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Summary 

The spectrum of Rose Bengal C-2’ ethyl ester, C-6 sodium salt dimer in 
2% ethanol has been observed in the presence of alkali metal cations. It is 
proposed that aggregation occurs in two steps: (a) formation of a neutral 
complex between the anion of the dye and the alkali metal cation and (b) 
reaction between the neutral complex and a second dye anion to produce 
the dimeric species. Both equilibrium constants, as well as the geometry of 
the dimer, are sensitive to the identity of the cation. The equilibrium 
constant for the first step ranges from 3.37 M-l for Li+ to 257 M-l for Rb+ 
and that for the second step ranges from 2.81 X lo5 M-l for Li+ to 1.05 X 

10” M-l for Cs+. The driving force of the first reaction is purely electrostatic 
whereas the dimerization step is controlled mainly by the hydrophobicity of 
the dye anion. 

1. Introduction 

The importance of aggregation has been widely recognized in areas as 
diverse as photographic technology, tunable lasers and photomedicine [l- 
31. Xanthene dyes aggregate in aqueous solution at concentrations higher 
than 5 X 10e5 M to produce significant changes in the absorption and emis- 
sion spectra [4 - 81. Analysis of the absorption spectrum at several concen- 
trations allows determination of the dimerization equilibrium constant and 
calculation of the spectrum of the dimer. 

Recently we reported our results on the aggregation of Rose Bengal, 
C-2’ ethyl ester, C-6 sodium salt (Fig. 1) induced by potassium nitrate in 2% 
ethanol 191. Based on our experimental observations we proposed that 
aggregation in this system is mediated by chemical reaction between the dye 
and potassium ion: 
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Fig. 1. Structure of Rose Bengal, C-2’ ethyl ester, C-6 sodium salt. 

RB- +K+--‘ RBK K, 

RBK + RB- 4 (RB)zK- K2 

with K, = 5.40 + 0.60 M-l and K2 = (5.67 + 0.88) X lo5 M-l for potassium 
nitrate concentrations in the range 0.05 - 1.0 M. 

To investigate the effect of the cation upon the values of K, and K2 we 
have studied the aggregation of Rose Bengal, C-Z’ ethyl ester, C-6 sodium salt 
in the presence of the other alkali metal cations. We find that both K, and 
K,, as well as the geometry of the dimer, are sensitive to the cation. Based 
on our results we conclude that the driving force for the formation of the 
neutral complex is purely electrostatic, whereas the dimerization step is 
controlled by the polarizability of the alkali cation and the hydrophobicity 
of the dye. 

2. Experimental details 

Rose Bengal, C-2’ ethyl ester, C-6 sodium salt was synthesized as 
previously described [lo). Lithium nitrate (MCB), sodium nitrate (Mallinck- 
rodt), rubidium nitrate (Alfa Products), cesium nitrate (Alfa Products) and 
spectroscopic grade ethanol (Aldrich) were used without further purifica- 
tion. Visible absorption spectra were obtained on a Hewlett Packard 8452A 
diode array spectrophotometer. All the experiments were performed at room 
temperature, 23 f 2 “C. 

Since Rose Bengal, C-2’ ethyl ester, C-6 sodium salt is insoluble in 
water, aqueous samples studied contained 2% ethanol. A stock solution of 
the dye was prepared in ethanol and standardized spectrophotometrically 
using a value of 1.05 X lo5 M-l cm- 1 for the molar absorptivity [ 11) at 
562 nm. 

3. Results 

Figure 2 compares the absorption spectrum of monomeric Rose Bengal, 
C-2’ ethyl ester, C-6 sodium salt [9] with that obtained in the presence of 
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Fig. 2. Visible absorption spectrum of Rose Bengal, C-2’ ethy1 ester, C-6 sodium salt in 
aqueous solution. - monomer ([dye] = (1 )c 10m6) - (1 X 10d5) M); -.-----, 1.09 X lo-' 
M dye in 0.60 M sodiu; nitrate. 

0.600 M sodium nitrate. In the presence of electrolyte the shape of the spec- 
trum depends on the dye concentration, a result we interpret as being due to 
aggregation of the dye induced by sodium ions. Similar results are obtained 
with LiN03, RbN03, CsNO 3 and, as previously reported [9], with KN03. 
For potassium nitrate as electrolyte we have shown that the chromophores 
in the dimer are weakly bound [9]. We will assume the same to be true for 
the other alkali metal cations. 

When the dye concentration is low ((1 - 2) X 10m6 M) we can always find 
a range of salt concentrations within which the presence of electrolyte 
decreases the absorbance of the dye without producing a significant change 
in the shape of the absorption spectrum. As an example of this effect, the 
spectrum of a sample containing 3.52 X lop2 M NaNO, is shown in Fig. 3. 

Based on the results presented above we conclude that the mechanism 
proposed for the aggregation of Rose Bengal, C-2’ ethyl ester, C-6 sodium 
salt in the presence of potassium nitrate [9] is common to the five alkali 
cations. Thus, we can write for the aggregation process: 

RB-+M++ RBM K1 (1) 

RBM + RB- e (R%M- K2 (2) 

M+ = Li+, Na+, K+, Rb+, Cs+. 

K, was determined for several electrolyte concentrations using the 
method previously described [9]. Figure 4 shows the dependency of K, on 
the rubidium nitrate concentration, the plot being similar to that obtained 
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Fig. 3. Effect of sodium nitrate (3.52 X lo-' M) on the absorbance of Rose Bengal, C-2’ 
ethyl ester, C-6 sodium salt (1.23 x low6 M) (path length 10 cm). -, no sodium nitrate 
added; ..-.-.., sodium nitrate (3.52 X lop2 d). 
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Fig. 4. Effect of rubidium nitrate concentration on Kg. Data at the 11 lower concentra- 
tions can be fitted by the equation 

log K1 = A - B[RbN03]1’2 

with A = 2.41 f 0.06 and I3 = 8.66 k 0.49. The correlation coefficient is 0.986. 
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Fig. 5. Effect of sodium nitrate concentration on K1. 

TABLE 1 

Values of ICI at low and high electrolyte concentration (r+ is the radius of the solvated 
cation [12]) 

M+ r+ (a) 

Li+ 2.40 3.37 f 0.44 1.65 f 0.20 
Na+ 1.80 11.2 f 1.1 5.75 + 0.53 
K+ 1.30 141 f 18 5.4 + 0.60 
Rb+ 1.47 257 f 36 10.4 + 1.4 
cs+ 1.67 25.3 f 3.5 15.2 f 1.8 

with potassium nitrate [9]. For Li+, Na+ and Cs+ the plots are different from 
those obtained with K+ and Rb+, as shown in Fig. 5 for sodium nitrate. 
Values of K, at low and high electrolyte concentration are collected in 
Table 1. 

Figure 6 shows that, with Rb+ excluded, there is an excellent correla- 
tion between log K,(low) and the reciprocal of the radius of the solvated 
cation. The regression coefficient is 0.995; if Rb+ is included the correlation 
is reasonable, with a coefficient of 0.925. Thus, we conclude that the driving 
force for reaction (1) is purely electrostatic. 

From the spectral changes produced by increasing the dye concentra- 
tion at constant ionic strength, the product K,K2 and absorption spectrum 
of the dimer can be evaluated 191. Our results with potassium nitrate show 
that Kl(high) and K2 are independent of the electrolyte concentration [9]. 
Assuming the same is true for the other cations we obtain the values of 
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Fig. 6. Correlation between K, at low concentration and size of the solvated cation (Lit, 
Na+, K+ and CS+). The data can be fitted by the equation 

log KI(low) = C + D/r+ 

with C = -1.45 + 0.08 and D = 4.66 + 0.32 a. Th e correlation coefficient is 0.995. 

TABLE 2 

Values of KlKz and K2 for Rose’BengaI, C-2’ ethyl ester, C-6 sodium salt? 

M+ K,Kz x 1o-5 (v-2) K2 x 1O-5 (M-l) c+ (83) 

Li+ 4.65 + 0.48 2.81 + 0.45 0.033 

Na+ 19.0 * 2.3 3.30 f 0.50 0.162 

Kf 30.6 + 3.3 5.6’7 0.88 + 0.859 

Rb+ 63.8 + 4.8 6.13 f 0.95 1.411 

CS+ 159 f 18 10.5 -r- 1.7 2.483 

aKN03 0.05 - 1.0 M [9]; CsN03 0.15 M; LiNOS, MaNO and RbN03 0.60 M. 
bCll is the polarizability of the cation [ 13 1. 

K,K, and K, presented in Table 2. As can be seen from Table 1, K, increases 
with the polkrizability of the cation, 

Figure 7 shows the spectrum of the dimer in the presence of NaNO j, 
and Table 3 summarizes the spectral properties of the dimers we have 
studied. As has been found with other xanthene dyes [4, 6, 7, 14, 153, the 
dimers show two absorption maxima. Deconvolution of the spectrum of the 
dimer into two component, bands allows determination of the geometry, as 
described below. 
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Fig. 7. Visible absorption spectrum of monomer and dimer of Rose Bengal, C-2’ ethyl 
ester, C-6 sodium salt in aqueous solution. -, monomer; . . . . . . . . dimer formed with 
sodium nitrate. 

TABLE 3 

Spectral properties of dimers of Rose Bengal, C-2’ ethyl ester formed in the presence of 
alkali metal cationsa 

Cation AI (nm) el (M-’ cm-‘) A2 (nm) ~2 (M-t cm-‘) 

Li+ 526 7.86 x lo4 576 5.83 x lo4 
Na+ 528 6.86 x lo4 572 6.21 x lo4 
K+ 526 7.05 x 104 572 6.47 x lo4 
Rb+ 532 6.98 x lo4 570 6.49 x lo4 
cs+ 532 7.62 x lo4 570 6.06 x 104 

aUncertainty in molar absorptivities is between 2% and 3%. 

Studies on xanthene dyes in concentrated aqueous solution [6, 8, 141 
and in the presence of polyelectrolytes [ 151 show that the dyes in the dimer 
are in parallel planes. From exciton theory [ 16,171 we obtain 

M2 cos 8 u=- 
R3 

(3) 

where U is the interaction energy, M is the transition moment of the mono- 
mer, R is the distance between the planes and 8 is the angle between the 
transition dipoles. The angle 8 can be calculated from the equation 

6 =hn2 18o-- 

fl ( 1 2 
(4) 
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TABLE 4 

Dimer excitonic parameters; U is calculated from the band splitting obtained by de- 
convolution of the dimer spectrum 

Cation -U (cm-‘) 8 (deg) R (a, 

Li+ 850 65.6 5.21 

Na+ 800 72.9 4.74 
K+ 764 82.4 3.69 
Rb+ 750 76.0 4.54 
CS+ 725 71.0 5.08 

where f, and fi are the oscillator strengths of the short-wavelength band and 
the long-wavelength band respectively. 

Deconvolution was carried out with a spectral deconvolution program 
that uses symmetric and asymmetric gaussian curves [18]. Values of U, 8 
and R for the dimers we are considering are presented in Table 4. 

4. Discussion 

The effect of electrolytes on aggregation has been recognized for several 
years [l, 2, 19 - 231. Formation of aggregates is enhanced at high ionic 
strength owing to a decrease in the electrostatic repulsion between the dye 
ions. In all cases reported to date the increase in aggregation in aqueous 
solution depends on the ionic strength but not on the identity of the elec- 
trolyte. Specific cation effects have been reported for the aggregation in 
chloroform of phthalocyanines containing crown ether subunits [24]. In this 
case, alkali metal cations promote aggregation by complexation with the 
crown ether subunit. 

The stability of the dimer of Rose Bengal ethyl ester increases by a 
factor of 34 in going from Li+ to Cs+ (Table 2). This is the first time such 
specific cation effect has been observed in aqueous solution. 

To describe the aggregation of Rose Bengal ethyl ester in the presence 
of electrolytes we propose reactions (1) and (2): 

RB- +M+- _ RBM K, (1) 

RBM + RB- + (RBJzM- K2 (2) 

M+= Li+, Na+, K+, Rb+, Cs+. 

and the relevant equilibrium constants are summarized in Tables 1 and 2. 
K, varies with the salt concentration as shown in Figs. 4 and 5. These 

results, as well as those obtained with the other alkali cations, are evidence 
that our system cannot be described adequately by the Debye-Hiickel 
model. Examination of the literature [ 1, 2, 19 - 233 shows this to be the 
rule, the exception being the case of Acridine II derivatives for which correc- 
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tions based on the extended Debye-Hiickel equation have been successfully 
applied ] 191. 

Rose Bengal ethyl ester anion is neither small nor spherical and is not 
expected to follow the Debye-Htickel model. We must point out that the 
shape of the plots shown in Figs. 4 and 5 are not related to aggregation since 
at the concentrations used to determine K, aggregation is not detectable. 

The geometry of the dimer depends on the cation (Table 4), the greater 
the distance between the xanthene chromophores the smaller the angle 8. 
Molecular models show that the angle 8 is caused by steric hindrance 
between the phenyl groups, which are constrained to be roughly perpendic- 
ular to the planar xanthene moieties. The distance between the chromo- 
phores is determined by the cation and, with the exception of Cs+, it 
increases with the radius of the solvated cation. 

The effect of the cation polarizability on reaction (2) is moderate. The 
data in Table 2 show that increasing the polarizability 75 times increases K, 
by a factor of approximately 4. Comparison of Tables 1 and 2 reveals that 
K3 is 3 - 5 orders of magnitude larger than K,, and we conclude that the 
dimerization step is controlled mainly by the hydrophobicity of the dye. 
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