer, the 
difference in the thermodynamic parameters was very small, suggesting that 
electrostatic interactions between the charges of the dyes and the polymers 
are dominant because of the highly extended conformation. Effects of 
fluorine atoms on the thermodynamic parameters are hardly noticeable in 
the seven systems (Table 3). As mentioned above, the behavior of m-FTS in 
phosphate buffer is peculiar and m-FTS is thought to be aggregated on the 
extended polymer chains. 

4 CONCLUSIONS 

The interaction of the dyes with PVP reflects some of their properties in 
aqueous solution. The higher the solubility of the dyes in water, the lower is 
the affinity to PVP. Phosphate ions affect the conformation of PVP, as has 
been reported for the other cosolutes.32*33,38 m-FTS, which aggregates 
easily in water, aggregates on the polymer chains when they are extended by 
phosphate ions. Thus the effects of fluorine atoms in the dyes on their binding 
with PVP and on their solution properties can be consistently discussed. 
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