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Calorimetric evidence of aggregation of the E1(30) dye in alcoholic solutions
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Abstract

This paper deals with the thermodynamic aspects of solvatochromic and halochromic systems. Enthalpic measurements of
dilution of solutions of the E1(30) dye in various alcohols and in the presence of increasing concentrations of sodium iodide
were carried out by means of calorimetric techniques. Contrary to observations based on purely spectroscopic methods, these
calorimetric measurements showed evidences of dye aggregation in solution. In addition, the results confirmed the existence of
previously described dye—cation associations in the organic media. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
The high sensitivity of its charge-transfer band in

In their search for ways of measuring the polarity of
solvents, chemists have resorted, among others, to
kinetic [1] and spectroscopic techniques [2—7]. Sev-
eral solvatochromic dyes have been employed to build
polarity scales. One of the most widely used com-
pounds among them is Reichardt’s pyridiniophenolate
(1); the basis of the E1(30) polarity scale [5-7].
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the visible to environmental changes has allowed the
measurement of the polarity of various media, such as
pure solvents [5-7], binary solvent mixtures [8—13]
and electrolyte solutions [14—16]. The spectroscopic
changes observed in the latter media were taken as a
measure of the halochromic behaviour of dye (1) and
of related systems [17-19], and were accounted for in
terms of dye—salt associations in solution [20,21].
Despite the considerable interest in the behaviour
and uses of solvatochromic dyes in solution, the
thermodynamic aspects of these systems remain still
largely unexplored. Such studies, carried out through
the use of calorimetric techniques, might shed light on
phenomena which have been interpreted solely
through spectroscopic observations. As an example,
dye aggregation in solution has been detected some-
times through spectral changes, in which the aggre-
gates tend to absorb at different wavelengths from the
monomeric dye [22,23]. This, however, is not general.
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Solutions of the Er(30) dye, for example, tend to
follow Beer’s law for various dilutions; an indication
that the dye does not aggregate in such media. Calori-
metric measurements of dilution enthalpies in organic
solutions of the E1(30) dye should provide an inde-
pendent way of verifying this assumption.

Calorimeters have been used before for measuring
solute—solvent interactions as a means of establishing
polarity scales: Gutmann proposed the donor number
(DN), based on the enthalpy of interaction of SbCls
with the solvent [24]. More recently, the acidity of
organic solvents was measured making use of the
same technique [25]. The good correlation generally
observed between thermodynamic properties and
intermolecular forces in solution [26] gave further
support to our idea of applying a calorimetric techni-
que to the study of solvatochromic and halochromic
systems.

In the present paper we report the use of a micro-
calorimeter to obtain enthalpies of dilution of the
widely employed E1(30) dye in a series of aliphatic
alcohols and in the presence of increasing amounts of
added sodium iodide. The results are discussed in
terms of dye—cation (halochromism) and dye—solvent
interactions (solvatochromism), investigating the pos-
sibility of associations in solution.

2. Experimental

A Hewlett Packard 8452A spectrophotometer was
used to obtain the UV-Vis spectra.

Calorimetric measurements were performed with a
TAM thermometric microcalorimeter, equipped with
stainless steel ampoules and an LKB 2277-401/402
titration unit.

Solvents, of HPLC grade, and the E1(30) dye, were
purchased from Aldrich. Sodium iodide (Fisons) was
dried under vacuum before use.

All calorimetric experiments were performed iso-
thermally at 298.15 K. The calorimeter was calibrated
using the electrical substitution method before each
batch of experiments was performed. Two hours equi-
libration was allowed between loading the ampoules
and starting data collection.

For the E1(30) dilution measurements, two experi-
ments were carried out, the first one by successive
additions of a concentrated solution of the dye to the

solvent, and the second by adding the pure solvent to a
solution of the dye. In the first experiment, 10 pl of a
1072 mol dm > solution of the dye were successively
added to an initial volume of 100 pl of the solvent. In
the second experiment, 10 pul of the solvent were
successively added to an initial volume of 100 pl of
5 x 10~* mol dm ™ solution of the E1(30) dye. These
volumes were chosen so as to achieve final concen-
trations in the same range as those commonly used in
spectroscopic studies. The collected data of power
versus time were converted into ASC II files and
analysed with the help of Origin 3.0 software (Micro-
cal, Amherst, MI, USA).

For the calorimetric measurements of dye—cation
association, 10 ul of a 1.0 mol dm 3 alcoholic solu-
tion of sodium iodide were successively injected into
100 pl of an E1(30) solution in the same solvent, with
an initial concentration of 5.0 x 10~* mol dm .

3. Results and discussion

The enthalpies of dilution of the E1(30) dye were
measured in a series of primary alcohols (ethanol, 1-
propanol, 1-butanol, 1-pentanol, 1-hexanol, 1-hepta-
nol and 1-octanol) and in two secondary alcohols (2-
propanol and 2-butanol). The enthalpies of sodium
iodide-E1(30) association were evaluated in three
different media, ethanol, 1-propanol and 1-butanol.

In order to obtain these enthalpies, five different
experiments were performed, as shown below.

Successive 10 ul
injections of

Pure solvent
E1(30) dye solution
Pure solvent

Nal solution

Nal solution

Into 100 pl of

Pure solvent
Pure solvent
E1(30) dye solution
Pure solvent
Et1(30) dye solution
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Subtraction of the heats of the blank experiment 1
from the heats of experiments 2 or 3 gave the enthal-
pies of dilution of the E(30) dye in all solvents,
H, — H, and H; — H,, which are shown as a function
of the dye concentration in Figs. 1 and 2, respectively.

In order to obtain the dye—salt association enthalpy,
the heats of Nal (experiment 4) and of E(30) dilution
(experiment 3), besides the blank heats of experiment
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Fig. 1. Enthalpies of dilution of the Er(30) dye in primary
alcohols. Measurements were performed by injecting a concen-
trated solution of the dye (1.0 x 107> mol dm ) into the pure
solvent: x ethanol; [l 1-propanol; @ 1-butanol; A 1-pentanol; W
1-hexanol; 4 1-heptanol; + 1-octanol.
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Fig. 2. Enthalpies of dilution of the Er(30) dye in primary
alcohols. Measurements were performed by adding small volumes
of the solvent to a solution of the dye with an initial concentration
of 5.0 x 107* mol dm™3. x ethanol; [l 1-propanol; @ 1-butanol;
A 1-pentanol; W 1-hexanol; 4 1-heptanol; + 1-octanol.

1, had to be subtracted from the composite heats
of experiment 5. These dye—salt association enthalpies
in different alcohols were then obtained as Hs —
(H4 + H3 + H)), and are shown in Fig. 3 as a function
of the salt concentration.

The E1(30) dye molecule is a zwitterion with a very
high dipole moment, increasingly solvated in more
polar media. Such solvation arises from attractive
dipole—dipole interactions and, in an alcoholic med-
ium, from hydrogen bonding with the solvent, and
these are all exothermic processes.
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Fig. 3. Enthalpies of E(30)/Nal interaction in x ethanol, ll 1-
propanol and @ 1-butanol as a function of the concentration of
added sodium iodide. The initial dye concentration was
5.0 x 10"* mol dm™>.

Addition of successive amounts of the monomeric
dye to an alcohol, with more solvent molecules avail-
able for solvation, should lead to modest exothermic
processes. The resulting negative enthalpies would be
expected to increase in absolute value with the increas-
ing polarity of the solvent. The observed trends of
Fig. 1 are at variance with these expectations.

With the exception of ethanol, in all other alcohols
endothermic processes were observed, with enthalpies
increasing with decreasing polarity of the solvent.
Clearly this implies a bond-breaking process should
be operating here, a fact which is difficult to reconcile
with the assumption that the dye existed as monomeric
species in the more concentrated (1072 mol dm™?),
injected samples. On the contrary, dye aggregation
should increase with the decrease in polarity of the
medium, leading to greater endothermic bond-break-
ing in less polar solvents, as the dye is two to ten-fold
diluted. This interpretation is in agreement with the
trends of Fig. 1, which, therefore, suggests E(30)
aggregation in most alcohols in this range of concen-
trations. However, the enthalpy of dilution is the
balance of the following processes: dye—dye, dye—
solvent and solvent—solvent interactions. The sign of
the overall enthalpy, positive as reported here, will
depend on the relative magnitudes of these interac-
tions. Thus endothermicity is not a necessary condi-
tion for indicating aggregation although it is highly
suggestive of such a phenomenon. However, the
deviations shown for the dilution processes as dis-
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played in Fig. 1 are confirmatory evidence for aggre-
gation since the data indicate that the final state of the
dilution process depends upon the dye concentration.
Aggregation could be weak since the enthalpies are
small and could possibly be the result of overlap of dye
solvation shells because of charge effects — this could
account for the larger effects being observed for lower
dielectric constant solvents.

In the alternative dilution experiment, the data for
which is shown in Fig. 2, increasing amounts of the
solvent were gradually added to a solution of the dye.
Dilution processes were increasingly endothermic
with increase in the alcohol chain length, as observed
in Fig. 1. However, beyond 1-butanol, the reverse
trend was observed, the dilution enthalpies becoming
smaller and eventually even negative for the larger
alcohols (1-heptanol and 1-octanol). This reversal in
solvent behaviour points to an interplay of opposing
effects. In the experiment of Fig. 1, a sudden ten-fold
dilution of the aggregated dye made the heat of bond-
breaking the major enthalpic contribution to the over-
all process. In the gradual dilution of Fig. 2, the
aggregate-bond-breaking process competes with the
exothermic dilution of the aggregate by the added
solvent. We may write for the total observed enthalpy
Hobs = Hgiss age. + Hail.age.» Where Hyigs a0 18 the posi-
tive enthalpy of aggregate dissociation and Hygj agg. iS
the negative enthalpy of aggregate dilution. The term
Hgigs.age. depends on the size and number of aggregates
in solution, and of the dissociating power of the
solvent. The former increases with the decreasing
polarity of the solvent, while the dissociating power
of the medium becomes smaller in less polar alcohols.
The change observed for 1-pentanol is a consequence
that, for larger alcohols, there is an increasing ten-
dency of the new solvating molecules to dilute the
aggregates, instead of breaking them.

The enthalpies of dilution in 1-hexanol were close
to zero. This indicates that in this solvent the opposing
enthalpic contributions nearly cancel each other. The
small values of enthalpy in ethanol reflect the fact that
in this polar solvent there is little dye aggregation.

The trends of Fig. 2 were confirmed in a compar-
ison between two secondary alcohols, 2-propanol and
2-butanol. In the former, the enthalpy values were
close to zero, while in 2-butanol there was a small
(XH = —1.5 mJ after ten injections) exothermic pro-
cess. Secondary alcohols are less polar than primary

alcohols with the same number of carbons, it is thus
reasonable that the behaviour in 2-propanol
(E1(30) = 48.4 kcal mol ™ !: here the assignment of
the polarity scale measure is that of Reichardt [5—
7]) differed from 1-propanol (Er(30) = 50.7 kcal
molfl), approaching that in 1-hexanol (Et(30)=
488 kcalmol™'). In the less polar 2-butanol
(E1(30) = 47.1 kcal mol™ ), the small negative en-
thalpy is an indication that aggregate dilution is
slightly favoured over dissociation upon addition of
the solvent.

The above suggestions of dye aggregation in alco-
holic Et(30) solutions depart from the hitherto
accepted view that this compound does not form
aggregates in organic media. We had in fact investi-
gated the spectral behaviour of dilute solutions of this
dye in methanol and chloroform, in concentration
ranges that yielded absorbance readings in the UV
region not larger than 1.0 for the most intense absorp-
tion (concentrations smaller than 2.5 x 107> mol
dm™?). The good linearity of the plots of A versus
dye concentration (graphs not shown) confirmed the
view that, in this range of concentration, the Lambert—
Beer law was obeyed and the dye did not aggregate.
However, the investigated concentrations were much
smaller than those commonly utilised in solvatochro-
mic measurements. Our calorimetric results, obtained
with these more concentrated solutions, may, there-
fore, be reconciled with the existing spectroscopic
evidence. In addition, preliminary measurements of
diffusion coefficients of the E1(30) dye in alcohols
[27], support the present contention that this dye forms
aggregates in these media.

We were also interested in measuring the enthalpies
of dye-salt association in various alcoholic E(30)
solutions containing sodium iodide. Direct association
between the electrolyte cation and the phenoxide
fragment of the E1(30) and related dyes has been held
responsible for their halochromism [14-21].

Fig. 3 depicts the enthalpies of Er(30)-Nal asso-
ciation in three primary alcohols, as a function of the
concentration of the added electrolyte. This is an
endothermic process in ethanol, in agreement with
the fact that, in this polar solvent, the dye is strongly
solvated by hydrogen bonding with the solvent. For-
mation of the dye—cation pair requires breaking these
bonds in an enthalpically unfavourable process. As the
solvent becomes less polar, dye—solvent interactions
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through hydrogen-bonding become weaker, and the
exothermic dye—cation association enthalpies cancel
(as in 1-propanol) or even take over the former effect,
as can be seen for 1-butanol. These trends are in full
agreement with previous interpretations of the halo-
chromic behaviour of the Er(30) and related dyes,
based on spectroscopic evidence. The enthalpies of
interaction are again small and are, for example, on the
order of 0.5 kJ mol~ ' in ethanol.

In conclusion, the results presented in this paper
point to the existence of aggregated species in various
alcoholic solutions of the E1(30) dye, in concentra-
tions greater than 2 x 10~* mol dm . Because of the
different range of studied concentrations, this conclu-
sion may be reconciled with seemingly conflicting
spectroscopic evidence that this dye does not aggre-
gate in solution. The calorimetric measurements of the
enthalpy of dye—salt interaction in E1(30)/Nal alco-
holic solutions were in agreement with previous inter-
pretations of the halochromic behaviour of this and
related systems [17-19].
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