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 The cationic halochromism of phenolate betaines was reproduced with the aid of a simple theoretical model, by calculation of 

the longest wavelength transition energies of supermolecules obtained by positioning a cation Mn+ at a variable distance from the 

oxygen atom of the dye. The theoretical results were compared with experimental data for three systems, Reichardt’s betaine 1, 

Brooker’s merocyanine 2 and the N-methyl-8-oxyquinolinium dye 3. The model was validated by molecular dynamics 
simulations of solutions of dye 3, in methanol and DMSO, in the presence of variable concentrations of Na+. 
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INTRODUCTION 
 

 The term halochromism is employed with two different, 

though related, meanings. It may designate the spectral 

behaviour of compounds in solution whose absorptions are 

pH-dependent [1], or of compounds which exhibit substantial 

changes in their UV-Vis spectra by the addition of salts [1-4]. 

 We have been interested for some time in the study of the 

latter type of halochromism, and have distinguished a cationic 

and an anionic halochromism [5], depending on the nature of 

the added species responsible for the halochromic shifts in 

solution. Examples of cationic halochromism are found in 

solutions of solvatochromic phenolate dyes [6-8]. For 

example, addition of increased concentrations of alkaline or 

alkaline-earth perchlorates to alcoholic solutions of 

Reichardt’s ET(30) betaine leads to significant colour changes, 

and hypsochromic shifts of its solvatochromic charge-transfer 

band [6], as a result of ion-pair formation between the cation 

and the phenolate donor moiety [7,8]. This ion-pair association 
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depends on the solvent, increasing sharply in alcohols of 

relatively low polarity.  

 Since the position of the charge-transfer band of the ET(30) 

betaine is used as a measure of the polarity of the medium, we 

may ascribe a “polarity value” to alcoholic electrolyte 

solutions of variable concentrations [6]. Alternatively, we may 

regard these systems as binary mixtures with polarity values 

that depend on the concentration of the cationic “co-solvent” 

[9].  

 The cationic halochromism of phenolates like the ET(30) 

betaine has been assumed to be due to the dye-cation 

equilibria in solution [10]. Plots of the charge-transfer-band 

λmax value of the dye against the concentration of the added 

cation yield titration curves which reflect shifts in the 

equilibrium between the free and the cation-bound dye in 

solution. This picture implicitly assumes the presence of two 

different species in solution, the free phenolate betaine and the 

intimate phenolate-cation pair.  

 In an alternative view, we may postulate, for a given cation 

concentration, the existence of only one solvent-separated 

phenolate-cation pair, in  which  the  average  phenolate-cation  
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separation depends on the concentration of the added cation. 

According to this model, the gradual addition of a cation to the 

phenolate solution affects the charge-transfer transition-energy 

of the betaine by generating increasingly tighter phenolate-

cation pairs, whose spectral response tends to the limit 

situation of an intimate pair.  

 Such a model should find support in molecular dynamics 

simulations of solvatochromic phenolates in solution, in the 

presence of variable concentrations of an added cation. As far 

as we know, no attempts have been made to apply molecular 

dynamics simulations to the interpretation of the cationic 

halochromism of phenolate betaines in solution.     

 Following this protocol, we simulated methanol and 

DMSO solutions of a solvatochromic betaine in the presence 

of variable concentrations of Na+. The radial distribution of 

the sodium cations in the betaine solvating shell was used as a 

picture of the solvent-separated phenolate-cation pairs in these 

solutions. Such picture validated a simple model for the 

cationic halochromism of different betaines. This model was 

based on the calculation of the transition-energy of the 

longest-wavelength band of the dye in the presence of a cation 

positioned at a variable distance from its phenolate oxygen. 

The model was applied to different systems described 

previously in the literature and the theoretical curves were 

compared with the available experimental data of three 

different betaines. 
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Scheme 1 
 

 Reichardt’s ET(30) betaine (1), one of the most widely 

used solvatochromic probes [12], had its halochromic 

behaviour in alcoholic solutions described by us nearly twenty  

 

 

years ago [6]. Merocyanine 2 has been the subject of 

investigation of various research groups [13,14] since it was 

first described by Brooker et al. [15,16]. Like dye 1, it is a 

classic example of a dye that exhibits cationic halochromism 

[5]. The 1-methyl-8-oxyquinolinium dye 3 was originally 

described by Ueda and Schelly [17]. Its solvatochromic 

behaviour, recorded in a variety of solvents, correlates very 

closely with the corresponding ET(30) values [18]. Its 

halochromic behaviour in a variety of alcohols and non-protic 

solvents in the presence of sodium iodide, potassium and 

lithium perchlorate was also described by the authors [8]. 

 

CALCULATION METHODS 
 
Molecular Dynamics Simulation Methods 
 40-Å solvent boxes of methanol and DMSO were built 

with the aid of Packmol [19], taking into account the solvent 

densities at 300 K. The structure of betaine 3 was generated by 

means of InsigthII [20], its geometry was optimised at the 

DFT level of theory with the hybrid functional B3LYP and the 

basis set 6-31G* and its atomic charges were corrected with 

the RESP protocol. Compound 3 was then inserted into the 

boxes with the aid of VMD [21] and molecular dynamics 

simulations of the system were carried out with NAMD [22] 

according to a protocol that started with an initial 250.000-step 

equilibration of the system at 0 K; the system temperature was 

then raised to 300 K in 1000 steps, followed by molecular 

dynamics simulation and an acquisition period of 2 ns.  

 

 Quantum Mechanics Calculations 
 Transition energies of all dyes polarized by a cation Mn+ at 

a variable distance from their oxygen atom were obtained 

following the protocol described above. Firstly, the structures 

of compounds 1, 2 and 3 were generated by means of InsightII 

[20] and their geometries were optimised with the DFT 

B3LYP/6-31G* method. A cation Mn+ was then positioned at 

a fixed distance from the oxygen atom of the dye, colinearly 

with its C-O bond. The resulting structure was then optimised 

again, keeping the O-M distance constant, with the semi-

empirical AM1 method, with the ab initio HF/6-31G*, or with 

the hybrid DFT B3LYP/6-31G* methods. This procedure was 

repeated for different O-M distances, so as to obtain optimised 

structures polarized  by  cations  situated  at  various  distances  
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from the oxygen atom. Different levels of theory were 

employed in these optimisations, to make sure that the smooth 

variations of the transition energies with the O-M distances 

did not depend on the employed method, being very similar to 

a semi-empirical, an HF or a hybrid DFT method. The 

Gaussian G98 package [23] was employed for these 

optimisations and subsequent energy-calculations. Transition 

energies were then obtained by single-point calculations on the 

optimised structures, employing the ZINDO/S method and 

configuration interactions involving singly-excited transitions 

among the 10 highest occupied and the 10 lowest unoccupied 

molecular orbitals of the molecules. Transition energies were 

also estimated with a TD-DFT method (B3LYP/6-31G*) and 

the results were compared with the CI-ZINDO/S method. 

 For calculations of the halochromic shifts in solution, 

Zerner’s INDO/S program was employed [24]. Each dye-

cation superstructure, optimised as described above, was 

subjected to a single-point calculation employing the SCRF-

PCM option with dielectric constants of 20.7 and 36.6 for 

acetone and acetonitrile, respectively. 

 
RESULTS AND DISCUSSION 
 

Molecular Dynamics Simulations  
 Molecular dynamics simulations of solutions of the 

oxyquinolinium betaine 3 in the presence of an alkali cation 

(Na+) were run for four different cation concentrations (0.1, 

0.15, 0.20 and 0.25 M) in methanol, and in five different 

concentrations (0.1, 0.15, 0.20, 0.25 and 0.5 M) in DMSO.  

Information about the solvation shells in solution could be 

obtained from radial distributions of solvent molecules or of 

the sodium cations around the oxide substituent. 

 The authors had previously studied the solvation of four 

phenolate betaines in protic solvents (water, methanol and 2-

propanol) and in DMSO [25]. The first solvation layer of the 

phenolate oxygen of 3 in methanol yielded a peak distance of 

2.8 Å. This value was in good agreement with the value of 2.7 

Å obtained by Mente and Maroncelli [26] for O-O distribution 

functions of the ET(30) phenolate oxygen in ethanol and other 

alcohols. A similar value had also been reported by Canuto et 

al. [27] for the O-O distribution function of the ortho-

pyridinium phenolate betaine in water. 

 When  Na+  cations  were incorporated into the  methanolic 

 

 

box with betaine 3, the system evolved to cationic solvation 

layers around the oxygen atom of the dye, with peak distances 

that varied with the Na+ concentration. Figure 1 reproduces the 

radial distribution function (RDF) of sodium cations around 

the oxygen atom of 3, in a 0.2 M methanolic solution of Na+. 

According to this graph, ca. 2.5 Na+ cations comprise the first 

solvation layer, at a distance of 4.5 Å from the oxygen atom of 

3.  

 Figure 2 depicts the O-Na radial distribution of sodium 

cations in a DMSO solution of 3, for the variable 

concentrations of Na+. As can be seen, the sodium cations 

accumulate in solvation shells which get increasingly closer to 

the oxygen atom of 3, as the bulk Na+ concentration is 

increased.  

 The above results are summarized in Table 1, which lists 

the O-Na peak distances and the number of Na+ cations 

present in each solvation shell, for all of the methanolic and 

DMSO solutions of 3. 

 The data show that in both solvents, the microenvironment 

around the oxygen atom of 3 becomes gradually enriched in 

Na+ cations, as the sodium bulk concentration is increased. In 

addition, the average distance between the sodium cations and 

the oxide atom is reduced with the increasing Na+ 

concentration. 

 Similarly, the halochromic behaviour of phenolate betaines 

 

 

 
 

Fig. 1. O-Na radial distribution of sodium cations in a 0.2 M  

              Na+ methanolic solution of 3. 
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Fig. 2. O-Na radial distribution of sodium cations in DMSO  

           solutions of 3 containing  (a) 0.5, (b) 0.2 and  (c) 0.1  

              M Na+. 

 

 

     Table 1. O-Na Peak Distances r and  Number NNa of Na+  

                    Cations Present in the  First  Solvation  Shell of  

                    the Oxygen Atom of 3, in Methanol and DMSO 

 

 MeOH  DMSO 

[Na+] (M) r (Å) NNa+  r (Å) NNa+ 

0.10 8.8 1.0  17.4 0.9 

0.15 6.9 2.4  15.5 1.0 

0.20 4.7 3.7  14.9 1.7 

0.25 4.6 4.2  6.3 3.5 

0.50 4.5 5.1  6.2 4.4 

 

 

may be assumed to be arising from polarity variations of their 

environment, induced by cations distributed at a variable 

distance from the phenolate oxygen. 

 

Theoretical Model 
 Based on the picture that emerged from the molecular 

dynamics simulations, we developed a model to estimate the 

effect of an approaching cation on the halochromic transition 

energy of a phenolate betaine.  

 Some simplifications were necessary for applying the 

results    from    the   dynamics    to   the   reproduction   of  an  

 

 

NPh

Ph

Ph

Ph

Ph

O
+ - d

M+n

 

Scheme 2 
 

 

experimental behaviour with the aid of quantum mechanics 

calculations. The first had to do with the choice of fixed 

spatial arrangements for our calculations. Rdf’s are obtained 

as averages of a large number of frozen frames. The spatial 
distribution of sodium cations in the solvating shell of a given 

phenolate is averaged over their positions in all frames. On the 

other hand, quantum mechanics calculations must be 

performed on supermolecules with defined positions for all 

atoms. We had, therefore, to replace this average distribution 

of cations in space for one or more cations in a fixed spatial 

arrangement. The simplest way to do this was to nominate just 

one cation, at a variable distance from the phenolate oxygen of 

the dye. By recording the S0 → S1 transition energy of the 
system for this supermolecule, as shown for molecule 1, we 

arrived at same values which varied significantly with the O-

Mn+ distance.  

 This conformation proved superior to other arrangements, 

where the O-M axis formed a different angle with the C-O 

bond. Contrary to other conformations, where sparkles 

(positive charges) were positioned above and below the 

oxygen atom of dye 2, with results that contradicted 

experimental observations [28], our supermolecular model 
reproduced experimental trends quite favourably. 

 Secondly, in order to compare results obtained from this 

supermolecular model with experimental plots of transition 

energies vs. cation concentrations [Mn+], these concentrations 

had to be expressed in terms of some model parameter, like, 

for example, the cation-oxygen distance d. Assuming an 

electrolyte concentration (10-3-10-2 M) that was much larger 

than that of the betaine (ca. 10-4 M), we envisaged the cationic 

media as very large cubic reticulates with the vertices 
occupied by Mn+. A relatively small number of these cations 

are replaced by the charged oxygen atoms of the phenolate 

donor. In this purely  geometric  arrangement,  for  an  average  
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cation-oxygen distance d, the number of cations present in a 

cubic volume V of side a was given by N = a3/d3 and the molar 

cation concentration by [Mn+] = N/NA
 = a3/NA d 3, where NA is 

the Avogadro number. This simple relationship helped us 

postulate that the cation concentration was proportional to d-3, 

[Mn+] ∝ d-3, so that the variable d-3 could be employed in our 

theoretical plots as an equivalent of [Mn+]. 

 

Calculation of Halochromic Shifts in the Gas Phase 
 In order to verify the consistency of our model, we 

employed semi-empirical (AM1) and ab initio methods (HF/6-

31G*) for the optimisation of the dye-cation complex. Both 

methods had been employed before, in computer simulations 

of the solvatochromism of 1 [26]. The semi-empirical AM1 

method had also been employed in theoretical studies on the 

spectroscopic properties of 2 [14,28]. The resulting optimised 

structures were then subjected to a CI ZINDO/S calculation, 

for the estimation of the SO → S1 transition energies. In all 

cases, these transitions corresponded to internal charge-

transfer processes from the donor phenolate oxygen to the 

acceptor pyridinium or quinolinium system, with a major 

contribution of the monoelectronic HOMO → LUMO 

excitation. 

 As shown below, in a few cases the optimisation method 

affected the absolute values of the obtained transition energies. 

In other cases, however, employing a semi-empirical or an ab 

initio method for the initial optimisation of the system led to 

practically the same excitation energies. As stated above, the 

theoretical excitation energies, being the result of gas-phase 

calculations, were not expected to match experimental values 

in solution.    

 We also employed a different approach for the calculation 

of the theoretical transition energies, employing a TD-DFT 

method. After optimizing the dye-cation complex structures 

with the hybrid B3LYP/6-31G* method, a TD calculation 

employing the B3LYP/6-31G* option was done. However, the 

obtained transition energies were unacceptably small, 

departing more drastically than the ZINDO/S results from the 

experimental values. Such a result was not unexpected. 

Failures of TD-DFT methods for the calculation of charge-

transfer excitation energies in conjugated molecules are well 

documented [29]. 

 Figure 3a depicts plots of the theoretical S0 → S1 transition 

 

 

energies of 1 against d-3, where d is the distance between the 

cation Mn+ and the phenolate oxygen of the dye. Optimisations 

of the dye-cation complex were performed with the AM1 and 

the HF/6-31G* methods for lithium, sodium and calcium. In 

all cases, the excitation energies obtained by the CI ZINDO/S 

option were practically the same for both semiempirical and 

ab initio optimisations.   

 The theoretical plots should be compared with the 

experimental data [6] shown in Fig. 3b, where  ET(30) values 

of ethanolic solutions of betaine 1 containing increasing 

concentrations of sodium, lithium or calcium perchlorate are 

plotted against the concentration of the added cation. 

Association between the phenolate donor and the harder Ca2+ 

cation is stronger than that of Li+ and Na+, resulting in larger 

halochromic shifts in ethanolic solutions of the former. This 

effect is reproduced theoretically, according to our model. 

Similar comparisons between theoretical results and 

experimental data are shown in Figs. 4 and 5.  

 In all cases, theory tended to exaggerate the halochromic 

shifts caused by the proximity of a cation. This is a 

consequence of the fact that calculations ignored the effect of 

the solvent, which tends to shield the dye from the charged 

cation. Thus, for example, the comparison of Figs. 3a and 3b 

shows that, although the theoretical curves are qualitatively 

similar to the experimental ones, the predicted halochromic 

shifts, in the gas phase, are ca. three-fold larger than the 

observed shifts in ethanol.    

 In Fig. 4a we have plotted the S0 → S1 transition energies 

of 2 against d-3, where d is the distance between a sodium or a 

lithium cation and the phenolate oxygen of the dye. 

Optimisations were performed at a semiempirical (Na+, AM1 

method) or a semiempirical and ab initio level (Na+, Li+, AM1 

and HF/6-31G* methods). In the latter case, the CI ZINDO/S 

excitation energies were practically the same, irrespective of 

the method employed for the optimisation. The experimental 

data [5] for the halochromic behaviour of merocyanine 2 in 

acetonitrile, in the presence of increasing concentrations of 

LiClO4 and NaI, are shown in Fig. 4b. The theoretical curves 

are very similar to the experimental ones, although the 

predicted values of the halochromic shifts are considerably 

awayfrom the experimental shifts in acetonitrile. 

 In Fig. 5a, theoretical transition energies of 

oxyquinolinium   3   are   plotted   against   our   concentration 
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Fig. 3  (a) Variation  of  the  theoretical  SO → S1 transition  

            energy of 1, calculated  with  the ZINDO/S method,  

            in the  presence of increasing concentrations of  Li+,  

           Na+ or Ca+2. The cation concentrations are assumed  

          proportional to d-3,  where  d  is  the  cation-oxygen  

          phenolate distance  (see  text).  Optimisations  were  

          performed at a semiempirical (Na+ and  Ca2+,  AM1  

         method),  and  an  ab initio level  (Ca2+,  HF/6-31G*  

         method). Excitation energies in the presence of Ca2+  

       were practically the same for the semiempirical and  

             the ab initio optimisations: (�) Ca2+, (�) Na+; (�) 

             Li+,  (b) Variation of the ET(30) values of ethanolic 

            solutions of  Reichardt’s betaine 1  in  the  presence  

            of  increasing concentrations of NaClO4,  LiClO4 or  

            Ca(ClO4)2   (see   Ref.   [6]):   (�)  Ca(ClO4)2,  (�)  

            LiClO4, (�) NaClO4. 

 

 

 

 
 

Fig. 4. (a) Variation of the theoretical halochromic shift of 2 in  

           the  presence  of  increasing  concentrations  of  Li+ and  

           Na+, calculated with the ZINDO/S method.  The  cation  

           concentration is assumed proportional to d-3, where d is  

           the cation-oxygen  distance  (see  text).   Optimisations  

           were performed at a semiempirical (Na+ and Li+,  AM1  

           method),   and   an   ab initio   level   (Li+,  HF/6-31G*  

           method). Excitation  energies  in  the  presence  of  Li+    

           were practically the same  for  the  semiempirical  and  

           the   ab  initio  optimisations:  (�)  Li+,  (�)  Na+;  (b)            

           Variation of the halochromic shift of  2 in acetonitrile,   

           in the presence of increasing concentrations of LiClO4  

           or NaI (see Ref. [5]: (�) LiClO4, (�) NaI. 
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Fig. 5.  (a) Variation of the theoretical  halochromic  shift of  3  

            in  the   presence of   increasing  concentrations of  Li+,  

           calculated   with   the  ZINDO/S method.  The  lithium  

          concentration is assumed  proportional to d-3,  where d  

          is the cation-oxygen distance (see text). Optimisations  

         were performed  at the ab-initio HF/6-31G* level: (�) 
           Li+;  (b)  Variation of  the halochromic shift  of 3  in 2- 

           propanol,    ∆ET,    in   the   presence    of    increasing  

           concentrations of LiClO4 (see Ref. [8]). 

 

 

parameter d-3, where a Li+ cation is brought gradually closer to 

the oxygen atom of this dye. Optimisations were performed 

with the AM1 and the HF/6-31G* methods. The latter method 

yielded the curve presented, for the corresponding ZINDO/S 
excitation energies. Although the ab initio optimisations 

yielded smaller excitation energies than the semiempirical 

AM1 method, both curves reproduced quite adequately the 

qualitative trends depicted in Fig. 5b, for the halochromic 

behaviour of 3 in 2-propanol, in the presence of LiClO4 [8].  

 

 

 
 

       Fig. 6. Variation  of   the  halochromic   shift  ∆E  of  2, in 

                   acetonitrile   and    acetone,    in    the  presence  of   

                   increasing  concentrations of  Li+,  calculated  with  

                   the ZINDO/S method. The lithium concentration is  

                  assumed  proportional to d-3, where d is  the cation- 

                  oxygen distance (see text). 
 

 

 The theoretical shift of ca. 30 kcal mol-1, calculated in the 

gas phase, was 10-fold larger than the experimental one, 

recorded in 2-propanol. 

 
Calculation of Halochromic Shifts in Solution 
 Halochromic shifts depend on the nature of the phenolate 

betaine, on the cationic species present in solution and on the 

solvent. The above results, obtained without the consideration 

of any solvent, agreed with the experimental observations 

wherein shifts increase with the cation hardness. Shifts also 

vary with the solvent, being larger in less polar media. 

 We investigated the effect of the solvent on the theoretical 

halochromism of betaine 2  by comparing its behaviour in the 

presence of increasing concentrations of Li+ in acetonitrile (ε = 

36.6) and acetone (ε = 20.7). This was carried out by 

calculating, for all previously optimised dye-cation pairs in the 

gas phase, the corresponding transition energies in a 

continuum, employing the SCRF-PCM option, and  Zerner’s 

INDO/S [24]. 

 The results are shown in Fig. 6. As can be seen, the 

halochromic  shifts  were  smaller  in  the  more  polar  solvent  
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(acetonitrile), in agreement with the experimental observations 

where dye-cation interactions are reduced in more polar 

media.  

 Although capable of discriminating between solvents of 

different dielectric constants, the PCM option still predicted 

halochromic shifts that were significantly larger than the 

experimental ones. This limitation of a continuum model that 

ignores specific solute-solvent interactions has been 

recognized by different authors, when trying to reproduce 

solvent effects on solvatochromic dyes [26,30,31].   

 

CONCLUSIONS 
 

 In conclusion, simulations carried out on methanolic and 

DMSO solutions of a solvatochromic betaine, in the presence 

of increasing concentrations of Na+, led to a picture for the 

solvation of the dye, based on radial distribution functions of 

solvent molecules, or sodium cations, around the anionic 

oxygen of the betaine. According to this picture, as the Na+ 

concentration was increased, tighter, solvent-separated ion-

pairs were formed in solution, where the average O-Na+ 

distance was gradually reduced. Similarly, a simple model for 

the qualitative reproduction of the halochromic behaviour of 

phenolate dyes was developed, based on the calculation of the 

transition-energy of the longest-wavelength band of the dye in 

the presence of a cation positioned at a variable distance from 

its phenolate oxygen. A comparison of the obtained theoretical 

curves with the experimental data in the literature showed that 

the employed model, in spite of its simplicity and of all 

approximations involved, successfully mimicked the cationic 

halochromism of phenolate dyes. The calculated halochromic 

shifts depend on the phenolate betaine and on the interacting 

cation, increasing with their hardness in the order Na+ < Li+ < 

Ca2+. Calculations employing a continuum model, to mimic 

dye-cation interactions in solution, were also congruent with 

the experimental observations where halochromic shifts were 

larger in a less polar solvent, like acetone, than in the more 

polar acetonitrile. 
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