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The halochromism of the negatively solvatochromic pyridi-
nium N-phenoxide betaine dye 1 has been measured in ace-
tonitrile solution and linearly correlated with the effective
charge of the cations of the added alkaline and alkaline earth

salts. The observed negative halochromism of betaine dye 1
constitutes a new type of true halochromism, in contrast to the
trivial halochromism found for the first time by Baeyer and
Villiger in 1902.

Pyridinium N-phenoxide betaine dyes are solvatochromic, ther-
mochromic, piezochromic, halochromic, and possibly chiro-solva-
tochromic. That is, the longest wavelength, intramolecular charge-
transfer (CT) absorption band of their UV/Vis solution spectra
depends on the polarity of the solvent, the temperature of the so-
lution, the external pressure, the nature and concentration of added
salts (electrolytes; ionophores), and possibly — in the case of homo-
chiral betaine dyes — on diastereomorphic solute/solvent interac-
tions with pairs of enantiomorphic solvent molecules®® . The ex-
ceptionally large negative solvatochromism of 1 has been used to
define an empirical parameter of solvent polarity, the E(30) values,
which are known for numerous organic solvents and many binary
solvent mixtures?® . The better water-soluble tris(methanesulfon-
yl)-substituted betaine dye 2 recently enabled us to determine E(30)
values of aqueous electrolyte solutions®®. The chance to determine
empirically the polarity of aqueous and nonaqueous electrolyte so-
lutions by means of the solvatochromic standard betaine dyes 1
and 2 has recently led to increased investigations by us®~% and
others® '™ of the halochromism of 1 and 2, caused by the addition
of ionophores!™® to solutions of 1 and 2 at room temperature.

1 (R=H)
2 (R = SO,CH,)

The study of the ionophore-induced halochromism of solvato-
chromic dyes other than 1 and 2 has also been intensified in recent
years(1? =24,

In this paper we report on the ionophore-induced halo-
chromism of 1 in acetonitrile solution at 25°C. Acetonitrile
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was chosen because of its good solvency for salts, its rather
high relative permittivity (¢, & 36), thus promoting the dis-
sociation of ion pairs, and its non-hydrogen bond donor
(non-HBD) character, thus avoiding specific solute/solvent
interactions such as intermolecular hydrogen bonding.
The addition of alkaline and alkaline earth iodides as well
as magnesium perchlorate — up to a tenfold excess or up
to a saturated salt solution — to a 10~* M solution of 1 in
acetonitrile leads in all cases to a hypsochromic shift of its
long-wavelength CT band by ca. 31 —213 nm (depending
on the nature of the added ionophore; cf. Figure 1 and Table
1), without substantially changing its shape. Only with tetra-
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Figure 1. Long-wavelength UV/Vis absorption CT band of betaine
dye 1, measured in acetonitrile at 25°C, without and with addition
of an excess of alkaline and alkaline earth salts [c(betaine) ~ 1 -
107 mol/l; c(salt) ~ -1 - 10~ mol/I]; the intensity of absorption,
€max, decreases slowly after the addition of salt; therefore, the ex-
tinction coefficients ¢ of the salt-containing betaine solutions are
only approximate, measured relative to the absorption intensity of
the salt-free betaine solution (cf. Table 1)
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n-butylammonium iodide is the hypsochromic shift negli-
gible (AL = —2 nm). All hypsochromic shifts are accom-
panied by a decrease of the intensity of the halochromic CT
absorption band of 1 (cf. Figure 1).

By analogy with the definition of solvatochromism®, we
have suggested” the term “negative (positive) halochro-
mism” for such a hypsochromic (bathochromic) shift of the

Table 1. Maximally measurable alkaline and alkaline earth salt-
induced hypsochromic shifts (“negative halochromism”) of the
longest wavelength intramolecular CT absorption band of the stan-
dard pyridinium N-phenoxide betaine dye 1, measured in aceto-
nitrile at 25 °C, after addition of (nBu),N*1~, Lil, Nal, KI, Rbl, and
Csl, as well as Mg(ClO,),, Cal,, Srl,, and Baly; including the effec-
tive ion radii and effective ion charges of the corresponding cations
M"*; betaine dye concentration: ca. 1 - 10~* mol/l; salt concentra-
tion: in each case ca. 1 - 10~* mol/l, except Nal, KI, RbI, and CsI
(saturated solutions)

E-(30 Effective Eget‘i:g;e
Salt Amax/TITL G0 Cafi‘-‘-’{‘,] charges™
keal/mol ~ TAQL g0y
Ppr+/pm 10° Jpm
Without salt 626.3 45.6 — —
(n-Bu),N*I~ 4 625.8 457 - -
Lir* 533.0 53.6 76 13.2
Nal® 546.8 52.3 102 9.8
K1t 584.7 489 138 72
RbI™ 594.8 48.1 152 6.6
CsI® 608.9 470 167 6.0
Mg(ClO,)," (413.3) (69.2) 72 27.8
Cal,™ 468.2 61.1 100 20.0
Sri, 4 490.0 58.3 118 16.9
Bal,¥ 496.0 57.6 135 14.8

© R. D. Shannon, Acta Crystallogr. Sect. A: Cryst. Phys., Diffr.,
Theor. Gen. Crystallogr. 1976, 32, 751 —767; see also N. N. Green-
wood, A, Earnshaw, Chemie der Elemente, VCH Verlagsgesellschalft,
Weinheim 1988, Appendix 5, p. 1652 (effective Pauling cation radii
of ions with coordination number 6). — ™ Effective cation charge
= ion charge/Pauling cation radius. —  ¢(salt) = ca. 1 - 1073
mol/l, corresponding to a tenfold excess of salt relative to the be-
taine dye concentration; at this salt concentration, the maximally
measurable Ay, shift has been already achieved. — ' Even at a
100-fold excess of (nBu),N*1~ [c(salt) = ca. 1 - 1072 mol/l; Ap., =
624.2 nm], only a rather small hypsochromic band shift of AL =
2 nm (relative to the absorption of the salt-free betaine dye solution)
has been found. — ™ ¢(salt) = saturated solution, corresponding
to 1.26 mol/l (NaD®, 4.44 - 10~ mol/l (KD)™, 4.35 - 10~ mol/l
(RbI)™, and 4.25 - 10~2 mol/l (CsD)™; at lower salt concentrations
of ca. 1 - 107% mol/l, the A, shifts are of the order of only 0—11
nm; with these four salts, the maximally measurable hypsochromic
band shifts have been observed in salt-saturated acetonitrile solu-
tions only. — P The Ay, and E(30) values given in parentheses
have been calculated from the correlation equation given in Figure
2; in this case, the Ay,, value cannot be measured directly because
the Mg ™ *-induced hypsochromic band shift is at c([Mg(Cl1O,),] =
1 - 107% mol/l already so large, that the less intensive long-wave-
length CT absorption band of 1 is largely hidden by the more
intensive UV absorption bands at A = 375 (¢ ~ 9200) and 302 nm
(e ~ 40000) (cf. the complete UV/Vis spectrum of 1, measured in
acetonitrile, in the DMS-UV Atlas organischer Verbindungen, But-
terworths, London, and Verlag Chemie, Weinheim, 1968, Vol. IV,
spectrum no. G12/1); the added Mg(ClO,), contained traces of acid
which, by protonation of the betaine dye 1, led to a complete dis-
appearance of its long-wavelength CT absorption band; therefore,
before addition of the magnesium salt to the betaine solution, one
drop of ethyldiisopropylamine as base has been added; the addition
of this nonPolar solvent does not alter the Er(30) value of aceto-
nitrile. — ¥ T. Pavlopoulos, H. Strehlow, Z. Phys. Chem. 1954, 202,
474—479. — W D, V. S. Jain, B. S. Lark, P. K. Nayyar, Indian J.
Chem. 1970, 8, 73—75.
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UV/Vis absorption band of a dissolved compound with in-
creasing ionophore concentration. Since the CT absorption
band of 1 lies within the visible region of the electromagnetic
spectrum (cf. Figure 1), its halochromism can be easily fol-
lowed by eye: the addition of salts to the turquoise-coloured
solution of 1 in acetonitrile changes the colour to blue, red,
orange or yellow, depending on the nature and concentra-
tion of the added ionophore.

For the solvent given, the ionophore-induced hypso-
chromic band shifts of 1 increase in the order Cs* < Rb™
< K* < Na* < Li* and Ba** < Sr**" < Ca*™* <
Mg™* ™, i.e. obviously proportional to the charge-to-size ra-
tio of the cations (cf. also ref.®!*'*"). The effective cation
charges (ion charge/ion radius) have been calculated by us-
ing Pauling’s cation radii and included in Table 1. Surpris-
ingly, there exists an excellent linear correlation between the
salt-modified molar transition energy E(30) of 1! and the
effective charge of the respective alkaline and alkaline earth
cations, as shown in Figure 2 (cf. also ref."). This linear
correlation has been used to calculate the A, value of 1 in
the CH;CN/Mg(ClO,), solution, which is not available di-
rectly because of the extreme Mg™ *-induced halochromic
band shift (cf. Figure 1 and footnote™ of Table 1).
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Figure 2. Correlation between the molar electronic excitation en-
ergy Er(30) of betaine dye 1, measured in acetonitrile at 25°C after
addition of an excess of salt, and the effective charge of the respec-
tive alkaline and alkaline earth cation M"*; the correlation equa-
tion is
E{30) = 0.992 - [(n*/run+) - 10°] + 41.6
with pairs of values n = 8; correlation coefficient r = 0.989; stan-
dard deviation of the estimate s = 0.85

These results clearly demonstrate that not only the po-
larity of pure solvents and binary solvent mixtures can be
empirically determined by means of halochromic dyes such
as 1, but also the polarity of ionophore solutions (cf. for
example ref. 419131617 For a more systematic study, there
are some limiting factors: the often poor solubility of salts
in organic solvents, sometimes a salting-out of the betaine
dye by the added salt!, the decrease in absorption intensity
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of 1 with increasing salt concentration, and occasionally
salt-induced aggregation of the halochromic dyes with con-
comitant changes in the UV/Vis absorption.

According to Langhals?”, the E{(30) values of binary solvent
mixtures can be empirically described by the two-parameter Eq. (1),

Ex(30) = Ep-In(cp/c* + 1) + EZ(30)° 1)

in which E-(30)" is the value of the less polar solvent, ¢, the molar
concentration of the more polar solvent, and Ep and c¢* are ad-
justable parameters specific for the solvent mixture under investi-
gation. It has been recently shown by Rezende!!¥! that, at least for
alcoholic solutions, Eq. (1) can be equally applied to the binary
system “solvent + salt” to give Eq. (2),

E(30) = A-In(c/c* + 1) + ET(30)° ¥

in which E1(30) and E{30)° represent the polarity values for the
ionophore solution and the pure solvent, respectively, ¢ is the molar
concentration of the added salt, and 4 and ¢* are again adjustable
parameters.

Obviously, the addition of ionophores to solutions of 1 leads to
similar hypsochromic band shifts as the addition of more polar
solvents to the betaine solution. How can this be explained with
respect to the structure of 1 and the type of its long-wavelength
solvatochromic and halochromic absorption?

The long-wavelength absorption of dyes such as 1 and 2
results from an intramolecular charge transfer from the elec-
tron-donating phenoxide part to the electron-accepting pyr-
idinium ring of the nonplanar betaine molecule (interplanar
angle between pyridinium and phenoxide moiety: 65°12%),
This follows from the dramatic decrease of the permanent
ground-state dipole moment on excitation (p, = 49 - 10~
Cm®?™ 2, = 20-107% Cm®™; Ap = 29 - 10~® Cm
= 87 D) and from recent quantum-chemical HMO
calculations'®®. The position of such CT absorption bands
depends on the ionization energy of the electron donor and
on the electron affinity of the electron acceptor®.. Thus, the
introduction of electron-withdrawing substituents into the
4-phenylpyridinium ring of 1 increases its electron affinity
and causes a bathochromic shift of the CT band of 18,
whereas hydrogen bond donor (HBD) solvents increase, by
hydrogen bonding to the oxygen atom, the ionization energy
of the phenoxide part of 1, with an enhanced hypsochromic
band shift as consequence®.

In the light of these facts, the negative halochromism of
1 can be best explained by loose ion-pair formation between
the negatively charged phenoxide part and the cation of the
added ionophore, according to Eq. (3). The electrostatic
Coulomb interaction between the electron donor part of 1
and the cation increases the ionization energy of the phe-
noxide part, resulting in the experimentally observed hyp-
sochromic CT band shift. Eventually, protonation of the
phenoxide oxygen atom leads to a complete disappearance
of the CT band of 1.

This line of reasoning is supported by the following find-
ings:

(a) As a function of salt concentration, the halochromic effect of
1 and 2 is to induce a hypsochromic band shift in the sample UV/
Vis spectrum, without substantially changing its shape. This resem-
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bles analogous shifts observed with the same sample in pure organic
solvents by adding a more polar solvent (cf. Figure 1 and ref.™).

(b) With given solvent and salt, the salt-induced hypsochromic
band shift of 1 and 2 increases with increasing salt concentration,
finally leading to a maximally measurable shift which corresponds
to a kind of saturation, i.e. complete ion-pair formation (cf. Table
1 and ref. 18191617

(c) With a given solvent and different salts, the salt-induced hyp-
sochromic band shift is directly proportional to the effective charge
of the cation, ie. its charge-to-size ratio (cf. Figure 2 and ref.!'),
With LiClO, in nonpolar solvents such as diethyl ether and te-
trahydrofuran, 1:1 complex formation between 1 and lithium ions
according to Eq. (3) with very high association constants of up to
10° has been found ¥, The cation-complexing capability of 1 can
be increased even further by means of crown ether rings surround-
ing its phenoxide part®.

(d) With tetraalkylammonium salts, i.e. salts containing large cat-
ions of low effective charge, prone to poor ion-pair formation with
anions because of steric hindrance, the salt-induced hypsochromic
band shifts are negligibly small (cf. Table 1 and ref.['™'®). There is
obviously no ion-pair formation between 1 and the tetra-n-butyl-
ammonium cation according to Eq. (3), which explains the only
small halochromic band shift observed.

(e) In comparison with the strong cation influence on the salt-
induced band shifts of 1 and 2, the nature of the corresponding
anjon seems to be of minor importance for the halochromic shifts
observed (cf. ref.!'1%1%), However, further systematic measurements
are necessary to clarify this point.

In conclusion, the negative halochromism of 1 in aceto-
nitrile stems mainly from the specific dye/cation interaction
according to Eq. (3), thus reflecting salt-induced perturba-
tions in the molecular-microscopic environment of the phen-
oxide part of the betaine dye, in accordance with the findings
of Rezende et al.'"’. However, additional nonspecific halo-
chromic effects due to salt-induced changes in the structure
of the bulk solvent (i.e. interruption or reinforcement of the
intermolecular solvent/solvent interactions with concomi-
tant consequences for the betaine dye solvation) cannot be
entirely excluded. Such nonspecific, indirect halochromic ef-
fects should be preferably found in highly structured solvents
such as water"%' In less structured solvents such as ace-
tonitrile (its Trouton constant is with 94 close to the normal
value of 88 J - mol~! - K~!P), this nonspecific halochromic
effect can be neglected.

The halochromism of betaine dyes such as 1 and 2 con-
stitutes a fundamentally new type of halochromism, in con-
trast to the trivial halochromism first described by Baeyer
and Villiger in 1902PY, According to Baeyer® and authors
of recent text books?* 3% halochromism means the colour
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change of a dissolved compound on addition of acid (or
base) during which a chemical reaction (e.g. ion formation)
transforms a colourless compound into a coloured one with
different UV/Vis absorption.

Historical examples for this are the Brensted acid/base reactions
of triphenylmethanol and dibenzalacetone with concentrated sul-
furic acid according to Eq.(4) and (5P| with concomitant
changes of their UV/Vis absorption® 41,

+H,S0,,-H,0

(HsCg)yC-OH (HsC3):C® HSOP (4)
Anox* 258nm (MeOH} 2 Anx= b310m (H,S0, 98 %) "
colourless yellow

0
/\/u\/\ L EUN
HsCe "~ CeHs

Anax = 331 nm (E£OH) 1!
yellowish

® o
HSo,” (5)

HgCq ™ ™ ">CgHg

Anax= bb70m {H,50, 95%) 1

orange -red

More recent examples of halochromic compounds the halo-
chromism of which is also based on pH-dependent salt formation
can be found in ref. 2%,

This type of halochromism is a trivial one because addi-
tion of acid (or base) to a base (or acid) solution always
leads to a chemical reaction giving products the UV/Vis
absorption of which is usually different from that of the
starting compound. If the absorption band of the product
accidentally lies in the visible region, then its predecessor is
called halochromic according to Baeyer®™l.

In contrast to this trivial halochromism, the true or gen-
uine halochromism of dyes like 1 and 2 refers to a colour
change on addition of an ionophore™ to the dye solution
not accompanied by a change in the chemical structure of
the dissolved dye. In contrast to Eq. (4) and (5), the ion-pair
formation according to Eq. (3) does not destroy the chemical
identity of the betaine dye. We have suggested the term
“negative (positive) true halochromism” for a hypsochromic
(bathochromic) shift of the UV/Vis absorption band of a
dissolved compound on increasing electrolyte concentra-
tion, when this shift is not caused by a chemical change of
the chromophore!”. This definition of halochromism is not
restricted to salt-induced shifts of absorption bands within
the visible region only, but holds for electronic transitions
in the whole UV/Vis/NIR region. Since ion-pair formation
as shown in Eq. (3) is temperature-dependent, the halo-
chromism of such dyes should be temperature-dependent
too, i.e. halochromic dyes should also be thermochromict!%,

This work was supported by the Deutsche Forschungsgemein-
schaft, Bonn, and the Fonds der Chemischen Industrie, Frankfurt
(Main).

Experimental

The UV/Vis spectra were recorded with a Hitachi U-3410 spec-
trometer with thermostated 1-cm quartz cells. Acetonitrile (Chro-
masolv G from Riedel-de Haén, D-3016 Seelze; purity > 99.9%)
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was used without further purification. The inorganic salts employed
were of analytical reagent quality and were dried before use over
P,Oy in vacuo. The betaine dye 1 was synthesized according to
ref.l it is now also commercially available™?,
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CAS Registry Numbers
1:10081-39-7 / Lil: 10377-51-2 / Nal: 7681-82-5 / KI: 7681-11-0 /
RbI: 7790-29-6 / CsI: 7789-17-5 /| Mg(ClO,),: 10034-81-8 / Cal,:

10102-68-8 / Srl,: 10476-86-5 / Bal,: 13718-50-8 / acetonitrile:
75-05-8



