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a b s t r a c t

Solvent polarizability has been previously determined by using the solvatochromic probe 3,20-di-tert-
butyl-2,2,21,21-tetramethyl-3,5,7,9,11,13,15,17,19-docosanonaene whose synthesis involves 15 steps. We
show here that the natural dye b-carotene, 1,10-(3,7,12,16-tetramethyl-1,3,5,7,9,11,13,15,17-
octadecanonaene-1,18-diyl)bis[2,6,6-trimethylcyclohexene], can be conveniently employed for the
accurate determination of the same solvent property. This conclusion is based on both theoretical
calculations and experimental data. The former includes free energies of solvation, and the wavenumber
of the longest wavelength (i.e., the solvatochromic) transition. Both quantities for b-carotene correlate
linearly with the corresponding values of the docosanonaene, with slopes and correlation coefficients of
practically unity. The plot of experimentally calculated solvent polarizability of b-carotene versus that of
the docosanonaene was found to be linear for 68 solvents. Previously unknown solvent polarizability
values are reported for eight ROCH2CH2OH (R ¼ C1 to C10) and four 1-allyl-3-R-imidazolium chloride
ionic liquids (R ¼ C6 to C10). The dependence of solvent polarizability on the number of carbon atoms in
the hydrocarbon chains of several classes of solvents is calculated, it shows the importance of van der
Waals interactions in ionic liquids.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The influence of solvents on chemical phenomena (rate and
equilibrium constants; spectroscopic transitions, etc.) are usually
analyzed in terms of linear combinations of solvent parameters,
e.g.:

Effect of solvent ¼ a SAþ b SBþ d=p SðD=PÞ (1)

where (S) refers to solvent; (A, B, D/P) refer to solvent “acidity”,
“basicity”, and “dipolarity/polarizability”, and (a, b, d/p) are the
corresponding regression coefficients. These represent the
susceptibility of the phenomenon in question to the particular
solvent property [1,2].

The values of the solvent descriptors in Eqn. (1) are most readily
calculated by manipulating the Uvevis spectra, absorption or
emission, of solvatochromic substances (hereafter designated as
“probes”). The spectra of these compounds are responsive to the
properties of the medium. Because these probes are sensitive, to
varying extents, to more than one solvent property, the information
.
.

All rights reserved.
required is obtained by manipulating the spectra of pairs of
homomorphs (molecules that have the same, or a closely related
molecular structures, e.g., 4-nitroaniline and N,N-dimethyl-4-
nitroaniline for the calculation of SB). Fig. 1 shows typical exam-
ples of such solvatochromic probes. Of these, RB is employed for the
determination of the overall empirical solvent polarity scale ET(30),
that is the sum of the three left-hand parameters of Eqn. (1).

In Eqn. (1) the “cavity” term has been omitted, because the
excitation of these probes obeys the FrankeCondon principle.
Another variety of Eqn. (1) includes the term log P, for solvent
lipophilicity (¼partition coefficient of the solvent between water
and 1-octanol, both mutually saturated) [3]. This descriptor is
required in order to describe the solvatochromism of certain
probes, e.g., merocyanines [4].

Catalán and Hopf, have shown that it is possible to separate
solvent dipolarity from its polarizability, by using the probe ttbP9.
In this case, the last term of Eqn. (1) should be expanded to
(d SD þ p SP) [5,6]. This is an interesting approach in view of the
importance of van der Waals interactions for diverse phenomena,
inter alia, the properties and solubilization of biopolymers in ionic
liquids, ILs [7e9], and the precipitation of petroleum asphaltenes
[10]. Obtaining ttbP9 is, however, a major synthetic undertaking,
involving an expensive, laborious route, composed of fifteen steps
[11]. For example, the cost of chemicals for obtaining 1 g of certain
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Fig. 1. Typical examples of the probes that are employed for the determination of the solvent descriptors of Eqn. (1). These include the pairs of homomorphs: o-tert-butylstilbazolium
betaine (A) and o,o0-di-tert-butylstilbazolium betaine (B) (SA); 4-nitroaniline (C) and N,N-dimethyl-4-nitroaniline (D) (SB); 2-(N,N-dimethylamino)-7-nitrofluorene (E) and 2-fluoro-7-
nitrofluorene (F) (D/P). The probes 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl) phenolate (RB) (G); 3,20-di-tert-butyl-2,2,21,21-tetramethyl-3,5,7,9,11,13,15,17,19-docosanonaene,
ttbP9 (H); and (all trans) 1,10-(3,7,12,16-tetramethyl-1,3,5,7,9,11,13,15,17-octadecanonaene-1,18-diyl)bis[2,6,6-trimethylcyclohexene], b-carotene (I) are employed for the determination of
the empirical solvent (overall) polarity, and polarizability, vide infra.
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intermediates (compound 27b from compound 23) is ca. 65 times
the cost of 1 g of a good commercial grade of b-carotene [11]. These
difficulties are manifested by the fact that the only experimental
data about (SP) came from Catalán’s and Hopf’s research groups
[5,6,11,12].

Fig. 1 shows that ttbP9 and b-carotene have similar polyene
systems and should, in principle, be sensitive to solvent polariz-
ability to the same extent. Indeed, solvent effects on the Uvevis
spectrum of b-carotene have been the subject of several theoret-
ical studies [13e17], and experimental ones for both pure solvents
[18,19], and binary mixtures [20,21]. The result of these studies e

that are relevant to the present onee is that thewavenumber of the
visible absorption maximum of the longest wavelength transition,
correlate linearly with the solvent LorenzeLorentz refractive index
(n) function, f(n2)¼ (n2 � 1)/(n2 þ 2); deviations occur in the media
containing high proportion of F, Cl or S atoms, having very different
polarizability densities, as compared to (common) H, C, N and O.

With this background, and taking into account that natural
b-carotene is a green probe, readily available at low cost, we decided
to determine its use as a convenient substitute for ttbP9. We have
expanded the list of solvents for which the values of SPb-carotene are
available by additional 38 solvents, including the industrially impor-
tant 2-alkoxyethanols, ROCH2CH2OH (where R ¼ C1 to C10); and the
ionic liquids, ILs (whose polarizability has been determined for the
first time) 1-R-3-allylimizalolium chloride (where R ¼ C6 to C10).

Our results for several molecular solvents were found to be in
excellent agreement with those reported by Abboud et al.; the
values of ~nmax; b�carotene and ~nmax; ttbP9 for 68 solvents, hence the
corresponding SP values, were found to correlate linearly with
slope and correlation coefficient, r, of practically unity. That is, both
probes can be conveniently employed in order to determine (SP).
This conclusion is corroborated by the results of theoretical
calculations that showed perfect linear correlation between values
of ~nmax; b�carotene; calculated and ~nmax; ttbP9; calculated for 23 solvents.
Finally, for solvent homologous series (1-alkanes, ROCH2CH2OH;
ROH; ILs) the dependence of (SP) on the number of carbon atoms
(NC) in the longest carbon-chain has been calculated and analyzed.

2. Materials and methods

2.1. Chemicals

The chemicals were purchased from Alfa-Aeser, Merck, or D-
PAC2 Química; the solvents were purified as given elsewhere [22]
and stored over activated type 4 �A molecular sieves; RB was that
available from a previous study [23]. The purity of the solvents was
established by comparing their densities (DMA4500 digital density
meter, Anton Paar, Graz), and ET(30) with literature values [2,24].

The probe b-carotene (Fluka, purity � 97.0%) was employed
either as received, or after purification by crystallization from
ethanol/toluene. Both samples were divided into small portions,
put into tightly-stoppered glass vials, and stored at ca. �18 �C until
used. All manipulation of this probe has been carried out under
nitrogen, in absence of direct light.

2.2. Synthesis

2.2.1. 2-Alkoxyethanols [25]
The following is a general procedure: to a 3-necked round-bottom

flask, providedwith a refluxcondenser, dropping funnel, and inlet for
dry nitrogen was added 50 g (0.8 mol) of dry ethylene glycol. Small
pieces of sodium (0.29 mol, 6.8 g), were slowly added to the glycol
under vigorous magnetic stirring and the mixture was heated to
60 �C until the sodium dissolved. The appropriate 1-bromoalkane
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(0.25mol for eachRBr, 37.76 g; 41.27 g; 48.28 g; 55.30 g for R¼C5; C6;
C8 and C10, respectively) was added slowly (ca. 30 min) and the
solutionwas thenkept under reflux for the appropriate time (1h; 3h;
and 4 h for R¼C5; C6; C8 and C10, respectively). The precipitatedNaBr
was filtered off and the residue was washed with water; the upper
layer was separated and dried with anhydrous MgSO4, and the
product purified by fractional distillation.

The boiling points and densities of the solvents were in good
agreement with literature values [25]. The 1H NMR data (Bruker
DPX-300 NMR spectrometer, 300 MHz for 1H; CDCl3; d in ppm, J in
Hz) of the synthesized 2-alkoxyethanols are listed below, the
numbering of atoms is shown in Fig. 2.

2.2.1.1. 2-Pentyloxyethanol
Colorless liquid: C5H11OCH2CH2OH; yield: 16 g (46%); b.p.:

186e187 �C/753 torr; d4
20: 0.8917; 1H NMR: 0.91 (3H, t, J ¼ 8.0, H7),

1.29e1.37 (4H, m, H6), 1.61 (2H, t, J ¼ 6.0, H5), 3.51 (4H, m, H2, 4),
3.72 (2H, t, J ¼ 6.0, H3), 2.91 (1H, H1).

2.2.1.2. 2-Hexyloxyethanol
Colorless liquid: C6H13OCH2CH2OH; yield: 22 g (59%); b.p.:

111e113 �C/27 torr; d420: 0.8859; 1H NMR: 0.91 (3H, t, J ¼ 8.0, H7),
1.29e1.36 (6H, bs, H6), 1.60 (2H, t, J ¼ 6.0, H5), 3.52 (4H, m, H2, 4),
3.73 (2H, t, J ¼ 6.0, H3), 2.86 (1H, H1).

2.2.1.3. 2-Octyloxyethanol
Colorless liquid: C8H17OCH2CH2OH; yield: 24 g (55%); b.p.:

130e132 �C/22 torr; d4
20: 0.8795; 1H NMR: 0.91 (3H, t, J ¼ 8.0, H7),

1.29e1.36 (6H, bs, H6), 1.60 (2H, t, J ¼ 6.0, H5), 3.52 (4H, m, H2, 4),
3.73 (2H, t, J ¼ 6.0, H3), 2.86 (1H, H1).

2.2.1.4. 2-Decyloxyethanol
Colorless liquid: C10H21OCH2CH2OH; yield: 23 g (45%); b.p.:

156e157 �C/20 torr; d4
20: 0.8715; 1H NMR: 0.92 (3H, t, J ¼ 8.0, H7),

1.23e1.36 (14H, bs, H6), 1.79 (2H, t, J ¼ 6.0, H5), 3.45 (4H, m, H2, 4),
3.58 (2H, t, J ¼ 6.0, H3), 2.17 (1H, H1).

2.2.2. N-(1-alkyl)imidazoles
These compoundswere obtained from the reaction of the sodium

salt of imidazole and 1-bromoalkanes, as follows: to a 3-necked
round-bottom flask, provided with a reflux condenser, dropping
funnel, and inlet for dry nitrogen was added a solution of imidazole
(7.49 g; 0.11 mol) in dry ethanol (25 mL). Small pieces of sodium
(2.53 g, 0.11 mol), were slowly introduced, the mixture was vigor-
ously stirred until the metal has dissolved and then heated under
reflux for 2 h. The mixture was cooled to room temperature; the
appropriate 1-bromoalkane (0.10 mol; 16.50 g, 17.91 g, 19.31 g,
22.12 g for R¼ C6; C7; C8 and C10, respectively) was added slowly (ca.
30 min); then the mixture was refluxed for 2 h. The mixture was
cooled to room temperature, the precipitated NaBr was filtered off;
the ethanol evaporated, the residual oil was washed with water, and
then dried with anhydrous MgSO4. The N-(1-alkyl)imidazoles were
purified by fractional distillation (yields before distillation ca. 98%);
their purity was confirmed with 1H NMR spectroscopy (results not
shown).

2.2.3. 1-Allyl-3-R-imidazolium chlorides for R ¼ C6; C7; C8 and C10
These ILs were obtained by the reaction of the appropriate N-(1-

alkyl)imidazole with allyl chloride (3-chloro-1-propene), under
microwave (MW) irradiation as follows, for 1-allyl-3-(1-hexyl)
HOCH2CH2OCH2CH2(CH2)nCH3
H6H2 H4 H5 H7H3H1

Fig. 2. Numbering of the hydrogen atoms of 2-alkoxyethanols.
imidazolium chloride, AlHxImCl; 1-allyl-3-(1-heptyl)imidazolium
chloride, AlHpImCl; 1-allyl-3-(1-octyl)imidazolium chloride AlO-
cImCl; 1-allyl-3-(1-decyl)imidazolium chloride, AlDcImCl.N-(1-alkyl)
imidazole (0.22mol; 33.49 g, 36.58 g, 39.66 g, 45.8 g for R¼ C6; C7; C8
and C10) and 3-chloro-1-propene (0.25 mol; 19.13 g) were mixed in
a glass reactor, provided with a reflux condenser and inlet for dry
nitrogen; the reactor was introduced in the cavity of the MW appa-
ratus (Discover model DU-8316; CEM; Matthews) and irradiated
under vigorous stirring for 1 h; 20W, 80 �C.

The product was dissolved in ethyl acetate (100 mL); the solu-
tion placed in a freezer (phase separation of the IL); the upper layer
discarded; this process was repeated thrice. After removal of ethyl
acetate, the IL was dried at 110 �C,1 mmHg for 12 h. The yields were
98 � 1% (light yellow viscous liquid in all cases).

For elemental analyses, the (hygroscopic) ILs were transformed
into their (non-hygroscopic) perchlorate counterparts, as follows: to
a solution containing 0.5 g of the IL in 5mLwaterwas added 5mL of
an aqueous solution containing 0.5 g NaClO4. The IL perchlorate
(colorless viscous liquids) were suspended in water several times;
the water was separated; and the IL dried at 40 �C, under reduced
pressure, over P4O10 until constant weight. The results of elemental
analyses and the 1H NMR data of AlRImCl (Bruker DRX-500 NMR
spectrometer; 500 MHz for 1H; CDCl3; d in ppm, J in Hz) are listed
below; Fig. 3 shows the numbering of the hydrogen atoms.

2.2.3.1. 1-Allyl-3-(1-hexyl)imidazolium chloride
Light-yellow, viscous liquid. 1H NMR for C12H21N2Cl: 0.88 (3H, t,

J¼ 7.0, H13),1.27e1.40 (6H, m, H12),1.78e1.97 (2H, m, H11), 4.34 (2H,
t, J ¼ 7.7, H10), 5.07 (2H, d, J ¼ 6.6, H6), 5.46 (1H, d, J ¼ 4.2, H9), 5.49
(1H, s, H8), 6.03 (1H, m, H7) 7.25 (2H, s, H4 & H5), 10.98 (1H, s, H2).
Calcd. for C12H21N2ClO4: C, 49.2%; H, 7.2%; N, 9.6%. Found: C, 49.1%;
H, 7.2%; N, 9.7%.

2.2.3.2. 1-Allyl-3-(1-heptyl)imidazolium chloride
Light-yellow, viscous liquid. 1H NMR for C13H23N2Cl: 0.88 (3H, t,

J¼ 7.0, H13),1.27e1.40 (8H, m, H12),1.82e1.97 (2H, m, H11), 4.34 (2H,
t, J ¼ 7.7, H10), 5.07 (2H, d, J ¼ 6.6, H6), 5.46 (1H, d, J ¼ 4.2, H9), 5.49
(1H, s, H8), 6.03 (1H, m, H7) 7.25 (2H, s, H4 & H5), 10.96 (1H, s, H2).
Calcd. for C13H23N2ClO4: C, 50.9%; H, 7.6%; N, 9.1%. Found: C, 50.9%;
H, 7.6%; N, 9.2%.

2.2.3.3. 1-Allyl-3-(1-octyl)imidazolium chloride
Light-yellow, viscous liquid. 1H NMR for C14H25N2Cl: 0.88 (3H, t,

J ¼ 7.0, H13), 1.20e1.39 (10H, m, H12), 1.88e1.96 (2H, m, H11), 4.34
(2H, t, J ¼ 7.4, H10), 5.07 (2H, d, J ¼ 6.5, H6), 5.46 (1H, m, H9), 5.48
(1H, m, H8), 6.03 (1H, m, H7) 7.26 (2H, s, H4 & H5), 10.93 (1H, s, H2).
Calcd. for C14H25N2ClO4: C, 52.4%; H, 7.9%; N, 8.7%. Found: C, 52.5%;
H, 7.9%; N, 8.8%.

2.2.3.4. 1-Allyl-3-(1-decyl)imidazolium chloride
Light-yellow, viscous liquid. 1H NMR for C16H29N2Cl: 0.88 (3H, t,

J ¼ 7.2, H13), 1.19e1.40 (14H, m, H12), 1.92 (2H, dxt, J ¼ 7.4, H11), 4.33
(2H, t, J ¼ 7.6, H10), 5.07 (2H, d, J ¼ 6.5, H6), 5.46 (1H, d, J ¼ 7.6, H9),
5.48 (1H, s, H8), 6.02 (1H, m, H7) 7.20 (2H, s, H4 & H5), 11.03 (1H, s,
H2). Calcd. for C16H29N2ClO4: C, 55.1%; H, 8.4%; N, 8.0%. Found: C,
55.1%; H, 8.5%; N, 8.1%.
H H4H5
H7

H9

H10 H11 H12 H13

Fig. 3. Numbering of the hydrogen atoms of the ionic liquid cation.



Table 1
Theoretically calculated Gibbs free energy of solvation, DGsolvation, and values of ~nmax,
for b-carotene and di-tert-butyl-tetramethyl-docosanonaene, ttbP9.

Solvent b-carotene ttbP9

DGsolvation,
kcal mol�1

~nmax,
cm�1

%D~nmax
a DGsolvation,
kcal mol�1

~nmax,
cm�1

%D~nmax
a

Gas phase e 22,443 �0.17 e 24,767 �3.30
n-Heptane �22.31 21,215 4.25 �18.09 21,924 �0.88
Cyclohexane �24.20 21,126 3.82 �20.01 21,841 �1.29
Dichloromethane �25.93 21,113 2.41 �21.57 21,833 �2.56
Trichloromethane �25.49 21,081 2.24 �21.05 21,791 �2.74
Tetra-

chloromethane
�25.21 21,072 2.46 �20.60 21,777 �2.41

1,2-Dichloro
ethane

�23.03 21,073 2.30 �19.00 21,785 �2.50

Benzene �24.11 21,001 2.53 �19.56 21,696 �2.46
Nitromethane �18.46 21,189 e �15.13 21,915 �2.08
Acetonitrile �20.79 21,269 3.67 �17.22 22,003 �1.40
Butanenitrile �22.14 21,223 e �18.37 21,954 �5.11
Pentanenitrile �22.54 21,185 e �18.70 21,914 �5.64
1,4-Dioxane �13.24 21,142 2.67 �10.08 21,850 �1.62
THF �20.49 21,152 3.00 �16.77 21,871 �1.94
Acetone �21.86 21,239 3.49 �18.10 21,971 �5.30
DMSO �12.64 21,118 1.04 �9.93 21,839 �3.77
DMF �17.41 21,092 2.37 �14.10 21,809 �5.83
Methanol �17.65 21,304 4.18 �14.40 22,038 �0.96
Ethanol �18.77 21,234 3.97 �15.34 21,962 �1.39
1-Propanol �18.53 21,184 3.82 �15.09 21,909 �1.19
1-Butanol �18.01 21,156 3.71 �14.61 21,879 �1.31
1-Hexanol �17.68 21,122 2.70 �14.27 21,841 �1.53
1-Octanol �17.07 21,102 3.35 �13.71 21,818 �1.68
1-Decanol �16.22 21,090 e �12.92 21,805 �1.77

a %D~nmax ¼ 100� ð~nmax experimental � ~nmax TheoÞ=ð~nmax experimentalÞ. The experi-
mental data for b-carotene are listed in Table 2 below; those for ttbP9 are published
elsewhere [5].
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2.3. Uvevisible spectroscopic measurements

These have been carried out at 25 � 0.1 �C by using a Shimadzu
UV-2500 spectrophotometer, equipped with a model 4029 digital
thermometer (Control Company, Friendsmood), under the
following experimental conditions: each spectrumwas recorded at
least thrice, at 140 nm/min; slit width 0.5 nm; sampling interval
0.2 nm. The accuracy of lmax was routinely checked against the
known peaks of a holmium oxide glass filter (model 666-F1, Hellma
Analytics, Müllheim). Values of lmax were determined from the first
derivative of the absorption spectra, calculated by using the
commercial software Grams/32 [26]; the uncertainty in lmax is
�0.2 nm.

3. Results and discussion

Note: the procedures and equations that have been employed
for all calculations are given in the “Calculations” section.

3.1. Relevance of the purity of b-carotene; agreement with
previously published data

The deceptively simple task of obtaining highly pure b-carotene
has been discussed in details elsewhere [27]. We have employed
this probe with and without recrystallization. Impurities, if they are
present or develop during probe manipulation, are not expected to
affect our results, provided that they do not absorb at the same lmax
of the solvatochromic peak. The reason is that it is peak position
(i.e., lmax) and not intensity that is employed in calculating ~nmax,
hence SP. The following has been done in order to assess whether it
is appropriate to use b-carotene as received: the values of
~nmax; b�carotene, calculated from the spectra of recrystallized and
non-crystallized samples were correlated, as shown by Eqn. (2),
where r ¼ correlation coefficient; sd ¼ standard deviation;
NS ¼ number of solvents employed:

~nmax; b�caroteneðprobe used as receivedÞ ¼ �754

þ 1:03 ~nmax; b�caroteneðrecrystallized sampleÞ;
r ¼ 0:9984; sd ¼ 18:4888; Ns ¼ 8

(2)

Additionally, we have plotted ~nmax; b�carotene (sample used as
received) against those published by Abboud et al., [19] (b-carotene
recrystallized from benzeneemethanol). As shown by Eqn. (3), both
sets are in excellent agreement. In subsequent work, therefore,
b-carotene has been employed as received.

~nmax; b�caroteneðprobeusedas receivedÞ ¼ 237:27

þ0:9882~nmax; b�caroteneðAbboud’sdata; recrystallizedsampleÞ;
r ¼ 0:9985; sd ¼ 15:617; Ns ¼ 23 ð3Þ

3.2. Can b-carotene be reliably employed for the determination of
solvent polarizability?

In order to answer this question, we have employed two strat-
egies: (i) we compared theoretically calculated energies of solva-
tion and ð~nmaxÞ, hence SP, of b-carotene and of ttbP9 for a large set of
representative solvents; (ii) we have compared the corresponding
experimental ~nmax values.

3.2.1. Theoretical calculations
With regard to (i), the following procedure has been employed

for each probe: its geometry in gas phase has been optimized; the
geometry-optimized probe was solvated in 23 solvents, for which
parameterized data are available in the software package employed
(Gamess US, vide Calculations). The solvent set employed covers
nonpolar and weakly polar aliphatic and aromatic hydrocarbons,
dipolar aprotic solvents, and aliphatic alcohols. Gibbs free energies
of solvation, and the values of ~nmax; b�carotene; Theo and ~nmax; ttbP9; Theo
were compared. The results of these calculations are listed inTable 1.

At the outset, the quality of geometry optimization of bothprobes
can be shown by the agreement between our calculated bond
lengths and angles with those calculated by other authors, and with
X-ray data, see Tables SM-1 and SM-2. Several points can be deduced
from Table 1: (1) the values of DGsolvation for both solvents correlate
linearly; (2) in any solvent, the solvation of b-carotene is more
favorable than that of ttbP9; (3) the values of theoretically calculated
and experimental values of ~nmax are in reasonable agreement.

The first point is clear from Eqn. (4); it indicates that the ener-
gies of solvation of the two probes are similar.

DGsolvation; b�carotene ¼ �1:3464þ 1:1431 DGsolvation; ttbP9

ðr ¼ 0:9988; sd ¼ 0:1899; Ns ¼ 23Þ ð4Þ
The second point reflects the more lipophilic character of

b-carotene, as shown by the corresponding values of log P [28]; 13.1
and 14.8 for ttbP9 and b-carotene, respectively. Because each probe
carries a polyene chain consisting of 9 conjugated all-trans double
bonds, then the difference must be due to the methyl groups on the
polyene chain, plus the cyclohexene rings of b-carotene. This
conclusion is corroborated by calculating Gibbs free energies of
solvation (gas phase/ solvent) of the compounds shown in Fig. 4;
these model the termini of both probes.

The calculations showed that the solvationof compound1 (model
for the termini of b-carotene) ismore favorable than that of 2 (model
for the end groups of ttbP9). The corresponding values of DGsolvation,



Fig. 5. Correlation between theoretically calculated transition energies, ~nmax, of ttbP9
and b-carotene.
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kcal/mol, are (b-carotene; ttbP9; solvent): �5.80, �4.51 (in
benzene);�4.03,�2.85 (in 1-octanol);�3.12,�2.04 (in 1,4-dioxane).

For each probe, plot of theoretical versus experimental ~nmax

showed correlation coefficients of, after excluding the worst
offenders (22% of the data), 0.8389 and 0.8217, for b-carotene and
ttbP9, respectively.

A clear indication, however, that both probes are proportionally
sensitive to solvent polarizability can be concluded from Fig. 5 that
depicts the correlation of ~nmax; b�carotene; Theo and ~nmax; ttbP9; Theo for
23 solvents; the corresponding equation is:

~nmax; b�carotene; Theo ¼ 1574þ 0:895 ~nmax; ttbP9; Theo

ðr ¼ 0:9974; sd ¼ 5:2490; Ns ¼ 23Þ (5)

3.2.2. Experimental data
3.2.2.1. Is the value of ~nmax affected by the experimental conditions?

The accuracy of the value of ~nmax may be slightly affected if the
peak full width at half height (FWHH), or its shape are noticeably
dependent on experimental conditions, in particular the dye
concentration, and the nature of the solvent [17]. Based on curve
deconvolution (see item 5.3 in Calculations), we have found that this
is not the case. For example, the FWHH is the same (uncertainty
within3%) forfive different concentrations of b-carotene in isooctane
[(1.6e16.1) � 10�5 mol/L]. For the same dyes concentration
(1.2 � 10�5 mol/L) in 4 distinct solvents (hexane; dichloromethane,
1-hexanol, and THF) both peak shape and FWHH are the same
(uncertainty in FWHH 1e4%). An example of these deconvolutions is
shown in Fig. 6. Therefore, the experimental conditions have no
bearing on the accuracy of ~nmax, hence on the calculated values of SP.

3.2.2.2. Comparison of the experimental ~nmax; Exp, and the calculated
SP values

The experimental values of ~nmax; b�carotene; Exp; ~nmax; ttbP9; Exp are
listed in Table 2, alongwith the corresponding SP, and the refractive
index (n).

Regarding these data, the following is relevant:

(i) The agreement between the results of the two probes can be
demonstrated from plots of ~nmax or SP, the latter is shown in
Fig. 7; the corresponding correlations are given by:

~nmax; b�carotene; Exp ¼ �1348þ 1:08 ~nmax; ttbP9; Exp (6)
0.6

0.8

rb
an

ce
r ¼ 0:9934; sd ¼ 38:85; Ns ¼ 68

SPb�carotene ¼ �0:04þ 1:04 SPttbP9; r ¼ 0:9934;

sd ¼ 0:0105; Ns ¼ 68
(7)
Fig. 4. Model compounds (1,2,3,3-tetramethylcyclohexene and 2,2,4,4-
tetramethylpentane) employed for the calculation of Gibbs free energy of solvation
of the termini of b-carotene and ttbP9, respectively.
Both results show that our initial expectation is confirmed,
i.e., because the polyene systems are the same, both indicators
respond similarly to solvent polarizability. Therefore b-carotene is
a convenient probe for SP as argued in Introduction;

(ii) The above conclusion can be corroborated by comparing the
dependences of SP and LorenzeLorentz refractive index
function, vide supra, on the number of carbon atoms, NC, of the
aliphatic chain for series of homologous compounds, e.g.,
alkanes, see Eqns. (8) and (9):

SPAlkanes; b�carotene ¼ 0:46877þ 0:0263 NC � 0:0008 N2
C

ðr ¼ 0:99154; sd ¼ 0:00418; N ¼ 8Þ ð8Þ
S

Reduced f
�
n2

�
Alkanes ¼ 0:49956þ 0:0296 NC � 0:00094 N2

C

ðr ¼ 0:99494; sd ¼ 0:00345; NS ¼ 8Þ ð9Þ
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Fig. 6. Example of the deconvolution of the band of the longest wavelength transition
of b-carotene. [b-carotene] ¼ 1.2 � 10�5 mol L�1, in isooctane. The upper curve
represents an overlap between the calculated spectrum (red color; sum of the
deconvoluted bands) and the experimental (black color, not seen because of overlap of
the two curves). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)



Table 2
Wavenumbers of the visible absorption maximum of the longest-wavelength transition, ~nmax of ttbP9 and b-carotene, the corresponding solvent polarizability (SPs) and the
refractive index (n).

Entry Solvent ~nmax; ttbP9, cm
�1a ~nmax; b�carotene, cm

�1 SPttbP9 SPb-carotene na

Gas phase 23,975 24,402c e e 1
Aliphatic and alicyclic hydrocarbon
1 n-Pentane 21,880 22,271c 0.5935 0.5803 1.358
2 3-Methylpentane 21,786b 22,251d 0.6201 0.5858 1.376
3 2,2,4-Trimethylpentane 21,793b 22,181c 0.6181 0.6048 1.392
4 n-Hexane 21,799 22,202c 0.6164 0.5991 1.375
5 Cyclohexane 21,564 21,964c 0.6830 0.6639 1.426
6 Methylcyclohexane 21,591 22,030d 0.6754 0.6460 1.399
7 n-Heptane 21,732 22,157c 0.6354 0.6114 1.387
8 n-Nonane 21,646 22,070d 0.6598 0.6351 1.405
9 n-Decane 21,614 21,985c 0.6688 0.6582 1.411
10 n-Dodecane 21,564 21,953c 0.6830 0.6669 1.422
11 n-Tetradecane 21,520 21,917c 0.6955 0.6767 1.429
12 n-Hexadecane 21,491 21,894c 0.7037 0.6830 1.434
13 Decalins (mixture) 21,350 21,788d 0.7436 0.7119 1.475
Halogenated compounds
14 Dichloromethane 21,288 21,634c 0.7612 0.7538 1.424
15 Trichloromethane 21,210 21,564c 0.7833 0.7729 1.444
16 Tetrachloromethane 21,265 21,603c 0.7677 0.7623 1.460
17 1,2-Dichloroethane 21,253 21,570c 0.7711 0.7712 1.445
18 1-Chlorobutane 21,529 21,891c 0.6929 0.6838 1.402
19 Chlorobenzene 21,035 21,394c 0.8329 0.8192 1.524
20 Fluorobenzene 21,289 21,697d 0.7609 0.7367 1.465
21 Hexafluorobenzene 21,776 22,165d 0.6229 0.6092 1.377
Aromatic compounds
22 Benzene 21,176 21,546c 0.7929 0.7778 1.501
23 Toluene 21,216 21,583c 0.7816 0.7677 1.493
24 Xylenes 21,183 21,595c 0.7909 0.7642 1.501
25 Anisole 21,079 21,401c 0.8204 0.8173 1.516
26 Tetralin 21,017 21,434d 0.8380 0.8083 1.541
27 1-Methylnaphthalene 20,771 21,160d 0.9076 0.8829 1.615
Alcohols
28 Methanol 21,829 22,234c 0.6079 0.5904 1.329
29 Ethanol 21,739 22,111c 0.6334 0.6239 1.359
30 1-Propanol 21,652 22,026c 0.6581 0.6471 1.384
31 2-Propanol 21,739b 22,130c 0.6334 0.6187 1.377
32 1-Butanol 21,595 21,971c 0.6742 0.6620 1.382
33 2- Butanol 21,660b 22,028c 0.6558 0.6465 1.397
34 tert-Butanol 21,745b 22,145c 0.6317 0.6147 1.386
35 1-Pentanol 21,549 21,936c 0.6873 0.6716 1.409
36 2-Pentanol 21,622b 21,988c 0.6666 0.6574 1.406
37 1-Hexanol 21,511 21,877c 0.6980 0.6876 1.418
38 2-Hexanol 21,563b 21,942c 0.6833 0.6699 1.415
39 1-Octanol 21,459 21,834c 0.7127 0.6993 1.429
40 2-Octanol 21,520b 21,876c 0.6955 0.6879 1.426
41 Cyclopentanol 21,363b 21,705c 0.7399 0.7345 1.453
42 Benzyl alcohol 20,935 21,262c 0.8612 0.8551 1.540
Nitriles
43 Acetonitrile 21,699 22,080c 0.6448 0.6324 1.344
Ethers
44 Diethyl ether 21,798 22,208c 0.6167 0.5975 1.353
45 Di-iso-propyl ether 21,769b 22,183d 0.6249 0.6043 1.368
46 Di-n-butyl ether 21,603b 21,922c 0.6720 0.6754 1.399
47 1,4-Dioxane 21,372 21,722c 0.7374 0.7298 1.422
48 THF 21,455 21,806c 0.7139 0.7070 1.407
Ketones
49 Acetone 21,677 22,007c 0.6510 0.6522 1.359
50 2-Butanone 21,613b 21,971c 0.6691 0.6520 1.379
51 Acetophenone 20,981 21,256c 0.8482 0.8568 1.532
Esters
52 Diethyl carbonate 21,633 21,996c 0.6635 0.6552 1.384
53 Propylene carbonate 21,342 21,734d 0.7459 0.7266 1.421
54 Ethyl acetate 21,660 22,028c 0.6558 0.6465 1.372
Carboxylic acid amides
55 DMF 21,296 21,604c 0.7589 0.7620 1.431
56 DMAc 21,281 21,594c 0.7632 0.7647 1.438
Sulfoxides
57 DMSO 21,047 21,340c 0.8295 0.8339 1.479
Pyridines
58 Pyridine 21,004 21,331c 0.8416 0.8363 1.510
Amines
59 Aniline 20,714 21,039d 0.9238 0.9158 1.586

(continued on next page)
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Table 2 (continued )

Entry Solvent ~nmax; ttbP9, cm
�1a ~nmax; b�carotene, cm

�1 SPttbP9 SPb-carotene na

60 Triethylamine 21,644 22,039c 0.6603 0.6439 1.400
Miscellaneous solvents
61 Hexamethylphosphoric acid triamide 21,347b 21,592d 0.7445 0.7653 1.458
62 Carbon disulfide 20,445 20,730d 1.0000 1.0000 1.627
63 Acetic acid 21,676 22,102c 0.6513 0.6264 1.369
64 Acetic anhydride 21,529 21,915c 0.6929 0.6773 1.390
65 N-Methylimidazole 21,031 21,296c 0.8340 0.8459 1.529
66 1-Methylpyrrolidin-2-one 21,110 21,415c 0.8116 0.8135 1.470
67 Nitromethane 21,470 21,951c 0.7096 0.6675 1.379
68 Petroleum ether b.p.: 50e70 �C 21,881 22,267c 0.5932 0.5814 1.363
2-Alkoxyethanols
69 2-Methoxy ethanol e 21,833c e 0.6996 1.402e

70 2-Ethoxy ethanol e 21,825c e 0.7018 1.408e

71 2-Propoxy ethanol e 21,820c e 0.7032 1.414e

72 2-Butoxy ethanol e 21,806c e 0.7070 1.420e

73 2-Pentyloxy ethanol e 21,800c e 0.7086 1.423e

74 2-Hexyloxy ethanol e 21,781c e 0.7138 1.429e

75 2-Octyloxy ethanol e 21,767c e 0.7176 1.435e

76 2-Decyloxy ethanol e 21,711c e 0.7328 1.450e

Ionic liquids
77 AlHxImCl e 21,574c e 0.7702 1.5134c

78 AlHpImCl e 21,545c e 0.7781 1.5090c

79 AlOcImCl e 21,527c e 0.7830 1.5061c

80 AlDcImCl e 21,479c e 0.796 1.4889c

a From Catalán and Hopf (2004) [5].
b From Catalán (2009) [6].
c Present work.
d From Abe et al. (1998) [19].
e From Cooper and Partridge (1950) [25].
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The same correlations for aliphatic alcohols, 2-alkoxyethnols,
and ILs are listed in Eqns. (1)e(6) of item 3 of SM. The relevant point
in all these correlations is that the regression coefficients of SP and
f (n2) are similar, a clear indication that b-carotene and f (n2)
respond similarly to solvent polarizability. The advantage of using
the probe is that it reports on its local solubilization site. Conse-
quently, it can be employed for determining polarizability in cases
where f (n2) is either experimentally inaccessible, or has dubious
meaning, e.g., the interfacial region of micellar aggregates; the
surfaces of biopolymers, etc.;

(iii) Table 2 contains previously unreported data for 2-alkoxye-
thanols. In addition to being employed extensively as indus-
trial solvents and in household cleaning formulations [29,30],
the bifunctional molecular structure of ROCH2CH2OH leads to
the formation of several inter- as well as intra-molecular H-
bonded species [31]. The strength of these dipolar head-group
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Fig. 7. Correlation between the SP values of ttbP9 and b-carotene.
interactions (on the expense of van der Waals interactions)
may explain the larger response of the ROH series to NC, relative
to the 2-alkoxyethanol counterpart;

(iv) Entries 77e80 of Table 2 show (SP) of ILs. Although the
number of ILs tested is small, the results show that the
dependence of SP on NC is relatively large, in agreement with
the view that dipolar interactions are important for ILs with
short side-chain, whereas hydrophobic interactions predom-
inate for ILs with R > C6. That is, ILs and possibly their solu-
tions in somemolecular solvents should be regarded as micro-
heterogeneous media, due to the formation of hydrophobic
domains, akin to micellar aggregates [32e35].

In summary, the results of theoretical calculations and experi-
mental ones point in the same direction, namely b-carotene and
ttbP9 respond similarly to (SP). This similarity, as evidenced by Eqn.
(7), and Fig. 7, argues convincingly, that both probes can be employed
interchangeably for the calculation of solvent polarizability.
4. Conclusions

The green, commercially available, low cost b-carotene can be
conveniently employed for the determination of medium polariz-
ability instead of ttbP9 that is obtained by an elaborate, rather
expensive synthetic route. Any impurity, if it is present, has no
consequence on the spectroscopic parameter of interest, lmax of the
solvatochromic peak. The FWHH and shape of the latter are inde-
pendent of dye concentration, or the nature of solvent. Theoretical
calculations of ~nmaxðNS ¼ 23Þ, and experimental correlation
between the values of ~nmaxðNS ¼ 68Þ have shown that both probes
are sensitive, almost to the same extent, to solvent polarizability. New
SP data are reported for important homologous series of molecular
solvents and ILs. The dependence of (SP) on NC of four homologous
series shows the importance of solvent head-group interactions
(ROEtOH) and that van der Waals interactions are important in ILs.
The removal of the synthesis “hurdle” is important for under-
standing the role of solvent, an important aspect of green chemistry.
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5. Calculations

5.1. Geometry optimization of the molecular structures of b-
carotene, ttbP9, and the model compounds

The most stable conformations of the natural dye, s-cis form of
trans-b-carotene; ttbP9; 2,2,4,4-tetramethylpentane, and 1,2,3,3-
tetramethylcyclohexene had their geometries optimized by using
DFT calculation that employed B3LYP density functional and 6-
31G(d,p) basis set.

For both probes, the transition energies between the funda-
mental- and excited state were calculated by TD-DFT, using BOP
density functional and DH (Dunning/Hay “double zeta”) basis set
with the application of long-range correction. Values of ~nmax of the
excited states with the largest oscillator strength are shown in
Table 1. Solvent effects were simulated by using the Polarizable
ContinuumModel (PCM) combined with SMD solvation model. The
solvation free energy, DGsolvation, was calculated from the difference
between the free energy of the probe (ground state) in the solvent
and in the gas phase. All calculations were performed by using the
version 1 OCT 2010 (R3) of Gamess program package [36].
5.2. Calculation of solvent SP and reduced f (n2)

The solvent polarizability scale (SP) is calculated by Eqn. (10) [5]:

SP ¼ ~nmax gas � ~nmax solvent
~nmax gas � ~nmax CS2

(10)

where ~nmax gas is the wavenumber of the probe in the gas phase,
and ~nmax CS2 is the correspondent value in CS2. The negligible vapor
pressure of both probes precludes a direct determination of
~nmax gas. This value was obtained by extrapolating to zero the plot
of ~nmax versus f (n2) for a homologous series of linear alkanes. For b-
carotene the resulting equation is:

~nmax gas ¼ 24402� 9624 f
�
n2

� ðr ¼ 0:99188;
sd ¼ 19:3666; Ns ¼ 8Þ (11)

The equation for calculating f (n2) is given in Introduction. The
reduced value of this function is given by:

Reduced f
�
n2

� ¼ f
�
n2

�
solvent

f
�
n2

�
CS2

(12)

This equation is equivalent to Eqn. (10), because f (n2)gas ¼ 0.
5.3. Deconvolution of the Uvevis spectrum of b-carotene

The deconvolution of the absorption bands of b-carotene has
been carried out by using five individual vibronic features and
assuming they have Gaussian shape, as described elsewhere [37],
with the help of Grams/32 v.5 software [26].
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