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b ‘‘Babesx Bolyai’’ University, Faculty of Chemistry and Chemical Engineering, Department of Organic Chemistry, 11 Arany János Street,

Cluj Napoca 400028, Romania
c ‘‘Babesx Bolyai’’ University, Faculty of Chemistry and Chemical Engineering, Department of Physical Chemistry, 11 Arany János Street,

Cluj Napoca 400028, Romania

Received 30 September 2006; accepted 2 October 2006

Available online 20 November 2006

Abstract

Solvent effects on the UV/vis absorption spectra of five hemicyanine dyes 1, obtained by the condensation of (1,3,3-trimethylindolin-2-yli-
dene)acetaldehyde 2 with different substituted anilines 3, have been investigated. Analysis of the observed hypsochromic shifts using Reichardt’s
single parameter solvent polarity scale (ET

N) revealed that the dye obtained with 4-aminophenol is the most sensitive to solvent effects. Multiple
regression analysis based on the KamleteTaft equation indicated that (i) the hydrogen bond donor properties and the dipolarity/polarizability of
the solvent have an equal contribution to the solvatochromic behavior of the dye obtained with aniline, and (ii) the hydrogen bond accepting
properties of the solvent have a significant contribution to the solvatochromic behavior of the 3-hydroxy-substituted dye. UV/vis absorption
spectra were also recorded in mixtures of water and 2-propanol. A preferential solvation in 2-propanol was observed and quantified for all
dyes. Finally, the effects of the temperature on the solvatochromism in binary mixtures were also investigated in order to reveal the suscepti-
bilities of dyeewaterepropanol interactions. Increasing temperatures produced a depletion of the 2-propanol in the solvation shell of the
hemicyanines.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Taking into account that the solvent can significantly influ-
ence the chemical and physical properties of the solute, the in-
vestigation of solventesolute interactions is very important. In
the case of hemicyanine dyes such investigations bear great
practical importance due to the extensive use of such dyes in
the textile industry [1].

Solvatochromism is caused by the different solvation of the
ground and first excited states of the light-absorbing molecule
and thus it is a convenient tool to study the nature of solvente
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solute interactions. Using solvatochromism the existence of
specific (acidebase) and/or non-specific (dipolar/polarizable)
solventesolute interactions can be revealed and quantified.
The solvatochromism of different probes has already been
used to study retention processes in reversed-phase liquid
chromatography [2,3], to probe the surface polarity of differ-
ent materials (such as gold-cluster-functionalized silica parti-
cles [4] or solid acid catalysts [5]), to investigate the solvent
properties of ionic liquids [6,7] and solvent mixtures [8],
and to detect water in aprotic solvents at concentrations below
50 ppm [9].

Two of the most used quantitative treatments of the solvent
effects are the ET(30) (or ET

N in its normalized version) scale
introduced by Reichardt (see [10] and references therein)
and the multiparametric equation introduced by Kamlet and
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456 C.-L. Gáspár et al. / Dyes and Pigments 76 (2008) 455e462
Taft, [11e14]. Reichardt’s ET
N scale was derived from the long-

wavelength vis/near-IR absorption band of a negatively solva-
tochromic pyridinium N-phenolate betaine dye. Such solvent
polarity scales, based on spectral data of a single indicator
dye, can be applied only if the soluteesolvent interactions
of the examined dye are similar to those of the reference
indicator dye [15]. The KamleteTaft multiparameter equation
(a linear solvation energy relationship) associates each kind of
soluteesolvent interaction with a separate parameter:

nmaxðsoluteÞ ¼ nmax;0þ aaþ bbþ sðp� þ ddÞ

where nmax(solute) is the position of the UV/vis absorption band
in the given solvent, nmax,0 is the position of the UV/vis absorp-
tion band in a reference system (such as a non-polar medium,
e.g. cyclohexane), a characterizes the hydrogen bond donating
(HBD) ability of the solvent, b characterizes the hydrogen bond
accepting (HBA) ability of the solvent, and p* the dipolarity/
polarizability of the solvent. d is the polarizability correction
term, which is 1 for aromatic solvents, 0.5 for polyhalogenated
solvents, and 0 for aliphatic solvents. The factors a, b, and s are
solvent-independent correlation coefficients (i.e. constants
characteristic for the solute). Their magnitudes and signs indi-
cate the relative contribution of the respective solventesolute
interaction to the electronic transition energy.

While investigations in pure solvents can reveal details of
the solventesolute interactions, the study of solvatochromism
in binary mixtures can also reveal details of the solventesol-
vent interactions and thus on the relationship between the
composition of the probe solvation microsphere and that of
the bulk solvent [16,17]. Moreover, the study of the effects
of temperature on the solvatochromism in binary mixtures
(i.e. thermosolvatochromism) can provide information on the
susceptibilities of these solventesolvent interactions to
changes in temperature [16,17].

It is the purpose of this study to investigate the solvatochro-
mic behavior of five hemicyanine dyes 1 obtained by the con-
densation of (1,3,3-trimethylindolin-2-ylidene)acetaldehyde 2
with different substituted anilines 3. Solvent effects on the lon-
gest wavelength UV/vis absorption band of the hemicyanine
dyes will be quantified using both Reichardt’s ET

N solvent po-
larity scale and the KamleteTaft multiparameter equation.
Moreover, the thermosolvatochromism of these dyes in binary
mixtures of water and 2-propanol will be investigated in order
to obtain a thorough picture on the possible solventesolute
and solventesolvent interactions.

2. Materials and methods

2.1. Materials

Aniline, 4-aminophenol, 3-aminophenol, 4-ethylaniline, 3-
ethylaniline, and glacial acetic acid were purchased from
Merck. Spectroscopic quality acetonitrile, chloroform, di-
chloromethane, ethyl acetate, methanol, 2-propanol, dimethyl-
sulfoxide, and tetrahydrofuran were also purchased from
Merck. (1,3,3-Trimethylindolin-2-ylidene)acetaldehyde was
synthesized as previously described [18,19]. NaCl and
KClO4 were purchased from Chimopar. Aqueous solutions
were prepared using demineralized and twice-distilled water.

2.2. Synthesis and characterization of hemicyanine dyes

Hemicyanine dyes 1 were obtained by the condensation of
(1,3,3-trimethylindolin-2-ylidene)acetaldehyde 2 with aniline,
4-aminophenol, 3-aminophenol, 4-ethylaniline, or 3-ethylani-
line according to a procedure described previously [20]. A
mixture of (1,3,3-trimethylindolin-2-ylidene)acetaldehyde 2
(0.01 mol), the corresponding aniline 3 (0.01 mol), and glacial
acetic acid (5 ml) was stirred at room temperature for 15e
30 h. Then the mixture was diluted with water (25 ml), and
salted out with either NaCl or KClO4. KClO4 was only used
to salt out the condensation products, which did not precipitate
with NaCl. The precipitate was filtered, washed first with
water, and then with ethanol and ether. The dye was finally
recrystallized from methanol.

The structure and purity of dyes 1 was confirmed by 1H
NMR spectroscopy. The 1H NMR spectra were recorded on
a Gemini 300 (300 MHz) spectrometer, using hexadeuterated
dimethylsulfoxide (DMSO-d6) as solvent, at room tempera-
ture. Chemical shifts are expressed in d ppm using tetrame-
thylsilane (TMS) as internal standard. The dyes 1 were
characterized also by melting points and IR spectra. The melt-
ing points were recorded with a Böetius type apparatus (equip-
ped with a HMK05 observation system) and are presented
uncorrected. The IR spectra were recorded as KBr pellets
with a Nicolet Impact 410 FT-IR spectrometer.

2.3. Spectrophotometric investigation
of the solvatochromism

The UV/vis spectra of the investigated compounds were re-
corded on a Cintra 10e GBC spectrophotometer, at 25 �C ex-
cepting the thermosolvatochromic behavior, which was
studied on a Specord 205 spectrophotometer (Analytik Jena
AG, Germany) between 25 �C and 45 �C. An Ecoline 200
thermostat (Lauda GmbH, Germany) was used to maintain
temperatures (�0.01 �C). Spectroscopic quality solvents
were used throughout the study to prepare the dye solutions
(having concentrations between 2.90 and 2.92� 10�5

mol l�1). The absorption spectra of freshly prepared dye solu-
tions were recorded between 200 nm and 600 nm. All dyes
displayed an intense and sharp absorption band around
400 nm. The exact position of this band was influenced by
the nature of the solvent and temperature. The ET

N solvent po-
larity parameters given by Reichardt’s review [10] were used.
For the KamleteTaft solvent parameters (i.e. a, b, and p*)
several publications were reviewed, and the most often used
values were considered [4,21e24].

3. Results and discussion

The structure and purity of the synthesized dyes was
confirmed by 1H NMR spectroscopy (Table 1) and IR
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Table 1
1H NMR data (chemical shift d [ppm], number of protons, and coupling constant J [Hz]) for the compounds 1ae1e

Dye (Scheme 1) Type of protons and multiplicity

C(CH3)2, s
NCH3, s

Ha, d Hb, d Har, m

NH , s/d
Substituent protons

1a 1.67; 6H 3.63; 3H 6.34; 1H;

J¼ 12.5

8.63; 1H;

J¼ 12.5

7.2e7.7; 9H 12.38; 1H;

d; J¼ 12.5

e

1b 1.65; 6H 3.59; 3H 6.29; 1H;

J¼ 12

8.5; 1H;

J¼ 12

7.2e7.6; 8H Not recorded dOH¼ 9.98; s; 1H

1c 1.66; 6H 3.63; 3H 6.25; 1H;

J¼ 12.4

8.57; 1H;

J¼ 12.4

6.6e7.7; 8H 12.66; s; 1H dOH¼ 10.02; s; 1H;

1d 1.69; 6H 3.66; 3H 6.08; 1H;

J¼ 12.2

8.63; 1H;

J¼ 12.2

7.2e7.8; 8H 11.92; s; 1H dCH2�CH3
¼ 1:20

t; 3H; J¼ 7.0;

dCH2�CH3
¼ 2:64,

q; 2H; J¼ 7.0;

1e 1.7; 6H 3.67; 3H 6.13; 1H;

J¼ 12.4

8.64; 1H;

J¼ 12.4

7.1e7.7; 8H 11.96; s; 1H; dCH2�CH3
¼ 1:23

t; 3H; J¼ 7.6;

dCH2�CH3
¼ 2:69,

q; 2H; J¼ 7.6

s¼ singlet; d¼ doublet; t¼ triplet; q¼ quartet; m¼ complex multiplet.
spectroscopy (Table 2). Some additional properties of the
obtained hemicyanines are also listed in Table 2.

Organic dyes with a polarizable conjugated p-electron sys-
tem exhibit absorption bands in the visible region due to
a charge transfer between an electron donor moiety (the aux-
ochrome) and an electron acceptor moiety (the chromophore).
As shown in Scheme 1, the hemicyanines discussed in the
present work have an ionic conjugation in which the electron
acceptor moiety is cationic. Such dyes are ionic in both their
ground and excited states, and thus the electronic transition
causes only small polarity changes. These small polarity
changes are expected to cause only small solvatochromic
shifts with the increasing solvent polarity [15].

Fig. 1 shows a typical example of the observed solvent ef-
fect. For an easier comparison, each spectrum was also nor-
malized to its maximum absorbance and the obtained
relative absorbances are depicted in the inset of Fig. 1.

The position of the UV/vis absorption maxima of all dyes
(nexperimental), along with the KamleteTaft and Reichardt’s sol-
vent parameters are presented in Table 3. Although the use of
a wide spectrum of solvents was attempted (polar and non-po-
lar, protic and aprotic, HBD and HBA), the poor solubility of
the dyes in non-polar solvents caused some limitations. As
shown in Table 3, all the investigated dyes display a small hyp-
sochromic shift with the increasing solvent polarity, that is,
they are characterized by a negative solvatochromism.

The observed hypsochromic shift was analyzed using both
Reichardt’s ET

N solvent polarity scale, and the KamleteTaft
multiparameter equation.

Fig. 2 shows a typical plot of the position of absorption max-
imum (nmeasured, cm�1) as a function of Reichardt’s ET

N solvent
parameter. The equations describing the correlation between
nmeasured and ET

N for all the studied hemicyanines are listed in
Table 4. Good correlation coefficients (R¼ 0.9243e0.9887)
were observed only after excluding data points obtained in
acetonitrile (i.e. data found in acetonitrile do not fit the model).
The slopes of the plots indicate that the dyes obtained with
aminophenols (Dnmeasured/DET
N¼ 1301 and 1178 cm�1 for

4-aminophenol and 3-aminophenol, respectively) are more
sensitive to solvent effects than the dyes obtained with aniline,
4-ethylaniline, and 3-ethylaniline (Dnmeasured/DET

N¼ 975, 860
and 775 cm�1, respectively). This is in line with an increased
ability of the OH group to interact with HBD and HBA solvents.
The good correlations obtained with the ET

N scale (even though
after omitting acetonitrile) are somewhat surprising taking into
account that poor correlations were previously reported for
probes able to form solute-to-solvent hydrogen bonds through
the amine hydrogen atoms [23].

When analyzing the solvatochromic data by the Kamlete
Taft multiparameter equation, the F-ratio (related to the
analysis of variance, ANOVA) was used to determine (i) the
solvatochromism of which dye is described by the multipa-
rameter equation, and (ii) which terms of the equation are
statistically significant in fitting. This approach was recently
described in the literature [23]. If F increases, when a new
variable (i.e. p*, a, or b) is introduced, the term is retained;
conversely, if F decreases the term is rejected [23]. The statis-
tical analyses were performed with Origin 7.5 software (from
OriginLab Corporation, USA), after excluding the data
obtained in acetonitrile (for all dyes but the hemicyanine based
on 3-aminophenol), and polychlorinated solvents (for all dyes
because their introduction implies the use of an additional

Table 2

Some chemical and physicalechemical properties of the synthesized

compounds

Dye

(Scheme 1)

X Melting

point (�C)

Yield of

synthesis (%)

nmax (cm�1)

nNH C C
H

H
1a H 129e131 89.00 3385 928

1b 4-OH 254.5e257.5 69.25 3390 931

1c 3-OH 243e245 82.00 3323 929

1d 4-C2H5 211e213 89.02 3291 924

1e 3-C2H5 186.5e188.5 76.20 3294 932
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Scheme 1. Synthesis and resonance forms of the investigated hemicyanine dyes (X¼H, A� ¼Cl�; 4-OH, A� ¼Cl�; 3-OH, A� ¼Cl�; 4-C2H5, A�¼ClO4
�;

3-C2H5, A�¼ClO4
�).
correction parameter, d). UV/vis absorption data obtained for
several azo dyes in acetonitrile and chloroform [22], and for
1,3-bis-substituted-5,5-dimethylhydantoins in acetonitrile and
diethyl ether [25] have previously been observed not to fit
multiple regressions to KamleteTaft solvent parameters.

Surprisingly, for the hemicyanines obtained with 4-amino-
phenol, 4-ethylaniline, and 3-ethylaniline the F-statistic was
very low (<50) for all multiple regressions based on any equa-
tion of two or three terms. Larger values of F-statistic (>100)
were obtained for the hemicyanine based on 3-aminophenol
(using an equation containing all three terms) and for the hemi-
cyanine based on aniline (using an equation containing p*, and
a terms). The corresponding theoretical KamleteTaft equa-
tions are listed in Table 4. According to these multiparameter
equations (i) the hemicyanine dye obtained with aniline is
equally sensitive to the dipolarity/polarizability and the HBD
properties of the solvent and it is not influenced by the HBA
ability of the solvent; (ii) the hemicyanine dye bearing
a meta hydroxyl group is more sensitive to the HBA and
HBD abilities of the solvents than to the dipolarity/polarizabil-
ity of the solvents. These results are chemically reasonable tak-
ing into account that the insertion of a hydroxyl group in the
structure of the dye enhances the hydrogen bond donor ability
of the respective dye (i.e. such dye will interact stronger with
HBA solvents) and that our dyes are positively charged both
in ground and excited states and therefore not much affected
by solvent dipolarity/polarizability. However, the HBD and
HBA abilities of the solvents have opposite effects on the posi-
tion of maximum absorption of the 3-OH-substituted dye (the
negative sign of b coefficient indicating a bathochromic shift
which is never observed experimentally). The excellent fit of
the experimental data (nmeasured) and the absorption maxima
calculated with the theoretical equations (ncalculated) (see
Fig. 3) prove that the KamleteTaft model predicts well the
position of maximum absorption in solvents of different polar-
ity, and different HBD and HBA properties (at least for the
hemicyanines obtained with aniline and 3-aminophenol).

The above results also prove the usefulness of solvatochro-
mic data obtained in pure solvents to reveal the nature and
extent of solventesolute interactions. However, very often,
the use of solvent mixtures is necessary (for example in chro-
matographic separations). In the case of solvent mixtures the
situation is further complicated by solventesolvent interac-
tions. A combination of solventesolute and solventesolvent
interactions will change the composition of the solvation mi-
crosphere relative to that of the bulk solvent, and deviations
from the ideal behavior of the solvatochromic probes occur.
Preferential solvation appears due to non-specific dielectric
enrichment (i.e. enrichment of the solvation shell due to
probe-dipoleesolvent-dipole interactions) and specific pro-
beesolvent interactions (such as hydrogen bonding). Together
with solvent microheterogeneity (i.e. one component of the
Fig. 1. Visible absorption spectra of the hemicyanine dye obtained by the condensation of (1,3,3-trimethylindolin-2-ylidene)acetaldehyde with 4-aminophenol in

different organic solvents.
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Table 3

The position of the longest wavelength absorption maxima of five hemicyanine dyes measured in different solvents and the empirical KamleteTaft and ET
N solvent

parameters

Solvent nexperimental (cm�1) for hemicyanines obtained with ET
N KamleteTaft solvent parameters

Aniline 4-Aminophenol 3-Aminophenol 4-Ethylaniline 3-Ethylaniline p* a b d

Tetrahydrofuran 23 923 ea ea 23 725 23 895 0.207 0.58 0 0.55 0

Ethyl acetate 23 923 ea ea 23 866 24 010 0.228 0.55 0 0.45 0

Chloroform 23 810 23 419 23 585 23 557 23 810 0.259 0.58 0.2 0.1 0.5

Dichloromethane 23 895 ea ea 23 669 23 923 0.309 0.82 0.13 0.1 0.5

Dimethylsulfoxide 24 155 23 529 23 923 23 810 23 895 0.444 1 0 0.76 0

Acetonitrile 24 390 24 038 24 272 24 213 24 390 0.46 0.75 0.19 0.31 0

2-Propanol 24 213 23 781 24 010 23 981 24 155 0.546 0.48 0.76 0.95 0

Methanol 24 390 23 923 24 272 24 155 24 272 0.762 0.6 0.93 0.62 0

Water 24 631 24 390 24 480 24 361 24 510 1 1.09 1.17 0.47 0

a Not soluble.
binary mixture prefers a molecule of the same type) preferen-
tial solvation is the main source of non-ideal behavior of sol-
vatochromic probes in binary solvent mixtures [16,17].

The solvatochromic behavior of three hemicyanine dyes
was investigated in watere2-propanol mixtures in order to re-
veal the extent of preferential solvation and solvent microhe-
terogeneity. The effect of the temperature on the observed
solvatochromism was subsequently also studied in order to re-
veal the susceptibilities of dyeewaterepropanol interactions
to changes in temperature. As shown in Fig. 4, the position
of the absorption maximum of the 3-aminophenol-based dye
shifts to smaller wavelengths with increasing mole fractions
of water in watere2-propanol mixtures (as expected from
the above findings).

The ideal behavior of the dye in such experiments is given
by the following equation [26]:

nideal ¼ x1n1þ ð1� x1Þn2

where n1, and n2 are the dye’s spectral responses in the pure
solvents, and x1 is a mole fraction. This equation indicates
that the expected spectral response of the hemicyanine dye
in a binary solvent mixture is a mole fraction weighted aver-
age of the spectral responses in the two pure solvents. Fig. 5

Fig. 2. Position of the longest wavelength absorption maximum of the hemi-

cyanine obtained with aniline as a function of the Reichardt ET
N solvent polar-

ity parameter.
shows the experimentally observed variation of the position
of maximum absorption with the mole fraction of water com-
pared to the ideal behavior described by the above equation. A
pronounced deviation from the theoretical linearity can be ob-
served at water mole fractions ranging between 0.51 and 0.97
for all the studied dyes. The deviation indicates a higher frac-
tion of 2-propanol in the solvation shell than in the bulk sol-
vent in the respective range of mole fractions. Such
a behavior can be explained by preferential solvation and sol-
vent microheterogeneity.

In the case of 2,6-dichloro-4-(2,4,6-triphenylpyridinium-
1-yl)phenolate, 1-methylquinolinium-8-olate and 4-[2-(1-
methylpyridinium-4-yl)ethenyl]phenolate a similar behavior
was explained by the preferential solvation in alcohols due
to hydrophobic dyeealcohol interactions and H-bonding
[27]. The authors also reveal that solvation by alcohols was af-
fected more by hydrophobic probeealcohol interactions than
by hydrogen bonding [27]. This could be the case of our hemi-
cyanines as well taking into account that the insertion of a
hydroxyl group (i.e. of a hydrogen bond donor) in the dye
structure did not change significantly the behavior of the dye
in the binary solvent mixtures (see data for aniline- and amino-
phenol-based dyes in Fig. 5).

Fig. 3. nmeasured vs. ncalculated plots for hemicyanines obtained by the conden-

sation of (1,3,3-trimethylindolin-2-ylidene)acetaldehyde with aniline and 3-

aminophenol. The calculated values were obtained using the theoretical Kam-

leteTaft equations displayed in Table 4.
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Table 4

Solvatochromic behavior of the investigated hemicyanines as described using Reichardt’s solvent polarity scale and the KamleteTaft solvatochromic parameters

Hemicyanine obtained with Reichardt’s solvent polarity scale KamleteTaft multiparameter equation

Aniline n¼ (23 660� 46)þ (975� 85)ET
N, R¼ 0.9778 (23 698� 49)þ (428� 66)p*þ (421� 32)a,

R2¼ 0.9889; F¼ 134

4-Aminophenol n¼ (23 025� 101)þ (1301� 154)ET
N, R¼ 0.9796 e

3-Aminophenol n¼ (23 345� 67)þ (1178� 103)ET
N, R¼ 0.9887 (24 378� 30)þ (51� 24)p*þ (303� 11)a

� (661� 24)b, R2¼ 0.9994; F¼ 545

4-Ethylaniline n¼ (23 487� 78)þ (860� 145)ET
N, R¼ 0.9243 e

3-Ethylaniline n¼ (23 695� 67)þ (775� 123)ET
N, R¼ 0.9317 e
The microheterogeneity of the watere2-propanol mixtures
can be another cause of the observed non-ideal behavior. In-
deed, a Rayleigh light scattering study found that (i) at mole
fractions of water xw> 0.95, 2-propanol is well solvated by
water molecules, and hydrates consisting of one 2-propanol
molecule and 20e30 water molecules are formed in the mix-
tures, and (ii) at mole fractions of water 0.7< xw< 0.95 large
clusters mainly composed of 2-propanol molecules are formed
in the mixtures, and these clusters are further reduced into
small 2-propanol aggregates at xw< 0.6 [28]. The solvatochro-
mic behavior of our hemicyanines appear to sense the transi-
tion from 2-propanol clusters to well solvated 2-propanol
molecules at xw> 0.6 (one can expect that the increased solva-
tion of 2-propanol depletes of water the solvation shell of the
hemicyanines).

As a final step of our investigations on the solventesolute
and solventesolvent interactions in solutions of hemicyanine
dyes, we have studied the susceptibility of these interactions
to changes in temperature. The position of maximum absorp-
tion was determined for the 3-aminophenol-based hemicya-
nine in different watere2-propanol mixtures at five
temperatures between 25 �C and 45 �C. Significant deviations
from the ideal behavior were observed at all temperatures (due
to preferential solvation and microheterogeneity of the binary
mixture). The extent of the observed deviation was tempera-
ture dependent. The extent of the deviation from ideality,
ds2, was calculated using the following equations according
to a previously published work [29]:

xL
2 ¼ ðE12 �E1Þ=ðE2�E1Þ

ds2 ¼ xL
2 � x2

where E12 is defined as the excitation energy (kcal mol�1) of
any indicator and can be calculated from the wavelength of
the maximum of the long-wavelength absorption band,
E12¼ 28 591/l (nm), E1 and E2 are the values of the electronic
transition energy in the solvents 1 and 2, respectively, x2 is the
mole fraction of the solvent 2 in the bulk, while x2

L is that in
the solvation microsphere. Fig. 6 shows the deviation from
the ideal behavior, ds2, as a function of water mole fraction,
at different temperatures. The solvatochromic behavior of
the hemicyanine dyes was significantly influenced by temper-
ature only in binary mixtures containing water in mole frac-
tions 0.32< xw< 0.86. Increasing temperatures caused an
increase of the water content of the solvation shell in the
Fig. 4. Visible absorption spectra of the hemicyanine dye obtained by the condensation of (1,3,3-trimethylindolin-2-ylidene)acetaldehyde with 3-aminophenol in

watere2-propanol mixtures containing different mole fractions of water.
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mentioned region of water mole fractions. Therefore, the tem-
perature affects 2-propanol more than it affects water, and this
leads to a measurable depletion of alcohol in the probe solva-
tion shell as also observed by others [30].

4. Conclusions

The solvent effects on the UV/vis absorption spectra of five
hemicyanine dyes (obtained by the condensation of (1,3,3-tri-
methylindolin-2-ylidene)acetaldehyde with aniline, 4-amino-
phenol, 3-aminophenol, 3-ethylaniline, or 4-ethylaniline)
were investigated. When increasing the polarity of the solvent,
all dyes displayed a small (w15 nm) hypsochromic shift of
their longest wavelength absorption maximum. This solvato-
chromism was then analyzed using Reichardt’s single param-
eter ET

N polarity scale and the multiparameter KamleteTaft
equation. Correlations with Reichardt’s single parameter ET

N

polarity scale indicated the dye obtained with 4-aminophenol
as the most sensitive to solvent effects (Dn/
DET

N¼ 1301 cm�1). Multiple regression analysis based on
the KamleteTaft equation indicated that the hemicyanine
dye obtained with aniline is sensitive to the dipolarity/

Fig. 5. Dependence of the position of maximum absorption on the mole

fraction of water in binary mixtures of watere2-propanol for hemicyanines

obtained with the indicated anilines. The diagonal lines represent the expected

behavior if solvatochromism was ideal.

Fig. 6. The extent of the observed deviation from ideal behavior, ds2, as a func-

tion of the mole fraction of water and temperature for the solvatochromic

behavior of the 3-aminophenol-based hemicyanine.
polarizability and the HBD properties of the solvent but not
to HBA ability of the solvent, while the hemicyanine dye bear-
ing a meta hydroxyl group is more sensitive to the HBA and
HBD abilities of the solvents than to the dipolarity/polarizabil-
ity of the solvents. The solvatochromism of the hemicyanine
dyes was also investigated in mixtures of water and 2-propa-
nol. Due to preferential solvation and solvent microheteroge-
neity, the solvation shell of the dyes was enriched in 2-
propanol compared to the bulk composition. Dyes with and
without hydroxyl group in their structure displayed a rather
similar preferential solvation suggesting that hydrophobic in-
teractions are more important than hydrogen bonding in this
phenomenon. At water mole fractions of 0.32< xw< 0.86,
the hemicyaninee2-propanol interaction was found to be
more susceptible to temperature effects than the hemi-
cyanineewater interaction. Increasing temperatures (25e
45 �C) caused a depletion of 2-propanol in the solvation shell
and thus a solvatochromic behavior closer to the ideal.
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