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Abstract. 

The color of the pH indicator Bromothymol blue (BTB) changes from yellow to blue 

with increasing pH. The effect of some electrolytes (LiCl, NaCl, KCl, CsCl, KSCN 

and KClO3) and of D2O on the spectral properties of dilute solutions of BTB is 

explored. The results are interpreted in terms of dimerization of the dye molecules and 

of the different hydration that D2O induces.   

The effects of dissolved gases on the spectral properties of BTB is studied. Complete 

removal of dissolved gas is achieved. Surprising effects on the UV-vis spectra 

emerged. After degassing solutions, gases were re-admitted via bubbling. The gases 

He, Ar, N2, CO2 and CH4.were studied. 

The effects can be explained by presence or absence of nano- and microbubbles of gas 

in the solution. These allow formation of dimers and multiple association via 

adsorption and so affect the spectral properties of the dye molecules. 
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Introduction. 

General Remarks. Bromothymol blue (BTB) is a derivative of triphenylmethane, it 

belongs to the group of sulfonphthaleins and is used in several applications [1-6]. 

BTB is a halochromic dye, blue in alkaline solutions and yellow in an acidic 

environment (see Figure 1). 

BTB is a commonly used acid-base indicator, with pKa ≈ 7.5. However the 

relationship between the chemical structure and the color is still not settled [7].  

At low pH (below 7), BTB is stable in solution in yellow form - a monovalent anion 

with a quinoid structure. It exhibits an absorption maximum at 433.0 nm. The blue 

form - a divalent anion with a more extended π electron conjugation - shows a peak at 

615.5 nm. It is normally stable at high pH (above 7). The blue form is a resonant 

quinoid-phenolate hybrid as shown in Figure 1.  

 
Figure 1. Protolysis equilibrium between acidic (yellow) and basic (blue) forms of 
bromothymol blue (BTB) and resonant forms at high pH. pKa ≈ 7.5.  
 
 
Figure 2 shows the UV-vis absorbance spectrum of BTB at different pH between 4.5 

and 11 [7]. The peaks centered at l1 and l2 (433 and 616 nm, respectively) correspond 

to the absorption of the yellow and blue forms, respectively. When the pH increases 

l1 undergoes a strong hypochromic effect and a blue shift, while l2 becomes the 

dominant peak but maintains the same position on the l axis. Two isosbestic points 

appear at 324.5 nm and 498.5 nm, These imply that the spectral variations depend on 
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the equilibrium of only two chemical constituents [7]. However the presence of other 

very dilute BTB species (105 times less concentrated) can be expected on the basis of 

the deconvolution of the spectrum [7]. 

 
Figure 2. UV-vis absorption spectrum of BTB at different pH. Reprinted from Ref. 7, 
Copyright 2017, with permission from Elsevier. 
 

Ionochromism. The color of dyes can be significantly altered by changes in physical 

or chemical conditions, termed chromotropism. The phenomenon can be further 

classified as thermocromism, solvatochromism, piezochromism, photochromism, 

ionochromism, halochromism and electrochromism. The different names denote that 

the physico-chemical changes are triggered by temperature, nature of the solvent, 

pressure, irradiation, ions, pH or a redox reaction, respectively [8]. In particular, a 

change in the polarity of the solvent or in the solvation of the chromophore may result 

in the stabilization of the fundamental state, leading to a hypsochromic (or blue) shift 

[9,10]. On the other hand, a more stable excited state brings about a batochromic (or 

red) shift [9]. 

The applications of these phenomena in different fields have been widely investigated 

and exploited [11].  

Ionochromism refers to the change of spectral properties of a chromophore upon 

addition of electrolytes [11]. Both cations and anions contribute to the phenomenon. 

The anions are more effective as they have larger polarizabilities than cations. 

 So they are more efficient in perturbing the electron cloud of the chromophore [12]. 
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Specific ion (Hofmeister) phenomena are ubiquitous. They exist in bulk solutions and 

at interfaces, in water and in non-aqueous solutions. and consist in the different effect 

imparted by a specific salt on a particular system depending on the nature of the salt 

[13]. Usually, but not always, they occur at salt concentrations larger than 10-100 

mM, when purely electrostatic models (e.g. the Debye-Hückel theory) are dominated 

by specific  stronger ion-ion and ion-solvent interactions. These are due to dispersion 

and hydration determined by these and other competing short ranged forces [14,15]. 

While ionochromism for BTB solutions has been documented [16,17], a systematic 

study on specific ion (Hofmeister) and solvent effects is absent. 

Aggregation of dyes. Self-association is a typical feature of dyes in solution [17]. A 

variety of intermolecular interactions bring about the formation of dimers or larger 

aggregates [18-22]. Schill reported that BTB (60 µM in water) undergoes self-

association and forms dimers and tetramers depending on the concentration of the 

counterion [23]. BTB like solochrome black and orange II with which it shares some 

structural features, can also form micelles above the CMC (2.7 mM). Interestingly, 

when the concentration of sodium ions is as low as 10 mM signs of association can be 

traced in BTB. For [Na+] between 15 and 70 mM colloidal aggregates are formed as 

indicated by the onset of turbidity [23]. Dutta et al. investigated the effect of sodium 

dodecylsulfate (SDS) on BTB, and found that an increment in the concentration of 

surfactant is equivalent to a pH lowering. This suggests a strong adsorption of the 

yellow form of the dye at the interface of the surfactant micelles, which causes the 

disappearance of the BTB blue form [24]. 
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Aggregates can be of two kinds, termed H and J forms depending on the orientation of 

the monomeric units. H structures are aligned in parallel face-to-face, and J-structures 

have head-to-tail arrangements in line, respectively [17]. 

The formation of aggregates leads to spectral shifts that can be used to quantify their 

equilibrium constant. In several cases the spectral responses of the monomers and of 

the aggregates overlap considerably, making the calculation of the equilibrium 

constant more difficult [25-28]. 

Salts promote the self-association of dye monomers [29]. This phenomenon has been 

ascribed to the depression of Coulomb repulsion due to charge screening effects, to 

hydrophobic interactions [29] and to the different hydration that depends on the 

specific counterion [17]. The effect of monovalent cations, including some 

tetraalkylammonium ions, has been classified depending on their radius, enthalpy and 

entropy of dimerization [29]. 

Interestingly the thermodynamic parameters of dimerization were found to parallel 

those of the viscosity Jones-Dole viscosity B coefficient and with the activation 

energy for viscous flow of the ions [29]. These findings confirm the expected role of 

specific hydration forces and local water structure around the ions in determining the 

effect of ion specific dimerization and spectral features of the dye. Some studies on 

the effect of the solvent and of some additives on the dimerization of thionine seem to 

confirm that the additive-dye or the solvent-dye interactions (including hydration and 

dispersion forces) affect the formation of the dimers [29]. 

Dissolved gases. The removal of dissolved gases from liquids brings about significant 

changes in their bulk and interfacial properties. It has been shown that when 

atmospheric gases are stripped away, water becomes a better cleaning agent against 

hydrophobic dirt [30]. Surprisingly, water/alkane, water/fluorocarbon and even 
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alkanes/fluorocarbon emulsions are more stable when the liquids are completely 

degassed [31]. There has been no study until now of the effect of dissolved gases on 

the spectral properties of a chromophore. 

Given this background above we have investigated three different ionochromic and 

solvatochromic phenomena on change the spectral properties of aqueous BTB 

solutions. These are;  

(i) the replacement of water with heavy water,  

(ii) the addition of some salts, and  

(iii) the effect of dissolved gases. 

We show that these changes induce significant effects on the UV-vis absorbance 

spectrum of BTB. We explore how they can be related to the formation of self-

associated species of the dye in solution. 

 

Materials and Methods. 

Chemicals. Deionized purified Milli-Q water from Millipore with a resistivity of 18.2 

MΩ and a conductivity of 0.055 S/cm was used in all experiments. Anhydrous LiCl,m 

NaCl, KCl, CsCl, KSCN, KClO3 (purity ≥ 99%) and deuterium oxide (purity 99.9%) 

were purchased from Merck-Sigma-Aldrich (Milan, Italy), bromothymol blue (BTB, 

purity 97%), 0.4%) was purchased from Carlo Erba Reagents (Milan, Italy). 

Removal of the dissolved gases. The removal of dissolved gases from an aqueous 

medium was carried out with the Freeze-Pump-Thaw procedure (FPT). The entire 

multistep process was repeated at least twice. In the first step the liquid is poured in a 

Pyrex tube and frozen in liquid nitrogen in a Dewar for at least 15 mins, then in the 

second step the vacuum valve is open to pump out the air and then the dissolved gases 

through the ice cracks, with an optimal pressure range between 10-4 and 10-7 atm. This 
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step lasts 90 mins after which the vacuum valve is closed again. The last step is meant 

to return the sample to ambient temperature and pressure and is obtained by gently 

warming the frozen liquid with a blow dryer. Finally the vacuum valve is very slightly 

loosened in order to remove the last portion of gas in equilibrium with the liquid. 

The vacuum apparatus (Figure 3) comprises a rotary pump with two-stage vanes, 

model RV 25D (Arcatec srl, Cologno Monzese, Italy), with a circulating lubricant oil. 

A high-vacuum tube (Disa sas, Milan, Italy) is connected to the pump through a 

Rotulex 19/9 junction. In between, a liquid nitrogen trap is located to block water 

vapors and improve the efficiency of the pump.  

The pump nominal rate is 5.4 m3/h with a final pressure of 2 mbar and a motor power 

of 0.12 kW.  

 

 

 

 

 

 

Figure 3. High vacuum apparatus used for the removal of the dissolved gases from a 
liquid. 
 

pH measurement. The pH meter (Waterproof SMTE00K4) was calibrated with 

standard buffers at pH 4 and 7.  

UV-vis spectrophotometry. The absorbance spectra of the aqueous solutions of BTB 

in the presence of salts, heavy water, and after removing the dissolved gases, were 

acquired using a UV-vis Cary 3500 (Agilent Technologies Italia SpA, Milan, Italy). 

The temperature was kept constant at 25.0 ± 0.1 °C. 
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Figure 4 shows three cuvettes that contain from left to right the BTB-free KCl 

aqueous solution, the 0.50 M KCl solution with BTB before degassing, and the same 

sample after the removal of the dissolved gases, respectively. 

 

    

 
 
Figure 4. From left to right: the BTB-free KCl aqueous solution, the KCl solution 
with BTB before degassing, and the KCl solution with BTB after the removal of the 
dissolved gases. [KCl] = 0.50 M. 
 

 

Results and Discussion. 

Water/heavy water. BTB was dissolved in different mixtures of H2O/D2O (0, 25%, 

50%, 75% and 100% v/v in D2O) keeping the same concentration of the dye (6.4 µM) 

and the UV-vis absorption spectra were recorded in the same experimental conditions. 

A picture of the samples is shown in Figure S1 in the Supplementary Material, and the 

spectra are shown in Figure 5. Peak 1 (l1 ≈ 420 nm) undergoes a hypsochromic (or 

blue) shift and a moderate hypochromic effect as the content of D2O in the solvent 

increases. These findings were obtained also in the case of squaraine dyes dissolved in 

D2O [32]. In contrast, for peak 2 (l2 ≈ 620 nm) the position of the peak remains 

constant and a remarkable hyperchromic effect takes place. See Table 1 for the 

changes in wavelength and absorbance of each sample. 
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Table 1. Spectral parameters for BTB in H2O/D2O mixtures for the investigated 
volume ratios. 

H2O:D2O v/v l1 (nm) A1 l2 (nm) A2 
1.00 488.3 0.0982 615.8 0.0447 
0.75 425.4 0.0820 615.8 0.0555 
0.50 424.6 0.0847 615.1 0.0575 
0.25 421.7 0.0807 615.8 0.0684 
0.00 417.1 0.0795 615.8 0.0869 

 

Figure 5. UV-vis absorption spectra of BTB dissolved in water (dotted black line, l), 
in D2O (q) and in D2O/H2O mixtures with a volume ratio of 0.25 (¢), 0.50 (¿), and 
0.75 (p). 
 
The results indicate that as the heavy water content increases the alkaline (blue) form 

of BTB is more stable. The color of the solution turns progressively greener and 

eventually to light blue. Figure S2 in the Supplementary Material shows that the 

addition of D2O slightly decreases the wavelength  of peak 1 progressively (red 

triangles). At the same time it leaves the position of peak 2 at higher wavelength 

unperturbed (red circles). Instead the effect of heavy water on the absorbance of peak 

2 is stronger (blue circles) with a significant hyperchromic effect as the content of 

D2O increases. 

 
It has been reported that the blue shift of peak 1 can be related to the formation of H-

dimers [17]. This result implies that the addition of even small amounts of heavy 



 11 

water significantly modifies the hydration of the BTB monomers and promotes their 

self-association. In fact the observed spectral changes can be explained assuming (i) a 

conformational transition that involves extended conjugation (particularly in the case 

of the resonant structures in the blue form), (ii) the self-association of the 

chromophore monomers in aggregates, and (iii) an intramolecular folding [33]. 

These conclusions are in line with previous findings showing that the stacking of dye 

molecules in dimers and higher aggregates is promoted by the replacement of water 

with D2O [34], due to the stronger hydrogen bonding and polarity of D2O respect to 

H2O [35,36]. 

Effect of salts. The UV-vis spectra of BTB were recorded in the presence of a number 

of strong electrolytes under the same experimental conditions. We investigated the 

effect of some alkali metal chlorides (LiCl, NaCl, KCl and CsCl) and of KSCN and 

KClO3 at two different concentrations, 0.01 and 0.50 M. The first four salts were 

selected to study the effect of the cation in 1:1 electrolytes keeping the same anion. 

These ion pairs all inhibit bubble bubble fusion above physiological salt 

concentrations, 0.17 M [31,37]. The last two potassium salts were chosen because 

they belong the class of ion pairs that have no effect on bubble fusion [37]. Figures 6 

([salt] = 0.01 M) and 7 ([salt] = 0.50 M) show the samples investigated, while figures 

8 ([salt] = 0.01 M) and 9 ([salt] = 0.50 M) show the UV-vis absorption spectra of the 

samples. The dye concentration is kept at 6.4·10-6 M. 

Table 2 lists the spectral parameters (absorbance A and wavelength l) for the two 

peaks centered at about 430 and 616 nm, for all samples at concentrations 0.01 and 

0.50 M. 
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Figure 6. From left to right: BTB in pure water and in 0.01 M aqueous LiCl, NaCl, 
KCl, CsCl, KSCN and KClO3. [BTB] = 6.4·10-6 M. 
 

 

Figure 7. From left to right: BTB in pure water and in 0.50 M aqueous LiCl, NaCl, 
KCl, CsCl, KSCN and KClO3. [BTB] = 6.4·10-6 M. 
 

Table 2. Spectral parameters for BTB in water and in aqueous solutions of LiCl, 
NaCl, KCl, CsCl, KSCN and KClO3 at 0.01 M and 0.50 M. 
 l1 (nm) A1 l2 (nm) A2 l1 (nm) A1 l2 (nm) A2 
 0.01 M 0.50 M 
no salt 428.0 0.0982 616.3 0.0444 428.3 0.0983 616.1 0.0448 
LiCl 431.1 0.1180 616.7 0.0110 405.5 0.0687 616.9 0.1400 
NaCl 431.4 0.1027 616.3 0.0102 430.5 0.0956 616.1 0.0238 
KCl 429.7 0.0992 616.3 0.0227 431.1 0.0949 616.1 0.0182 
CsCl 431.1 0.1070 616.7 0.0133 427.8 0.0947 616.7 0.0531 
KSCN 429.7 0.0938 616.3 0.0347 423.3 0.0765 616.7 0.0819 
KClO3 431.9 0.0927 616.3 0.0129 431.7 0.1031 616.7 0.0161 
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Figure 8. UV-vis spectra of BTB in pure water (dotted black line, l), LiCl (¿), NaCl 
(¢), KCl (¢), CsCl (p), KSCN (l) and KClO3 (q). [BTB] = 6.4·10-6 M, [salt] = 0.01 
M. 

 
Figure 9. UV-vis spectra of BTB in pure water (dotted black line, l), LiCl (¿), NaCl 
(¢), KCl (¢), CsCl (p), KSCN (l) and KClO3 (q). [BTB] = 6.4·10-6 M, [salt] = 0.50 
M. 
 
At 0.01 M the effect of the salts is small, in fact no wavelength shift is recorded for 

the two peaks. Concerning the absorbance, all salts produce a strong hypochromic 

effect respect to pure water (dotted line in Figures 8 and 9). Instead, at 430 nm we 

observed a regular increase in the absorbance as: 

LiCl > CsCl > NaCl > KCl ≈ water > KSCN, KClO3 
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A much stronger effect on the spectra is seen when the concentration of the salts is 

raised to 0.50 M. LiCl has a tremendous effect, with a strong hypsochromic and 

hypochromic shift for peak 1, that can probably be ascribed to the formation of H-

aggregates [32,38]. There is an enormous increment in the absorbance at 616 nm 

although no pH change is recorded. These effects can be summarized as follows: 

wavelength for peak 1: KClO3 > NaCl, KCl > water > CsCl > KSCN > LiCl 

absorbance for peak 1: KClO3 > water > NaCl, KCl, CsCl > KSCN > LiCl 

wavelength for peak 2: no effect 

absorbance for peak 2: LiCl > KSCN > CsCl > water > NaCl > KCl, KClO3. 

Lithium and cesium chlorides are special cases, with the most significant changes in 

the spectra. A previous study on the alkali metal-π interactions through IR and 

computations shows that Li+ establishes strong interactions with phenols and 

significantly perturbs the stability of the dimers [39]. Instead, Cs+ is not able to 

destroy the phenol intermolecular hydrogen bonds and rather stabilizes other kinds of 

associates [40]. We argue that also in our system these two cations interfere with the 

formation of BTB dimers via the phenol units.  In particular the specific interactions 

between Li+ or Cs+ with the negative charges of BTB can reduce the repulsion 

between dye molecules and favor their association [41]. 

If the effect of Li+ and Cs+ on the spectral properties of BTB can be explained by 

invoking cation-dye interactions, and in particular the interaction between Li+ and 

negatively charged residues (phenolate and sulfonate), and cation-π interactions 

between Cs+ and the aromatic backbone. Similarly the effect of thiocyanate can be 

interpreted in terms of anion-π interactions [12]. As reported by Wang and Wang, 1:1 

complexes are formed by an electron-deficient aromatic molecules such as 

tetraoxacalix[2]arene[2]-triazine with some polyatomic anions of different geometries 
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and shapes in the gaseous phase, in solution, and in the solid state. Among these 

anions, thiocyanate interacts with the aromatic molecule through cooperative anion−π 

and lone-pair electron−π interactions [42]. We argue that the high polarizability of 

SCN- (6.47 Å3) [43], that reflects the diffuse electron cloud around the anion, and the 

aromatic molecular orbitals of BTB promote the formation of relatively strong 

interactions between the anion and the dye molecule, both in the monomeric form and 

in the aggregates. Thiocyanate can even act as an anionic bridge between two facing 

BTB molecules [44]. These interactions might result in the changes of the spectral 

features that we detected and show in Figure 9. 

We observe that the absorbance for peak 1 and peak 2 (A1 and A2, respectively) 

increases with the Jones-Dole viscosity B coefficient (BJD) of the cation and of the 

anion [45]. The values of BJD for the cations and anions used in this study were taken 

from Ref. 46. The concentration dependence of viscosity for an aqueous solution is 

given by equation 1: 

𝜂 = 𝜂!#1 + 𝑎√𝑐 + 𝐵"#𝑐*    (1) 

where h, h0, and c are the viscosity of the salt solution, the viscosity of pure water at 

the same temperature. The coefficient a accounts for electrostatic interactions. BJD 

reflects the effect of an ion on the viscosity of its solutions: cosmotropes possess 

positive values of BJD (the solution is more viscous than water at the same 

temperature), whereas chaotropes show negative values for BJD and make the solution 

more fluid. 

In brief, the correlation of A1 and A2 for the BTB solutions with 0.50 M salts suggest 

that the effect of the electrolytes is related to the hydration properties of their 

constituting ions [41]. In turn, a change in the hydration features of BTB upon 
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addition of a salt can justify the recorded spectral variations especially in terms of 

changes in the π conjugation and in terms of the dye self-association [32]. 

Dissolved gases. 

Removal of dissolved gases. The removal of dissolved gases has intriguing effects in 

many systems such as those reported in the literature [31,47,48]. Here we show that 

degassing brings about some interesting changes in the spectral properties. This is the 

first time that such effects have been studied.  

We will first report the effects of stripping out the gas. We used the procedure 

described in the Materials and Methods section. Later we follow this up the effect by 

reversing the procedure, admitting different gases into the solution. 

Figure 10 shows three samples: from left to right, a 0.5 M aqueous solution of KCl in 

the presence of BTB as it appears and after 2 and 4 cycles of FPT. 

 

 

 

Figure 10. From left to right: color of a 0.50 M aqueous solution of KCl in the 
presence of BTB as it is and after 2 and 4 cycles of FPT. 
 

Apparently with two cycles of freeze-pump-thaw the removal of dissolved gases leads 

to the typical green color of BTB for pH ≈ 7. But when the sample is treated with two 

more FPT cycles the color turns blue. Figure E shows the UV-vis spectra of a 

untreated (blue curve) and of a degassed (red curve) sample containing 0.50 M KCl in 

water and BTB. After the removal of degassed gases a blue shift from 427 to 424.5 

nm occurs while the peak at 617.5 nm increases significantly, as shown in Figure 11. 

Above 0.50 M we expect nanobubbles to form, at which the dye will adsorb and “see” 

a different environment to that in the bulk and at 0.01 M molar (below the critical 



 17 

concentration for nanobubble formation). The nanobubble formation depends on 

amount of dissolved gas left [31]. 

 

Figure 11. Absorption spectra of BTB in 0.50 M KCl on: untreated sample (dotted 
line), degassed (¿), and after re-admittance of He (¢), N2 (p), CO2 (l), Ar (q) and 
CH4 (x). 
 
After re-admitting air through the valve the color slowly reverts from green to yellow 

overnight.  

The 0.01 M solution of KCl shows analogies but also disparities with respect to the 

more concentrated sample KCl. The absorption spectra (see Figure 12) indicates a 

blue shift from 430 to 426.5 nm upon degassing, while the peak at 618 nm appears 

only after the removal of the dissolved gases. 

The only significant difference between the two KCl solutions is the rate of CO2 

adsorption when air is re-admitted into the sample: the process is much faster in the 

0.5 M KCl sample as it was proved by running the kinetic profile of l1 as a function 

of time on the sample left in contact with air. 
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Figure 12. Absorption spectra of BTB in 0.01 M KCl on: untreated sample (dotted 
line), degassed (¿), and after re-admittance of He (¢), N2 (p), CO2 (l), Ar (q) and 
CH4 (x). 
 

Re-admittance of gases. 

Table 3 lists the values of l1 and l2 extracted from the absorption spectra performed 

on the different systems: untreated and degassed KCl solutions (0.01 M and 0.50 M), 

and after re-admittance of nitrogen, carbon dioxide, argon, methane and helium at 1.3 

bar at 20° C for 30 mins. The removal of the dissolved gases brings about the 

appearance of the new peak at about 616 nm. The spectra are reported in Figures 11 

and 12. 

The differences between the untreated and degassed samples are larger, and the re-

admission of single gases has a greater impact in the case of the more concentrated 

KCl solution. Peak 1 remains almost unperturbed in 0.01 M KCl no matter what gas is 

bubbled through the solution, while in 0.50 M KCl the effect correlates with the 

saturation of the gas in water at 298.15 K and 1 atm (xsat) and with the polarizability of 

the gas, a (see Table 3). The observation is relevant because van der Waals 

interactions directly depend on the polarizabilities and on the dipole moments of the 
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interacting particles [13]. Larger polarizabilities can participate in the strengthening of 

interactions that involve aromatic backbones, ions and neutral molecules. 

Peak 2 disappears in the presence of CO2, while it remains at the same  

l2 value with the other gases. 

It is interesting to observe that helium, one the least soluble gases in water, leads to 

values of l1 and l2 very similar to the degassed solutions. 

Table 3. Equilibrium solubility (as mole fraction xsat) of the investigated gases in 
water at 298.15 K and 1 atm and their experimental polarizabilities (in Å3), values of 
l1 and l2 (in nm) extracted from the absorption spectra. 
 xsat

a a l1 l2 l1 l2 
   0.01 M KCl 0.50 M KCl 
untreated (air)   432.0 - 434.0 - 
degassed   430.0 616.0 428.5 615.5 
He 6.997·10-6 0.21b 430.5 617.5 428.5 616.5 
Ar 2.796·10-5 1.63b 430.5 616.0 429.0 617.5 
N2 1.183·10-5 1.73b 429.5 617.0 429.0 615.5 
CH4 2.552·10-5 2.45c 430.5 616.0 430.0 616.0 
CO2 6.15·10-4 2.63d 433.0 - 433.0 - 

a: from Ref. 49; b: from Ref. 47; c: from Ref. 50; d: from Ref. 51. 
 
The detected shifts in the wavelength of the UV-vis peaks can be interpreted in at 

least in two different ways. We observed that the value of l1, that corresponds to the 

yellow (acidic) form of BTB undergoes a blue shift when the solution is degassed and 

even more so when the single gases are re-admitted. The exception is CO2. On the 

other hand the peak of the blue (basic) form of BTB does not significantly change 

with the individual gases; it just disappears in the presence of CO2 as in the untreated, 

air saturated solutions. The blue shift of l1 might be explained by invoking a change 

in the spectral properties of BTB due to partial association of the monomers into 

dimers and tetramers as a result of strong π-stacking interactions between two or more 

adjacent molecules of the dye, due to the extended π conjugation in the BTB molecule 

[23,52]. 
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In order to explain these results we recall that, as we anticipated in the Introduction, 

BTB self-associates in the presence of SDS [24]. Moreover we recall that the removal 

of dissolved gases from an oil-in-water emulsion induces a similar effect produced by 

the addition of a surfactant [17,53]. By analogy, we propose that the removal of the 

dissolved gases leads to the self-association of BTB molecules as in the case of 

BTB/SDS mixtures. Basically in our views the air nano- and microbubbles dissolved 

in the solution stabilize the dye molecules in the monomeric forms, through the 

adsorption of the dye's aromatic backbone at the hydrophobic interface of the bubbles. 

This is particularly evident when the background salt concentration is 0.50 M. When 

the bubbles are stripped off, the dye monomers ought to self-associate - at least in part 

- due to hydrophobic effects. 

 

Conclusions. 

We investigated the effects of D2O, of various salts and of different gases on the UV-

vis spectral properties of a pH indicator, bromothymol blue (BTB), in water at a very 

low concentration, 6.4·10-6 M. The results indicate that the dye solution turns from 

yellow to blue in the following cases: 

i. When D2O replaces H2O. 

ii. When Li+, Cs+ and SCN- ions are added to the solution 

iii. When the solution is degassed. 

The effect induced by heavy water is related to the higher energy of its hydrogen 

bonds, and therefore the spectral changes ultimately occur because of the hydration of 

the ionic residues (phenolate and sulfonate) in the dye molecules. Similar dramatic 

effects have been explored with the fuel cell polymer nafion [53-56]. 
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Hydration is also involved in the lithium-BTB interaction, while the effect of cesium 

and thiocyanate are due to a strong cation-π and an anion-π interaction, respectively. 

All these interactions result in a significant perturbation of the energy levels of the 

monomer and dimers, and therefore induce the spectral shifts that can be seen in the 

visible spectrum.  

 Dissolved gases are reminiscent of the addition of a surfactant, associating to form   

nanobubbles and microbubbles formed by aggregation of nanobubbles. They form a 

platform on which the dye can adsorb and associate. On removal of gas, through the 

same hydrophobic effect, self-association of the dye molecules occurs differently in 

order to minimize the exposure to water.  

While the effect of heavy water and of some electrolytes on the UV-vis absorption of 

dyes has already been reported in the literature, this work highlights for the first time 

the significance of dissolved gases in solutions generally. The effects show up 

strongly in the spectral properties of bromothymol blue. Many more experiments are 

needed to further clarify these observations, for example the relevance of dissolved 

gases on hydrophobic chromophores in organic solvents. 

Finally the different effect of alkali metal cations, especially Li+ compared to Na+ and 

K+ is part of a well-known field, still to be explored, where specific interactions (ion-

π, hydration and hydrophobic forces) conspire in the modulation of several biological 

mechanism, such as the Na+/K+ gradient across membranes, the effect of lithium in 

neurological diseases [57], and more. 
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