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The cationic halochromism of phenolate betaines reproduced with the aid of a simple theoreticatiet, by calculation of
the longest wavelength transition energies of supkcules obtained by positioning a catiof" Mt a variable distance from the
oxygen atom of the dy&he theoretical results were compared with expentaledata for three systems, Reichardt's betdine
Brooker's merocyanin€ and the N-methyl-8-oxyquinolinium dy8. The model was validated by molecular dynamics
simulations of solutions of dy& in methanol and DMSO, in the presence of variablecentrations of Na
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INTRODUCTION depends on the solvent, increasing sharply in alsotof
relatively low polarity.
The term halochromism is employed. with two differe Since the position of the charge-transfer bantthef&:(30)

though related, meanings. It may designate the tispec betaine is used as a measure of the polarity ofrtba@ium, we
behaviour of compounds in solution whose absorptiare may ascribe a “polarity value” to alcoholic eletyte
pH-dependent [1], or of compounds which exhibitstahtial  solutions of variable concentrations [6]. Alternaty, we may
changes in their UV-Vis spectra by the additiosalfs [1-4]. regard these systems as binary mixtures with pgglaglues
We have been interested for some time in the stfidige  that depend on the concentration of the cationgzsalvent”
latter type of halochroamism;.and have distinguisaezhtionic  [9].
and an anionic halochromism [Slepending on the nature of The cationic halochromism of phenolates like th€38)
the added species responsible for the halochrofmftssn  betaine has been assumed to be due to the dyecatio
solution. Examples of cationic halochromism arenfibuin  equilibria in solution [10]. Plots of the chargesisfer-band
solutions of solvatochromic phenolate dyes [6-8Jor F A value of the dye against the concentration of ttided
example, addition of increased concentrations kélele or cation yield titration curves which reflect shifis the
alkaline-earth perchlorates to alcoholic solutionsf  equilibrium between the free and the cation-bouryd ¢h
Reichardt’s E(30) betaine leads to significant colour changessolution. This picture implicitly assumes the prese of two
and hypsochromic shifts of its solvatochromic cleatrgnsfer  different species in solution, the free phenolatine and the
band [6], as a result of ion-pair formation betwdlea cation intimate phenolate-cation pair.
and the phenolate donor moiety [7,8]. This ion-pagociation In an alternative view, we may postulate, for\aegication
concentration, the existence of only one solvepassted
*Corresponding author. E-mail: marcos.caroli@uselch. phenolate-cation pair, in which the average nplete-cation
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separation depends on the concentration of thedadaion.
According to this model, the gradual addition afaéion to the
phenolate solution affects the charge-transfeisttiam-energy
of the betaine by generating increasingly tightbenmlate-
cation pairs, whose spectral response tends to lithi

situation of an intimate pair.

Such a model should find support in molecular dyica
simulations of solvatochromic phenolates in sohytin the
presence of variable concentrations of an addedrcahs far
as we know, no attempts have been made to applgaulal
dynamics simulations to the interpretation of thetianic
halochromism of phenolate betaines in solution.

years ago [6]. Merocyanin has been the subject of
investigation of various research groups [13,14fsiit was
first described by Brookeet al. [15,16]. Like dyel, it is a
classic example of a dye that exhibits cationiobtlatomism
[5]. The 1-methyl-8-oxyquinolinium dye was originally
described by Ueda and Schelly [17]. Its solvatogtico
behaviour, recorded in a variety of solvents, dates very
closely with the«corresponding 180) values [18]. Its
halochromic behaviour in a variety of alcohols awah-protic
solvents in the presence of sodium iodide, potassand
lithium perchlorate was also described by the anstRj.

Following this protocol, we simulated methanol andCALCULATION METHODS

DMSO solutions of a solvatochromic betaine in thespnce
of variable concentrations of NaThe radial distribution of
the sodium cations in the betaine solvating shell wsed as a
picture of the solvent-separated phenolate-cat#rs fin these
solutions. Such picture validated a simple model tioe
cationic halochromism of different betaines. Thisdal was
based on the calculation of the transition-enerdy ttee
longest-wavelength band of the dye in the preseheecation
positioned at a variable distance from its phemoktygen.

M olecular Dynamics Simulation Methods
40-A solvent boxes of methanol and DMSO were built

with the aid of Packmol [19], taking into accouhetsolvent
densities at 300 K. The structure of beteBneas generated by
means of Insigthll [20], its geometry was optimisaid the
DFT level of theory with the hybrid functional B3IPYand the
basis set 6-31G* and its atomic charges were caudewith
the RESP protocol. Compourg8iwas then inserted into the

The model was applied to different systems desdribeboxes with the aid of VMD [21] and molecular dynami

previously in the literature and the theoreticatves were
compared with the available experimental data afedh
different betaines.
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Reichardt’'s E(30) betaine X), one of the most widely

simulations of the system were carried out with NANR2]
according to a protocol that started with an ihiZ%0.000-step
equilibration of the system at 0 K; the system terafure was
then raised to 300 K in 1000 steps, followed by enaolar
dynamics simulation and an acquisition period a2

Quantum Mechanics Calculations

Transition energies of all dyes polarized by aoraM™ at
a variable distance from their oxygen atom wereaioled
following the protocol described above. Firstlye thtructures
of compoundd, 2 and3 were generated by means of Insightll
[20] and their geometries were optimised with th&TD
B3LYP/6-31G* method. A cation M was then positioned at
a fixed distance from the oxygen atom of the dy#inearly
with its C-O bond. The resulting structure was tbgtimised
again, keeping the O-M distance constant, with $keni-
empirical AM1 method, with thab initio HF/6-31G*, or with
the hybrid DFT B3LYP/6-31G* methods. This proceduras

used solvatochromic probes [12], had its halocheomirepeated for different O-M distances, so as toinkiptimised

behaviour in alcoholic solutions described by uarlygtwenty
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structures polarized by cations situated aioua distances
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from the oxygen atom. Different levels of theory rve box with betaine3, the system evolved to cationic solvation
employed in these optimisations, to make surettfesmooth layers around the oxygen atom of the dye, with p#stances
variations of the transition energies with the Oelidtances that varied with the Naconcentration. Figure 1 reproduces the
did not depend on the employed method, being Viemifas to  radial distribution function (RDF) of sodium cat®mmround

a semi-empirical, an HF or a hybrid DFT method. Thethe oxygen atom o8, in a 0.2 M methanolic solution of Na
Gaussian G98 package [23] was employed for thesAccording to this graptga. 2.5 Nd cations comprise the first
optimisations and subsequent energy-calculationansition  solvation layer, at a distance of 4.5 A from thggen atom of
energies were then obtained by single-point calicuia on the 3.

optimised structures, employing the ZINDO/S mettadi Figure 2 depicts the O-Na radial distribution @fdsim
configuration interactions involving singly-excitéghnsitions cations in a DMSO  solution of3, for the variable
among the 10 highest occupied and the 10 lowestaupied  concentrations of NaAs can be seen, the sodium cations
molecular orbitals of the molecules. Transitionrgies were accumulate in selvation shells which get incredsictpser to
also estimated with a TD-DFT method (B3LYP/6-31@Hd the oxygen atom of3, as the bulk Na concentration is
the results were compared with the CI-ZINDO/S mdtho increased.

For calculations of the halochromic shifts in sido, The above results are summarized in Table 1, wisth
Zerner's INDO/S program was employed [24]. Each-dyethe O-Na peak distances and the number of Btions
cation superstructure, optimised as described abwmwas < present in each solvation shell, for all of the imaeblic and
subjected to a single-point calculation employihg SCRF- DMSO solutions 08B.

PCM option with dielectric constants of 20.7 and63€or The data show that in both solvents, the micraemvnent
acetone and acetonitrile, respectively. around the oxygen atom @&fbecomes gradually enriched in
Na' cations, as the sodium bulk concentration is iaged. In
RESULTSAND DISCUSSION addition, the average distance between the sodations and
the oxide atom is reduced with the increasing” Na
Molecular Dynamics Simulations concentration.

Molecular dynamics simulations of solutions of the  Similarly, the halochromic behaviour of phenolbétaines
oxyquinolinium betained in the presence of an alkali cation
(Na") were run for four different cation concentratiofis1,
0.15, 0.20 and 0.25 M) in.methanol, and in fivefedént 51
concentrations (0.1, 0.15,70.20, 0.25 and 0.5 MPMSO. i
Information about the. solvation. shells in solutioould be o
obtained from radial distributions of solvent malkss or of [
the sodium cations around the oxide substituent. sk
The authors had previously studied the solvatibrioar
phenolate betaines in protic solvents (water, mmethand 2- L
propanol) and in DMSO [25]. The first solvation émyof the i
phenolate oxygen @ in methanol yielded a peak distance of
2.8 A. This value was in good agreement with theeaf 2.7
A obtained by Mente and Maroncelli [28f O-O distribution o L , A
functions of the {30) phenolate oxygen in ethanol and other 0 2 A 6 8 10
alcohols. A similar value had also been reportedCaputoet o (A
al. [27] for the O-O distribution function of thertho-
pyridinium phenolate betaine in water. Fig. 1. O-Na radial distribution of sodium cations in @ W

When N4& cations were incorporated into the methanolic Namethanolic solution d3.

g(n
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Fig. 2. O-Na radial distribution of sodium cations in DMSO
solutions a8 containing (a) 0.5, (b) 0.2 and (c) 0.1
M N&

Table 1. O-Na Peak Distancesand Number N, of Na
Cations Present in the Figstlvation Shell of
the Oxygen Atom 8fin Methanol and DMSO

MeOH DMSO
NaT(M) r(A) Ny rA) Ny
0.10 8.8 1.0 174> 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 vanetiof their
environment, induced by cations distributed at aiabde
distance from the phenolate oxygen.

Theoretical Modél

Based on the picture that emerged from the maddecul
dynamics simulations, we developed a model to egénthe
effect of an approaching cation on the halochrotraasition
energy of a phenolate betaine.

Some simplifications were necessary for applyihg t
results from the dynamics to the roédpction of an
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experimental behaviour with the aid of quantum naedts
calculations.. The first'had to do with the choice fiaed
spatial‘arrangements for our calculations. Rdfs abtained
as averages of a large number of frozen frames.spasal
distribution of sodium cations in the solvating Itloé a given
phenolate‘is averaged over their positions inralines. On the
other hand, quantum mechanics calculations must be
performed on supermolecules with defined positiéorsall
atoms. We had, therefore, to replace this averagetdition
of’cations in space for one or more cations inxadispatial
arrangement. The simplest way to do this was toimat@ just
one cation, at a variable distance from the pheaa=gygen of
the dye. By recording the,S» S; transition energy of the
system for this supermolecule, as shown for motetulwe
arrived at same values which varied significantiyhvihe O-
M™ distance.

This conformation proved superior to other arrangets,
where the O-M axis formed a different angle witke t6-O
bond. Contrary to other conformations, where sparkl
(positive charges) were positioned above and betbher
oxygen atom of dye2, with results that contradicted
experimental observations [28], our supermolecuterdel
reproduced experimental trends quite favourably.

Secondly, in order to compare results obtainedfthis
supermolecular model with experimental plots ofsiton
energiesvs cation concentrations [V], these concentrations
had to be expressed in terms of some model pargniiéts
for example, the cation-oxygen distande Assuming an
electrolyte concentration (fa10% M) that was much larger
than that of the betained 10* M), we envisaged the cationic
media as very large cubic reticulates with the ivest
occupied by M'. A relatively small number of these cations
are replaced by the charged oxygen atoms of thegbdte
donor. In this purely geometric arrangement, &or average
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cation-oxygen distance, the number of cations present in aenergies ofl againstd®, whered is the distance between the

cubic volumeV of sidea was given byN = a*d® and the molar
cation concentration by [M] = N/Na = a¥Na d 3, whereN, is
the Avogadro number. This simple relationship helpes
postulate that the cation concentration was praguat tod?,
[M™] O d3, so that the variablé® could be employed in our
theoretical plots as an equivalent of T4

Calculation of Halochromic Shiftsin the Gas Phase

In order to verify the consistency of our modele w
employed semi-empirical (AM1) arab initio methods (HF/6-
31G*) for the optimisation of the dye-cation compléoth
methods had been employed before, in computer ationb
of the solvatochromism of [26]. The semi-empirical AM1
method had also been employed in theoretical sudliethe
spectroscopic properties @8f[14,28]. The resulting optimised
structures were then subjected to a Cl ZINDO/S wation,
for the estimation of the S— S, transition energies. In all
cases, these transitions corresponded to interhakge-
transfer processes from the donor phenolate oxygethe
acceptor pyridinium or quinolinium system, with aajor
contribution of the monoelectronic HOMO-' LUMO
excitation.

As shown below, in a few cases the optimisatiorthior:
affected the absolute values of the obtained tiiansénergies.
In other cases, however, employing a. semi-empiocanab
initio method for the initial optimisation of the systeed Ito
practically the same excitation energies. As stateave, the
theoretical excitation energies, being the restilgas-phase
calculations, were not.expected.to match experiaterglues
in solution.

We also employed a different approach for theutaton
of the theoretical transition energies, employing@-DFT
method. After optimizing the dye-cation complexustures
with the hybrid B3LYP/6-31G* method, a TD calcutati
employing the B3LYP/6-31G* option was done. Howetbe
obtained
departing more drastically than the ZINDO/S resfribsn the

cation M™ and the phenolate oxygen of the dye. Optimisations
of the dye-cation complex were performed with thdlAand

the HF/6-31G*methods for lithium, sodium and calcium. In
all cases, the excitation energies obtained byOlh2INDO/S
option were practically the same for both semierogirand

ab initio optimisations.

The theoretical “plots should be compared with the
experimental data [6] shown in Fig. 3b, where(3B) values
of ethanolic solutions of betaing containing increasing
concentrations of sodium, lithium or calcium pecchte are
plotted’ against. the concentration of the added onati
Association between the phenolate donor and theéehaZd"
cation is stronger than that of'Land N4, resulting in larger
halochromic shifts in ethanolic solutions of thenfier. This
effect is reproduced theoretically, according ta owodel.
Similar comparisons between theoretical results
experimental data are shown in Figs. 4 and 5.

In all cases, theory tended to exaggerate thechedmic
shifts caused by the proximity of a cation. This as
consequence of the fact that calculations ignonedeffect of
the solvent, which tends to shield the dye from ¢harged
cation. Thus, for example, the comparison of F&gand 3b
shows that, although the theoretical curves arditgtieely
similar to the experimental ones, the predictedbdtaiomic
shifts, in the gas phase, ace. three-fold larger than the
observed shifts in ethanol.

In Fig. 4a we have plotted thg S S, transition energies
of 2 againstd®, whered is the distance between a sodium or a
lithium cation and the phenolate oxygen of the dye.
Optimisations were performed at a semiempirical(MéV1
method) or a semiempirical aadb initio level (N&, Li*, AM1
and HF/6-31G* methods). In the latter case, th&BIDO/S
excitation energies were practically the samegspeetive of
the method employed for the optimisation. The expental
data [5] for the halochromic behaviour of merocy&?® in

and

transition energies were unacceptably Ismalacetonitrile, in the presence of increasing comegions of

LiCIO4 and Nal, are shown in Fig. 4b. The theoretical/esir

experimental values. Such a result was not uneggdect are very similar to the experimental ones, althougk

Failures of TD-DFT methods for the calculation dfagye-
transfer excitation energies in conjugated molecuaee well
documented [29].

Figure 3a depicts plots of the theoretical-S S, transition

predicted values of the halochromic shifts are warably
awayfrom the experimental shifts in acetonitrile.

In Fig. b5a, theoretical transition energies of
oxyquinolinium 3 are plotted against our concentration
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energy of, calculated. with the ZINDO/S method,
in the presence:of increasing conedions of LT,
N&or Ca? The cation concentrations are assumed
proportional tod where d is the cation-oxygen
phenolate distance (see text). Opttioas were
performed at a semiempirical (Nmd C&', AM1
method), and aab initiolevel (C&", HF/6-31G*
method). Excitation energies in the presesf C4"
were practically the same for the semiernalrand
theab initio optimisations: @) C&", (@) Na'; (V)

L, (b) Variation of the H30) values of ethanolic
solutions of Reichardt’s betatheén the presence
of increasing concentrations of NaglQiClO, or
Ca(ClQ), (see Ref. [6]): @) Ca(ClQ),, (m)
LiCIQ, (A) NaClQ,.
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Fig. 4. (a) Variation of the theoretical halochromic shift2 in

the presence of increasing concéatra of Li and
N3, calculated with the ZINDO/S method. The cation
concentration is assumed proportionaltovhere d is
the cation-oxygen distance (see teX@ptimisations
were performed at a semiempirical (8ad Li", AM1
method), and amb initio level (LI, HF/6-31G*
method). Excitation energies in fh@sence of [i
were practically the same for the isenpirical and
the ab initio optimisations: @) Li*, (@) Na’; (b)
Variation of the halochromic shift @fin acetonitrile,
in the presence of increasing conceptratof LiCIO,
or Nal (see Ref. [5]m() LiCIO,, (@) Nal.
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in the presence of increasing cemtrations of Lj,
calculated with the ZINDO/S methothe lithium
concentration is assumed proportionaltowhere d
is the cation-oxygen distance (see t&ptimisations
were performed at thé-initio HF/6-31G* level: @)
Li'; (b) Variation'of. the halochromic shift 8fin 2-
propanol, AE;, in" the presence of increasing
concentrations of LiCl(see Ref. [8]).

parameted™, where a Lication is brought gradually closer to
the oxygen atom of this dye. Optimisations werefqrared
with the AM1 and the HF/6-31G* methods. The latteethod
yielded the curve presented, for the correspondiiNDO/S
excitation energies. Although thab initio optimisations
yielded smaller excitation energies than the serpigoal
AM1 method, both curves reproduced quite adequatedy
qualitative trends depicted in Fig. 5b, for the dealromic
behaviour of3 in 2-propanol, in the presence of LiGI@3].

50 — m B u
L - [ ] u .
40 + [ ]
< L . u e ®°® o0 0 o
g 30t " e ®
= a®
3 I ..'
= 20t »
-
CEN {
0F m
0.00 0.05 0.10 0.15 0.20
a3 (A%

Fig. 6.'Variation of the halochromic shifiE of 2, in
acetonitrile and aceton@ the presence of
increasing concentrations af, lcalculated with
the ZINDO/S method. The lithiwoncentration is
assumed proportional t dhere d is the cation-
oxygen distance (see text).

The theoretical shift ofa. 30 kcal mot, calculated in the
gas phase, was 10-fold larger than the experimeonal,
recorded in 2-propanol.

Calculation of Halochromic Shiftsin Solution

Halochromic shifts depend on the nature of thenplege
betaine, on the cationic species present in solwitd on the
solvent. The above results, obtained without thesickeration
of any solvent, agreed with the experimental olstéras
wherein shifts increase with the cation hardnes$sftsSalso
vary with the solvent, being larger in less poladia.

We investigated the effect of the solvent on tieotetical
halochromism of betain2 by comparing its behaviour in the
presence of increasing concentrations dfihiacetonitrile £ =
36.6) and acetonee (= 20.7). This was carried out by
calculating, for all previously optimised dye-catipairs in the
gas phase, the corresponding transition energiesain
continuum, employing the SCRF-PCM option, and £em
INDO/S [24].

The results are shown in Fig. 6. As can be seea, t
halochromic shifts were smaller in the maa@ar solvent
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(acetonitrile), in agreement with the experimeotadervations
where dye-cation interactions are reduced in moo&arp
media.

Although capable of discriminating between solgent
different dielectric constants, the PCM option| stitedicted
halochromic shifts that were significantly largdran the
experimental ones. This limitation of a continuurndal that
ignores specific solute-solvent interactions hasenbe
recognized by different authors, when trying to rogjuce
solvent effects on solvatochromic dyes [26,30,31].

CONCLUSIONS

In conclusion, simulations carried out on methanahd
DMSO solutions of a solvatochromic betaine, in pnesence
of increasing concentrations of Nded to a picture for the
solvation of the dye, based on radial distributionctions of
solvent molecules, or sodium cations, around thenam
oxygen of the betaine. According to this picturs,the-N&
concentration was increased, tighter, solvent-sgpdrion-
pairs were formed in solution, where the averagéleD-
distance was gradually reduced. Similarly, a-simptalel for
the qualitative reproduction of the halochromic dgbur of
phenolate dyes was developed, based on the cabculHtthe
transition-energy of the longest-wavelength banthefdye in
the presence of a cation positioned at a variaistarte from
its phenolate oxygen. A comparison of the obtaithedretical
curves with the experimental data in'the literagshiewed that
the employed model, in spite of its simplicity awod all
approximations involved, successfully mimicked ttaionic
halochromism of phenolate dyes. The calculateddhatomic
shifts depend on the phenolate betaine and onntkeeatcting
cation, increasing with their hardness in the odat < Li" <
cd”*. Calculations employing a continuum model, to naimi
dye-cation interactions in solution, were also coegt with
the experimental observations where halochromiftsshiere
larger in a less polar solvent, like acetone, thathe more
polar acetonitrile.
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