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Dl ABSTRACT: A novel solvatochromic probe—2,6-dibromo-4-[(E)-2-(1-butylquinolinium-4-yl)ethenyl] phenolate,

BuQMBr,—has been synthesized and its properties examined. The quinoline-based probe is soluble in more organic
solvents than the parent merocyanine dye, 4-[2-(1-methylpyridinium-4-yl)ethenyl] phenolate, and its pK, is lower by
3.7 units. Its solvatochromic data in binary mixtures of cyclohexane—n-butanol showed that the deviation from ideal
behavior is due to a combination of non-specific and specific solvent—probe interactions. Its thermo-solvatochromism
has been studied in mixtures of water with methanol, ethanol, 1-propanol, 2-propanol and 2-methyl-2-propanol,
respectively. The data obtained were analyzed according to a recently introduced model that explicitly considers the
presence of 1:1 alcohol-water hydrogen-bonded species, ROH-W, in bulk solution, and its exchange equilibria with
water and alcohol in the probe solvation microsphere. The composition of the latter is given in terms of the appropriate
set of solvent fractionation factors. These indicate that the probe is more solvated by alcohol than by water.
Additionally, solvation by ROH-W is favored over solvation by either W or ROH. Solvation by alcohols is more
affected by probe—ROH hydrophobic interactions than by hydrogen bonding of ROH to the probe phenolate oxygen.
Temperature increase results in a gradual desolvation of the probe, due to a decrease in the hydrogen bonding of all
components of the binary solvent mixture. The probe has been employed to calculate the effective concentration of
interfacial water of sodium dodecyl sulfate micelles, which is 38.9 mol1~'. Copyright © 2005 John Wiley & Sons,
Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.
wiley.com/jpages/0894-3230/suppmat/

KEYWORDS: thermo-solvatochromism; aqueous alcohols; solvation mechanisms; anionic micelles

INTRODUCTION

Effects of solvents on reaction rates and equilibria are
rationalized in terms of the physicochemical properties of
the solvent and its interactions with the species of
interest, reactants, activated complexes and products.' ™
Information on the effects of medium polarity is obtained
most conveniently by studying the spectra (absorption or
emission) of certain solvatochromic indicators (hereafter
designated as ‘probes’) in solvents and/or in solvent
mixtures. Zwitterionic probes have been employed ex-
tensively because of their favorable UV-Vis spectral
properties. Examples include 2,6-diphenyl-4-(2,4,6-
triphenylpyridinium-1-yl) phenolate (Reichardt Betaine,
RB), 2,6-dichloro-4-(2,4,6-triphenylpyridinium-1-yI)
phenolate (Wolfbeis betaine, WB), 1-methylquinoli-
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nium-8-olate (QB) and 4-[2-(1-methylpyridinium-4-
ylethenyl] phenolate (MePM) (see Fig. 1).”>*

The impetus for studying the solvatochromic behavior
of these probes is that their ground and excited states
differ greatly in polarity, i.e. they serve as models for
reactions where there are relatively large differences in
polarities between the species of interest, e.g. reactants
and activated complexes. Solvatochromic data give in-
formation on solvent—probe interactions. For binary sol-
vent mixtures, they shed light on solvent—solvent
interactions and on the relationship between the compo-
sitions of the probe solvation microsphere and that of the
bulk solvent. Finally, thermo-solvatochromic data, de-
rived from effects of temperature on solvatochromism,
provide information on the susceptibilities of these inter-
actions to changes in temperature.*

Extensive use has been made of an empirical solvent
polarity scale, Er, calculated by Eqn (1):*

Er (kcalmol™!) = 28591.5/\pax (nm) (1)
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Figure 1. Structures of some previously employed solvatochromic probes; their pK, values are 8.32, 4.78, 6.80 and 8.37,

respectively

This scale converts the electronic transition within the
probe into the corresponding intramolecular transition
energy in kcalmol '; this allows quantification of the
above-mentioned solvent effects. The solvent polarity
scales of the probes depicted in Fig. 1 are referred to as
E1(30), E1(33), E1(QB) and E+(MePM), respectively.

The use of solvatochromic indicators as models under-
lines the need for studying probes with widely different
structures and hence physicochemical properties. The acid—
base character of the indicator is of prime importance,
because of solute—solvent hydrogen bonding. Use of a
zwitterionic probe whose pK, is relatively high is somewhat
limited by the ease of reversible protonation of its pheno-
late oxygen (zwitterion + H;0™" < cation + H,0) because
the zwitterion is the solvatochromic form. Examples where
this problem may arise include the study of relatively acidic
solvents,” buffer solutions that are employed in the acid
region of the pH scale and solutions of organized assem-
blies (aqueous micelles, micro-emulsions, etc.). In the latter
case, the charged micelle interface shifts the indicator
equilibrium so that the zwitterionic form may be observed
only if acid or base is added.®’ This procedure (addition of
acid or base to the micellar solution) may be problematic
because the added electrolyte may change the properties
(e.g. the morphology) of the micellar aggregate or lead to
the formation of mixed micelles, e.g. alkyltrimethylammo-
nium halide and hydroxide.” Use of solvatochromic probes
of low pK, is therefore advantageous for the study of both
bulk and micellar solutions.

In addition to its relatively high pK, value of 8.37 in
watelr,&1 MePM is not soluble in several important classes
of organic solvents, including haloalkanes (e.g. chloro-
form and dichloromethane), aromatic solvents (e.g. ben-
zene and toluene) and ethers (e.g. 1,4-dioxane and diethyl
ether), therefore Et(MePM) values for eight solvents
have been calculated by extrapolation of polarity versus
composition plots of binary solvent mixtures.*® Use of
this procedure is debatable, however, because the depen-
dence of Et on solvent composition can be quite com-
plex,* i.e. extrapolation may be an unreliable procedure.

In order to address the above-mentioned problems,
and because merocyanines of different structures have
applications in several fields,” we have synthesized the

Copyright © 2005 John Wiley & Sons, Ltd.

following probes: 4-[(E)2-(1-n-butylpyridinium-4-
ylethenyl] phenolate (BuPM), 2-nitro-4-[(E)2-(1-n-
butylpyridinium-4-yl)ethenyl] phenolate (BuPMNO,)
and 2,6-dibromo-4-[(E)-2-(1-butylquinolinium-4-yl)vi-
nyl] phenolate (BuQMBr,), where M, P and Q refer to
the basic merocyanine structure, pyridine and quinoline
rings, respectively (see Fig. 2). Of these probes,
the last one was found to be the most convenient and
its properties were examined in detail.

For BuQMBTr,, the properties investigated included its
pK,, solubility in organic solvents (where MePM is
insoluble) and thermo-solvatochromism in pure solvents
and binary solvent mixtures. Compared with MePM, this
novel probe has a much lower pK, and is soluble in a
wider range of organic solvents. The solvatochromic
response of BuQMBr, has been measured in water and
in 39 organic solvents at 25 °C; Er(BuQMBr») correlates
with the E1(30) scale. The solvatochromism of BuQMBr,
in a binary mixture of n-butanol, n-BuOH and cyclohex-
ane (Cyhex) has been studied and the contributions of
dielectric enrichment and specific probe—solvent interac-
tions were calculated. Thermo-solvatochromism has been
studied in mixtures of water with methanol (MeOH),
ethanol (EtOH), 1-propanol (1-PrOH), 2-propanol
(2-PrOH) and 2-methyl-2-propanol (2-Me-2-PrOH).
Non-ideal behavior has been observed for all binary
mixtures due to preferential solvation of the probe by
the appropriate alcohol. Finally, It is shown that the

|C4H9 ?4H9 ?4H9
+ + +
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Figure 2. Solvatochromic probes BuPM, BuPMNO, and
BuQMBr,
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microscopic polarity of water in the interfacial region of
sodium dodecyl sulfate (SDS) can be determined by
employing this probe without resorting to the addition
of alkali to generate the zwitterionic form.

EXPERIMENTAL
Materials

All chemicals were purchased from Acros or Merck. The
solvents were purified by the recommended procedures,lo
followed by storing over activated 4 A molecular sieves.
Their purity was established from their densities (using a
DMA 40 resonating-tube densimeter, Anton Paar, Graz,
Austria) and from agreement between their experimental
E+(30) and published data.®® The aromatic aldehydes
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on a Bruker Victor-22 FTIR spectrometer (Bruker Optics,
Ettlingen, Germany) and a Varian Innova-300 NMR
spectrometer (Varian, Palo Alto, USA). Analysis of the
'"H NMR data was based on simulation of the one-
dimensional spectra and the DQF-COSY experiment.'?
A tube rotator (Lab Industries, Berkeley, USA) was
employed for probe dissolution; solubilization in water
required the use of a sonication bath (Inpec Eletronica,
Sao Paulo, Brazil).

Probes

A commercial sample of RB was employed and MePM

was available from previous studies,*™® BuPM was

synthesized according to the following equations:®*<¢

CqHol ND—CHa C4H9—+N:/>~CH3 r

acetonitrile

employed were purified by recrystallization from aqu- i en
eous ethanol and dried to give: white needles, ' odide-1
1
m.p.=115.5-117°C  (4-hydroxybenzaldehyde); and 2)
1) piperidine, H7 Hg H9 H11 H12
ethanol, reflux, 12h —
lodide-1 + OHC H—— » HgC-CHyCHy CHN (3)
2)KOH 0.2mol r H H H H
60 °C, 1h 1 2 M3 4 Hs He Hio

His Hia

dark yellow needles, m.p.=140-142°C (4-hydroxy-3-
nitro-benzaldehyde)."!' Sodium dodecyl sulfate was crys-
tallized from methanol and dried before use.

Apparatus

Melting points were determined with IA 6304 apparatus
(Electrothermal, London, UK). Elemental analyses were
carried out on a Perkin-Elmer 2400 CHN-analyzer
(Perkin-Elmer, Wellesley, USA) in the analytical center
of this Institute. The IR and NMR spectra were recorded

Yield 83%, purple crystals that shrink at 175 °C and melt
at 210°C, literature m.p.=215°C;3 IR (KBr, cm™'):
3023, 2957 (ve—n), 1592 (ve—c); 1146 (ve_N), The 'H
NMR results are given in Table 1.

The BuPMNO, probe was synthesized similar
to BuPM, except that 1-n-butyl-4-methylpyridinium
iodide was condensed with 4-hydroxy-3-nitro-
benzaldehyde instead of 4-hydroxy-benzaldehyde
(Eqn (4)). Yield 85%, orange crystals, m.p. 203-
205°C; IR (KBr, cm™'): 3049, 2957 (ve_p), 1573
(ve—c); 1531, 1348 (vno,); 1177 (ve_n). For 'H
NMR, see Table 1.

N 02 1) piperidine,

ethanoal, reflux, 12h
lodide-1 + OHC O

2) KOH 0.2 mol I'!
60 °C, 1h

H ————» H3C~CHz CHz CHz"N_ )

Copyright © 2005 John Wiley & Sons, Ltd.
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Table 1. The 'H NMR data for probes BuPM, BuPMNO, and BuQMBr.?
BuPM BuPMNO, BuQMBr,
6(ppm) J(Hz) 6(ppm) J(Hz) 6(ppm) J(Hz)
H1 0.908 (t) Ji,=74 0.914 (1) Ji,=74 0.926 (t) Ji,=74
H2 1.279 (sx) Jo3=174 1.282 (sx) Jr3=14 1.379 (sx) Jo3=174
H3 1.821 (q) Jia=T14 1.837 (@) Jia=14 1.845 (q) Jia=T14
H4 4.311 (1) — 4.339 (1) — 4.659 (1) —
H5 8.566 (d) Jsg =6.7 8.634 (d) Js.6=16.8 8.710 (d) Js 6=6.9
H6 7.857 (d) — 7.918 (d) — 7.935 (d) —
H7 b . b . . .
HS8 b o b o o -
HI10 6.907 (d) — 6.874 (d) — 7.600 (d) —
H11 7.455 (d) — 8.062 (dd) Jioiz=2.4 8.071 (s) —
HI2 6.518 (d) — — — — —
HI3 b — 7.553 (dd) Ji314=9.3 ° —
H14 b — 6.400 (d) — —
HI5 — — — — 8.964 (d) Ji5-16=28.5
Hl6 — — — — 7.776 (t) —
H17 — — — — ¢ —
H18 —_— b b b 8202 (d) ‘118717:9'2

% The discrete hydrogen atoms of the compounds synthesized are numbered according to the structures shown in Eqn (3) (BuPM), Eqn (4) (BuPMNO,) and
Eqn (7) (BuQMBr,), respectively. At 300 MHz and 25 °C, all compounds were dissolved in DMSO-d6. The reference used was tetramethylsilane. The
abbreviations used for peak splitting (d, dd, q, s, sx and t) stand for doublet, doublet of doublets, quintet; singlet, sextet and triplet, respectively.

" No chemical shifts are listed for these protons because of their chemical and magnetic equivalence to other protons in the molecule, namely 85 = &7,
6H6 = 6].[3, (SHI 1= H13 and (S}.”z = 5]_[14, respectively.
¢ The chemical shift is not listed because the corresponding peak is ‘buried’ under those of H11 and H13.

The BuQMBr, probe was synthesized according to the

following equations:

OHCOOH + 2Br,

CiHol

1) piperidine,

lodide-2 + OHCOOH

2) KOH 0.2 mol I'!

Hi1 Br
glacial acetic acid OHC H .
40-50 °C, 2h
His Br
- acetonitrile + /7 -
8CH3 reflux, 5h C4H9 —8—C H3 |
lodide-2

ethanoal, reflux, 12h

60 °C, 1h

2 HBr

The reaction of bromine with 4-hydroxybenzaldehyde
(Eqn (4)) was carried out as described elsewhere.'® The
reaction product was washed with water, recrystallized
from aqueous ethanol (1:1) and dried under reduced

pressure. Yield 85%,

white needles,

m.p. = 177.5-

179.5°C; literature m.p. 177-179°C."* Calculated for

Copyright © 2005 John Wiley & Sons, Ltd.

C;H40,Br, (%): C, 30.04; H, 1.44. Analyzed (%): C, 30.30;
H 1.53. IR (KBr, cm™"): 3189 (vo_p), 1679 (vc—o),
1580 (vc—n), 1036 (vc_g,); 'H NMR (DMSO-dq): 6
(ppm) = 8.08 (s, 2H, H11, H13), 9.79 (s, ArCH=0).

The synthesis of

1-n-butyl-4-methylquinolinium

iodide from 4-methylquinoline and n-butyl iodide

J. Phys. Org. Chem. 2005; 18: 1072-1085
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(Eqn (6)) was carried as given elsewhere.®® The solvent
and excess n-butyl iodide were removed and the product
(light amber liquid, free of 4-methylquinoline) was used
without further purification. Condensation of this iodide
with 3,5-dibromo-4-hydroxybenzaldehyde in the pre-
sence of piperidine (Eqn (7)), followed by treatment
with KOH®*® and recrystallization from ethanol-acetone
(1:1), gave BuQMBr; as green—violet crystals, yield 80%,
m.p. =235-237°C. Calculated for C;H,9Br,NO (%): C,
54.29; H, 4.15; N, 3.04. Analyzed (%): C, 54.29; H, 4.22;
N, 3.01. IR (KBr, cm '): 3069, 2958 (vc_p); 1594
(ve=c); 1201 (vc_n), 1041 (vc_g,). For 'H NMR, see
Table 1.

Sample preparation and spectrometric
determination of E;

Binary mixtures (16 per set) were prepared by weight at
25 °C. Probe solution in acetone was pipetted into 1-ml
volumetric tubes, followed by solvent evaporation under
reduced pressure over P,O;q. Pure solvents and/or binary
solvent mixtures were added, and the probe (final con-
centration 2-5 x 10~ *mol1~", was dissolved. The UV~
Vis spectra of probe solutions showed no changes in Ay«
and/or spectrum shape as a function of probe concentra-
tion in the range 10 *~10">mol1~". This was taken to
indicate that no intermolecular probe interactions occur
under our experimental conditions. A Beckman DU-70
UV-Vis spectrophotometer was used. The temperature
inside the thermostatted cell-holder was controlled to
within £0.05°C with a digital thermometer (model
4000A, Yellow Springs Instrument, Ohio, USA). Each
spectrum was recorded twice at a rate of 120 nm min_l;
the values of A\, were determined from the first deri-
vative of the absorption spectra. The uncertainties in
Er+(BuPM), Er(BuPMNO,) and Et(BuQMBr,) are
0.1kcalmol'. The temperature range investigated was
dictated either by the b.p. of the solvent (MeOH, 64.5 °C)
or its m.p. (2-Me-2-PrOH, 25.5°C). Stable absorbance
readings were observed for probe solutions in the latter
alcohol at 25 °C, probably because its m.p. is depressed
by the solute and by the low atmospheric pressure in the
city of Sao Paulo.

Spectrometric determination of log P, the
partition coefficient of the probe between
water and n-octanol

The definition of this coefficient is: log P = [probe],_octanol/
[probelwaer '+ The aqueous phase was a phosphate buffer
solution (0.05moll™", pH 7.50). Equal volumes of this
buffer and n-octanol were agitated for 1 h (tube rotator) and
the phases were separated. A probe solution
G x 10~*mol 17" in buffer-saturated n-octanol was pre-
pared and its absorbance (Ajiia) Was measured. A 0.7 ml

Copyright © 2005 John Wiley & Sons, Ltd.

aliquot of this solution was agitated with 4 ml of n-octanol-
saturated buffer at room temperature for 2 h. After phase
separation at 25°C, the absorbance (Acquitibrium) Of the
n-octanol phase was measured and the partition coefficient
was calculated from: log P=log (Acquitibrium X 4/
(Ainitial — Aequitibrium) X 0.7); log Ppugmsr, Was found to
be 2.51 £0.05.

Spectrometric determination of pK, of BUQMBr,

The pK, was calculated from the Henderson—-Hasselbach
equation. Solutions of the probe (final con-
centration =5 x 10~ *mol1~") were prepared in a potas-
sium hydrogen phthalate buffer (0.05moll™") and the
concentrations of the zwitterionic form were measured at
490nm at 25°C. The pK, of BuQMBr, at this ionic
strength was found to be 4.89 + 0.02.

Determination of the polarity of interfacial
water of SDS micelles

The probe solution in acetone (0.1 ml, 5 x 102 moll™ "
was pipetted into 1-ml volumetric tubes, followed by
solvent evaporation under reduced pressure. The volumes
then were made up to the mark with aqueous SDS
solutions. Values of \,,x were found to be practically
constant at 542.5 +0.5nm as a function of [SDS] in the
concentration range of 0.016-0.204 mol 17!, The zwitter-
ionic form of BuQMBr, was present in SDS solutions
without the addition of base, whereas the corresponding
form of MePM appeared at a (bulk) solution pH of 12.8.
The polarity of interfacial water was found to be
52.7kcal mol .

RESULTS AND DISCUSSION
Comment on the structure of the probe

The BuPM probe was synthesized to evaluate the effect
of increasing the hydrophobic character of the merocya-
nine structure on its solubility in organic solvents. Indeed,
this probe was found to be soluble in THF, 1,4-dioxane
and chloroform, i.e. in solvents where MePM is not
soluble. In order to decrease the probe pK,, a strong
electron-attracting group (NO,) was introduced into
the phenolate moiety. The expected pK, of BuPMNO,
is 5.6, based on the pK, of MePM (8.37) and those of
4-hydroxybenzaldehyde (7.66) and 3-nitro-4-hydroxy-
benzaldehyde (4.9). The new probe was found to be
soluble in the same solvents as BuPM, although its
solvatochromism was much less, as shown by values of
>\max, pyridine — )‘max, ethanol = 31 and 93 nm for BuPMNO,
and BuPM, respectively. This decreased solvatochro-
mism is due to the competition of the nitro group and

J. Phys. Org. Chem. 2005; 18: 1072-1085
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Figure 3. Resonance structures of BUPMNO,

the positively charged heterocyclic ring for the electron
pair of the phenolate oxygen, as discussed elsewhere'”
(Fig. 3).

The probe pK, also may be decreased by the introduc-
tion of halogen atoms, where the contribution of the
above-mentioned competition is expected to be less
important. Our calculations have indicated that the in-
troduction of one or two bromine atoms in 4-hydroxy-
benzaldehyde should reduce the pK, of MePM to ca. 6.9
and 4.9, respectively. We decided to use 3,5-dibromo-4-
hydroxybenzaldehyde because the pK, of the resulting
probe should be comparable to that of WB (4.78). Log P
is a measure of the hydrophobic character of compounds
and the values are 1.22 and 2.61 for (the precursor) 4-
methylpyridine and 4-methylquinoline, respectively. Be-
cause the contribution of the rest of the molecule
(namely, the hydroxybenzaldehyde moiety) to log P is
constant, a quinoline-based merocyanine probe is ex-
pected to be ca. 25 times (10"**) more hydrophobic,
i.e. more soluble in organic solvents than its pyridine-
based counterpart. Therefore, we decided to synthesize
BuQMBr; and test its solubility and solvatochromism in
organic solvents. The results obtained agreed with our
calculations; pK, and log P for this probe were found to
be 4.89 and 2.51, respectively. Additionally, the probe
was found to be soluble in (at least) eight important
organic solvents where MePM is not soluble, namely,
benzene, toluene, xylenes, chloroform, chlorobenzene,
ethyl acetate, 1,4-dioxane and THF.

Solvatochromism in pure solvents

Table 2 shows the Et(BuQMBr,) measured; its correla-
tion with the E1(30) scale is described by Eqn (8):

Er(BuQMBr,) = 55.473 — 0.9497 (Er(30))
+0.01562 (E1(30))° (8)
Tt = 0.9619; SD = 0.6982

where Ty, and SD refer to the multiple-regression
coefficient and the standard deviation of the data, respec-
tively. This correlation is not linear (see Fig. 4), unlike
those between other polarity scales, e.g. Er(WB) and

Copyright © 2005 John Wiley & Sons, Ltd.

Table 2. Solvent polarity (Er in kcalmol™')? based on the
solvatochromic probe BUQMBr»: ET(Bqu\/IBrz)b

Number Solvent Er(BuQMBr,)
1 Water 58.25
Normal-chain alcohols
2 Methanol 50.67
Ethanol 48.01
4 1-Propanol 47.08
5 1-Butanol 46.53
6 1-Hexanol 45.76
7 1-Octanol 45.11
Branched-chain alcohols, other alcohols, 2-alkoxyethanols
8 2-Propanol 46.04
9 2-Butanol 45.22
10 2-Methyl-2-propanol 43.52
11 3-Methyl-1-butanol 45.97
12 Ethylene glycol 52.58
13 Benzyl alcohol 47.12
14 Cyclohexanol 45.20
15 2-Methoxyethanol 48.28
16 2-Ethoxyethanol 46.84
17 2-Propoxyethanol 46.26
18 2-Butoxyethanol 45.87
19 2-(2-Methoxy-ethoxy)ethanol 46.75
Chlorinated and aromatic solvents
20 Chloroform 41.63
21 Dichloromethane 42.68
22 1,2-Dichloroethane 42.71
23 Chlorobenzene 41.20
24 Benzene 40.85
25 Toluene 40.86
26 Xylenes 40.93
Polar aprotic solvents
27 Acetone 44.07
28 Acetonitrile 46.00
29 N,N-Dimethylacetamide 44.54
30 N,N-Dimethylformamide 45.03
31 1,3-Dimethyl-2-imidazolidinone 44 .41
32 DMSO 45.61
33 1,4-Dioxane 41.38
34 Ethyl acetate 4222
35 Diethyl Ether 41.22
36 Ethylene glycol dimethylether 42.5
37 Methyl carbonate 42.11
38 Nitromethane 46.00
39 Pyridine 43.04
40 THF 42.07

# Values of Er(30) determined in this work for 2-propoxyethanol, 2-(2-
methoxy-ethoxy)ethanol and 1,3-dimethyl-2-imidazolidinone are 50.64,
50.59 and 42.80 kcal mol ', respectively.

® MePM is not soluble in apolar solvents such as benzene, toluene, xylenes,
chloroform, chlorobenzene, dioxane, THF, ethyl acetate and diethyl ether.
All values were determined at 25 °C and the uncertainty in Ex(BuQMBTI,) is
0.1 kcal mol .

E(QB) and Er(30).**® The reason is that the dipolarity
of the ground state of Er(BuQMBr,) is most certainly
solvent-dependent, i.e. the probe is moderately dipolar in
relatively non-polar solvents and highly dipolar in polar
media, as argued elsewhere for the parent MePM.”*° The
preceding conclusion is corroborated by the fact that the
correlation is reasonably linear if the data of four solvents
(water, methanol, ethanol and ethylene glycol) were

J. Phys. Org. Chem. 2005; 18: 1072-1085
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Figure 4. Correlation between the Er(BUQMBr,) and £(30)
polarity scales, data at 25°C

eliminated (E+(BuQMBr,) =27.746 —0.377 (Et(30)),
correlation coefficient =0.9674). These are the most
polar solvents among those tested; their relative permit-
tivities are high and they form strong hydrogen bonds to
the probe phenolate oxygen. These solvent properties
stabilize the probe zwitterionic form, i.e. increase its
contribution to the corresponding resonance hybrid (see
the first two structures of Fig. 3). This leads to the
observed positive deviation in the Ep(BuQMBr,) versus
E1(30), because \,.x quinonoid structure > A, Zwitter-
jonic structure (Fig. 4).°° Additional evidence may be
deduced from our calculations of the dipole moment of
BuQMBr; solvated in Cyhex—BuOH mixtures, whose
value increases as a function of increasing [BuOH]
(Amsol program package, version 3, University of Min-
nesota, USA; see Eqn 17 in the Calculations section).

The Taft-Kamlet—Abboud equation is widely em-
ployed to quantify probe—solvent interactions. For a
single solute in a series of solvents, this equation takes
the form:'®

SDP = Constant + s(7,,, + do)

9
+a asoy + b /Bsolv + h(égl) ( )

where the solvent-dependent property (SDP), such as a
solvatochromic shift, is modeled as a linear combination
of a dipolarity/polarizability term s (7, + dd), two
hydrogen bonding terms, in which the solvent is the
hydrogen-bond donor (a «y,,), or the hydrogen-bond
acceptor (b Byorv), and a cavity term & (&3). The latter is
not considered when the Frank—Condon principle is
obeyed. The parameters 7, Qtsoly and Bgopy are known
as solvatochromic parameters; we use the subscript (solv)
so that they are not confused with other known quantities,
e.g. « and [ of the Brgnsted equation.

Equation (9) has been applied to the data of BuQMBTr,,
taking into account the conditions required to obtain
meaningful statistical correlations.**™'® Table 3 shows
the regression coefficients calculated from data at 25 °C;
the corresponding data for MePM, RB and WB are those
published elsewhere.>**?

The number of solvents employed in Eqn (9) is smaller
than that used in Eqn (8) because of the unavailability of
solvatochromic parameters for some solvents, namely
ethylene glycol dimethylether, methyl carbonate and
1,3-dimethyl-2-imidazolidinone. The regression coeffi-
cients indicate that all probes are much more sensitive
to the dipolarity/polarizability and acidity of the solvent
than to its basicity, most certainly because the probes do
not carry groups that can act as a hydrogen-bond donor,
e.g. OH. As expected, the susceptibility of BuQMBTr;, to
hydrogen bonding with the solvent (through its phenolate
oxygen) is much lower than that of the structurally
similar but more basic MePM. Values of the regression
coefficient (a) for BuQMBr, and WB merit comment
because their pK, values are similar (4.89 and 4.78,
respectively). We have discussed previously the reasons
for the enhanced susceptibility of WB as a hydrogen-
bond acceptor, e.g. relative to RB, whose pK, is 8.65.%"
Briefly, this results from two structural features:

(1) Steric. The two ortho-chlorine atoms of WB lie in
the plane of the phenol ring, whereas the two ortho-
phenyl rings of RB are twisted in opposite directions
with respect to the plane of the phenol ring. There-
fore, the free solid angle around the oxygen atom of
the phenolate ion of RB (a measure of its accessi-
bility to hydrogen bonding) should be smaller than
the corresponding one for WB."’

Table 3. Results of the application of Egn (9): Er (probe) = Constant + s (7%, + d6) + aason + bBsol

Number
Probe Constant S(T¥401v) d a b Fmult F49s5 of solvents
BuQMBr,* 38.10 (£0.99) 9.13 (£0.99) —2.69 (£0.76) 7.78 (£0.60) —2.59 (£1.06) 0.9145 86 37
MePM* 40.37 (£1.08) 1145 (+£1.01) —3.84(+£0.86) 11.78 (£0.54) —2.46 (£0.93) 0.9605 133 28
RB® 309 (£1.32) 1435(4£1.32) —440(+1.01) 1539 (£0.79) —0.72 (+1.40) 0.9617 200 37
WBP 38.6 (+£1.8) 14.7 (£2) —4.0(£1.2) 1530 (£0.97) 0.2 (£1.6) 0.9490 94 28

# Present work: solvent polarities measured at 25 °C.
® Values calculated from published data at 25 °C. %"

Copyright © 2005 John Wiley & Sons, Ltd.
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(i) Electronic. The C—Cl bond of chlorophenols is
polarized appreciably so that the chlorine atom forms
hydrogen bonds with suitable donors, e.g. the sol-
vent.'® The effects of the above-mentioned structural
features are expected to be operative for BuQMBr».
Their contribution is probably less than in the case of
WB because the presence of a ‘spacer’ (the double
bond) between the heterocycle and the phenoxide
ring of merocyanines is expected to decrease its
susceptibility to solvent properties. This conclusion
is corroborated by the fact that s(77;,,.,,.) and a for the
two merocyanine dyes are smaller than their counter-
parts of RB and WB, respectively (Table 3). Addi-
tionally, the bromine atoms are less electronegative
and more voluminous than the chlorine atoms (Paul-
ing electronegativity scale: atomic radii are 3.0 and
3.2 and 1.96 and 1.81 A, respectively). Both factors
should result in a decreased susceptibility of
BuQMBr, as a hydrogen-bond acceptor relative to
WB.

Solvatochromism in binary solvent mixtures

If probe solvation in binary solvent mixtures was ideal,
Er(probe) should be a linear function of the mole
fraction () of the more polar component. It is possible
to test this hypothesis by examining solvatochromism
in certain binary mixtures, e.g. cyclohexane-THF and
cyclohexane—1-butanol (Cyhex—BuOH). The reason is
that these are ideal mixtures; their relative permittiv-
ities are linear functions in yxtyr and xpuon, respec-
tively.'” This expectation is in variance with the upper
curve of Fig. 5, where the relationship between the

0.0 . — — —
0.0 02 0.4 06 08 1.0

XBuOH

Figure 5. Dependence of Er (BUQMBr;) on xguon. The
diagonal line represents the expected behavior if solvato-
chromism were ideal, i.e. if there were no preferential
solvation of the probe: (A) experimental results; (O) calcu-
lated contribution to £t of dielectric enrichment (see Eqn
(16) of the Calculations section)

Copyright © 2005 John Wiley & Sons, Ltd.

reduced polarity EY =[Er(binary mixture) — Et (Cy-
hex)/Etr (BuOH) — E1 (Cyhex)] and xguon is clearly
non-linear.

The observed deviation from linearity results in part
from ‘preferential solvation’ of the probe by a component
of the binary mixture. In principle, this phenomenon
includes contributions from: ‘Dielectric enrichment’,
which denotes enrichment of the solvation shell of the
probe in the solvent of higher relative permittivity
(BuOH) due to probe-dipole—solvent-dipole interactions;
and specific probe—solvent interactions, e.g. hydrogen
bonding.'® Non-linear behavior also results from solvent
microheterogeneity, i.e. when one component of the
binary mixture prefers a molecule of the same
type.>*'?2° The contribution of non-specific (dielectric
enrichment) and specific interactions (hydrogen bonding)
has been calculated and the results are shown in Fig. 5
(details of these and all subsequent calculations are given
in the Calculations section). Note that: the energy differ-
ence between the diagonal line (ideal behavior, no pre-
ferential solvation) and the curve defined by the symbol
/\ represents fotal preferential solvation of the probe by
the binary solvent mixture; the energy difference between
the diagonal line and the curve defined by the symbol
O represents the contribution to preferential solvation by
dielectric enrichment; and the energy difference between
the curves defined by the symbols O and A\ represents
the contribution to preferential solvation by specific
solute—solvent interactions, e.g. hydrogen bonding. It is
clear from Fig. 5 that both solvation mechanisms con-
tribute to the deviation of E7. from ideality. The results of
these calculations show that the contribution of hydrogen
bonding is more important at lower yguon, 1.€. Where the
auto-association of the alcohol is not extensive. Com-
pared with the results of RB in the same binary mixture,
the contribution of hydrogen bonding to the preferential
solvation of BuQMBr, is less, in agreement with the
difference between the basicities of both probes.

Thermo-solvatochromism in binary
solvent mixtures

Thermo-solvatochromism of BuQMBr; has been studied
in mixtures of water with five alcohols: MeOH, EtOH, 1-
PrOH, 2-PrOH and 2-Me-2-PrOH, respectively. In all
cases, the compositions investigated covered the whole
range, from pure water to pure solvent; the temperature
range, where possible, was 10-60°C. Considering our
results, the following factors are relevant.

As discussed above, the dependence of Et on solvent
composition, e.g. on the mole fraction of water (yw), is
not linear because of specific and non-specific probe—
solvent interactions and the microheterogeneity of the
binary mixture. The first two mechanisms are probe-
induced whereas solvent microheterogeneity is not.*

J. Phys. Org. Chem. 2005; 18: 1072-1085
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Our solvatochromic data have been treated according
to the following recently introduced model:*

ROH + W = ROH-W (10)

Probe(ROH),, + m (ROH-W)

11
= Probe(ROH-W),, +m S ()

Probe(W),, + m (ROH-W)

(12)
= Probe(ROH-W), +m W

where m represents the number of solvent molecules
whose exchange in the probe solvation microsphere
affects Et; usually m < 2. The relevant point about
this model is that it explicitly considers the formation
of the complex solvent species ROH-W, whose forma-
tion constant is K,... Consequently, the mole fractions
employed in all calculations are ‘effective’ and not
analytical. The equilibrium constants of Eqns (10)—(12)
are termed solvent ‘fractionation factors’, defined as:

Probe Probe
o . Xw / XROH (13)
W/ROH Bk; Effective Bk; Effective "
Xw ROH
Probe Probe
XROH—W/ XROH (14)
Bk; Effective

¥ROH-W/ROH = ( Bk; Effectivc)m

ROH—-W ROH

Probe Probe
XRom-w/ Xw (15)
Bk; Effective

PROH-W/W = ( Bk;Effective)m

XROH-W Xw

where Bk refers to bulk solvent. In Eqn (13) vw/rron
describes the composition of the probe solvation micro-
sphere relative to that of bulk solvent. For ¢w/ron > 1,
the solvation microsphere is richer in W than bulk
solvent; the converse is true for pwron< 1, i.e. the
probe is solvated preferentially by ROH. Finally, a
solvent fractionation factor of unity indicates an ideal
behavior, i.e. the solvation microsphere and bulk solvent
have the same composition. The same line of reasoning
applies to ¢ron-w/ron and @rop_wsw, depicted in
Eqns (14) and (15).

Rather than reporting extensive lists of Er(BuQMBr;,)
and solvent compositions, we have calculated the (poly-

. . Analytical

nomial) dependence of polarity on Xy and present
the regression coefficients in Table ESI 1 (see Supple-

Copyright © 2005 John Wiley & Sons, Ltd.

mentary material). The degree of polynomial employed is
that which gave the best data fit, as indicated by the
multiple correlation coefficients (7,,) and sums of the
squares of the residuals (XQ?). The quality of our data
is evidenced by these statistical criteria and by the
excellent agreement between calculated and experimen-
tal Ex(BuQMBr,)ron, and Er(BuQMBr)w at all tem-
peratures (see Table 4). Preferential solvation by the
organic component of the binary solvent mixture leads
to Er(BuQMBr,) values that lie below the line that
connects the polarities of the two pure components, as
shown in Figs 6 and 7.

As discussed above, all probes employed act as hydro-
gen-bond acceptors through their phenolate oxygens.*!
There are also hydrophobic interactions between the
probe and the alkyl chain of the alcohol (either as pure
species or as ROH-W), therefore preferential solvation is
expected to depend on the pK, and hydrophilic/hydro-
phobic character of both the probe and the alcohol. The
importance of BuQMBr,—ROH hydrophobic interactions
can be deduced from the fact that ow/ron(MeOH) >
w/ron(EtOH) > ow/ron (1-PrOR) at each temperature
(Table 4), i.e. more hydrophobic, linear alcohols solvate
BuQMBr, more efficiently, although they are weaker
acids. Apparently, the decrease in hydrogen bonding to
the probe is more than compensated for by probe-ROH
hydrophobic interactions. This conclusion appears to be
a general one, as shown in the third column of Table 5
(¢ow/romn)»> for MePM, BuQMBr, and WB, respectively.

All Yron-w/ron and prop_w/w values are >1, indicat-
ing that BuQMBr, is preferentially solvated by ROH-W.
Additionally, all ¢rop_w/w Vvalues are larger than the
corresponding @ron_w/roH vValues, indicating that ROH—
W displaces water more efficiently than alcohol (from the
solvation microsphere of the probe). Because all alcohols
employed are more basic than water, the structure of the
complex species may be depicted as: H,—O—
H...O(R)Hgop, i.e. water is the hydrogen bond donor
to alcohol so that the two hydrogen atoms marked in italic
are the sites for hydrogen bonding with the probe phe-
nolate oxygen. As argued elsewhere, this hydrogen
bonding partially deactivates H,, towards further hydro-
gen bonding and this deactivation is greater with a
more basic alcohol.>*2* Therefore, the order observed
(YROH-W/W > PROH-W/ROH) May be due to a combination
of partial deactivation of hydrogen bonding by H,, and the
presence of an additional solvation mechanism that is not
operative for water. Note that hydrogen bonding and
hydrophobic interactions contribute to solvation by
ROH and/or ROH-W, whereas hydrogen bonding is the
main contributing mechanism to solvation by water.
Again, these conclusions apply to all three probes shown
in Table 5.

At comparable temperatures, the data of branched
alcohols show that W displaces 2-Me-2-PrOH more
efficiently than 2-PrOH, and that 2-PrOH-W displaces
both water and the precursor alcohol more efficiently than
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Table 4. Analysis of thermo-solvatochromic responses in binary water/alcohol mixtures

ROH T(°0) m Owron  PromwmroH  Pronww  Er(probe)ron” Er(probe)y’  SDP b

MeOH 10 1.467 0.364 3.434 9.434 51.393 58.681 0.064 —6.5x 1078
[—0.006] [0.040]

25 1.063 0.392 1.808 4.612 50.731 58.247 0.079 33x107°
[0.030] [0.005]

40 1.021 0.434 1.552 3.576 50.424 57.785 0.065 54x107°
[—0.012] [—0.002]

EtOH 10 1.512 0.204 10.122 49.618 48.553 58.704 0.119 1.7 x107%
[0.017] [0.017]

25 1.368 0.224 7.108 31.732 48.146 58.203 0.093 1.5x 107
[0.014] [0.049]

40 1.258 0.235 5.802 24.689 47.737 57.786 0.069 —2x107°
[—0.090] [—0.003]

60 1.140 0.247 3.965 16.053 47.200 57.156 0.120 1.7 x107%
[—0.034] [0.003]

1-PrOH 10 1.717 0.198 84.503 426.783 47.562 58.722 0207 21x1073
[—0.098] [—0.001]

25 1.411 0.207 69.617 336.314 47.171 58.285 0.188 1.4x107%
[—0.069] [—0.033]

40 1.322 0.216 40.003 185.199 46.698 57.783 0.185 26x107*
[—0.092] [—0.016]

60 1.237 0.237 36.711 154.899 46.221 57.169 0.137 —95x107°
[—0.012] [—0.010]

2-PrOH 10 1.582 0.329 116.760 354.894 46.569 58.658 0.134 —12x107*
[—0.017] [0.063]

25 1.413 0.336 67.585 201.145 46.006 58.259 0.095 2.1x107°
[—0.116] [—0.007]

40 1.287 0.362 41.666 115.099 45.684 57.803 0.162 1.6 x 107°
[0.034] [—0.020]

60 1.226 0.374 32.616 87.209 45.189 57.183 0.155 —1.9x10~*
[0.014] [—0.024]

2-Me-2-PrOH 25 1.482 0.396 32.136 81.152 43.7676 58.316 0.137 1.2x107°
[—0.098] [—0.064]

40 1.062 0.418 31.427 75.733 42.997 57.871 0.230 —5.8x 107°
[—0.057] [—0.088]

60 1.035 0.420 29.288 69.733 42.543 57.217 0.176 —2.2x 10°

[0.031] [—0.028]

# Calculated by regression of Et of the binary mixture versus composition, in kcal mol ~ !, The values inside the square brackets are AEr(probe)sojyen: (ROH
and/or W) = Experimental AE1(probe)sgvent — calculated AE(probe)sorvent-
® SD = standard deviation; £Q = sum of the squares of the residuals.

its 2-Me-2-PrOH-W counterpart. The subtle interplay
between hydrogen bonding, hydrophobic interactions and
steric factors determines the efficiency of solvation by
ROH as well as by ROH-W. Compared with 2-PrOH, the
solvent 2-Me—-2-PrOH is less acidic, more hydrophobic
and its OH group is less accessible to hydrogen bonding
(see the discussion above about the adverse effect of
steric crowding on hydrogen bonding). The H,, of 2-
Me-2-PrOH-W should be more deactivated towards
hydrogen-bond formation than the H,, of 2-PrOH-W.
This combination of effects explains the efficiency of
displacement of 2-Me—2-PrOH (a weaker and sterically-
crowded acid) by water. On the other hand, the less basic
and less crowded 2-PrOH-W displaces W and 2-PrOH
more efficiently.

With regard to thermo-solvatochromism, Table 4
reveals the following changes as a function of increas-
ing temperature: a decrease in m, Ep(BuQMBr;)y,

Copyright © 2005 John Wiley & Sons, Ltd.

Er(BuQMBI;)r0H, PrOH-W/ROH aNd YrOH-W/W; and an
increase in pwron. The decrease in polarities of pure
solvents can be attributed to a decrease of solvent
stabilization of the probe ground state as a result of the
concomitant decrease of solvent structure and hydrogen
bonding ability.>**?® Preferential ‘clustering’ of water
and alcohol as a function of increasing temperature
means that the strength of ROH-W interactions also
decreases in the same direction,”®?”?® with a concomi-
tant decrease in the ability of the mixed solvent to
displace both W and ROH. This leads to a decrease of
both Yron-w/ron and Yrop_w/w as a function of increas-
ing temperature. Because W is more structured than
ROH, its hydrogen bonding to the probe ground state is
less susceptible to temperature increase than ROH. This
leads to a measurable ‘depletion’ of ROH in the probe
solvation microsphere, so that ¢w/ron increases as a
function of increasing temperature.**™®

J. Phys. Org. Chem. 2005; 18: 1072-1085
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Figure 6. Solvent polarity/temperature/solvent composition contours for BUQMBr;, in MeOH-W, EtOH-W and 1-PrOH-W,

respectively

Me-2-PrOH

2-

2-PrOH-W

0TS o8y [\Ra4

the alcohol is not clearly manifested.””® Recently we have

s o8y
@anone)a

Figure 7. Solvent polarity/temperature/solvent composition contours for BUQMBr, in 2-PrOH-W and 2-Me-2-PrOH-W,

respectively

Recently, it has been argued that the magnitude of
preferential solvation in aqueous alcohols (MeOH to 2-

discussed the advantages of using the mole fraction scale

over VFE. Additionally,

or VFy

E+(30) was plotted versus xw and/

for aqueous 1-propanol and 2
of the former composition scale indicated preferential

solvation of RB by ROH over the entire yw range. Use

use of

the volume fraction (VF) instead of x may lead to less

Me-2-PrOH) may be overestimated. For example,

Me-2-PrOH. Use

2% Additionally, product selectivity ()

for the solvolysis of 4-methoxybenzoyl chloride in aqu-

deviation (from linearity) in the E1(30) versus solvent
eous alcohols S

composition plots

of VFyw showed, however, that the probe is solvated

preferentially by water up to VFyw

=0.5, followed by

preferential solvation by ROH.** No simple rationale
can be advanced for the change of the solvent that is

i.e. preferential solvation by

>

([ester product]/[acid product]) x

([water]/[alcohol solvent]) varies only slightly as a func-

tion of solvent composition

Copyright © 2005 John Wiley & Sons, Ltd.
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Table 5. Calculated pw/ron-w/ron and gron-waw for all agueous mixtures studied at 25°C for probes MePM,? BuQMBr, and

WB?

ROH Probe m PW/ROH PROH-W/ROH PROH-W/W

MeOH MePM 1.092 0.375 4416 3.776

BuQMBr, 1.063 0.392 1.808 4.612

WB 1.106 0.601 2.212 3.681

EtOH MePM 1.507 0.351 13.252 37.755

BuQMBr, 1.368 0.224 7.108 31.732

WB 1.279 0.554 111.482 20.726

1-1;PrOH MePM 1.310 0.274 23.279 84.960

BuQMBr, 1.411 0.207 69.617 336.314

WB 1.700 0.265 149.208 563.049

2-PrOH MePM 1.207 2918 105.188 36.048

BuQMBr, 1.413 0.336 67.585 201.145

WB 1.573 0.551 192.625 349.592

2-Me-2-PrOH BuQMBr, 1.482 0.418 31.427 75.733

MePM 1.195 0.554 18.283 33.002

WB 1.348 0.484 111.267 229.890

2 Data for MePM and WB were taken from the literature.*

preferentially solvating the probe (from water to alcohol),
especially in view of the negligible solubility of RB in
water (2 X 10°° molfl).2b Analysis of the attenuated
dependence of S on medium composition for the above-
mentioned solvolytic reaction is, however, not straight-
forward. The reason is that the solvation microsphere of
the reaction contains three solvent species, namely W,
ROH and ROH-W; the latter is always present in excess
(see Tables 4 and 5). Its presence may induce a ‘leveling
effect” on product distribution, leading to attenuated
dependence of S on solvent composition.

Finally, the probe equilibrium (zwitterion +
H;O"cation + H,0) is expected to be shifted to the
right-hand side by the electrostatic effect (the interface
of the SDS micelle is anionic) and to the left-hand side by
the ‘medium’ effect (the polarity of the interfacial region
is less than that of bulk water). 6 Thus, addition of base is
required to produce the zwitterionic form of MePM in
the presence of SDS micelles. This procedure is not
required for BuQMBr, because of its much lower
pK,. The concentration of water at the (average)
solubilization site of the latter probe, [Winerfaciall =
38.9mol 1" is similar to that determined by other probes
for the same micellar solution, e.g. RB (39.4moll™")
and 4-[2-(1-hexadecylpyridinium-4-yl)ethenyl] pheno-
late (34.3mol1").%

CONCLUSIONS

Compared with MePM, the novel merocyanine probe
BuQMBr, is more convenient because of its lower pK,
and ready solubility in organic solvents. Its solvation is
susceptible to the same solvent properties that affect
solvatochromism of other zwitterionic probes, namely
dipolarity/polarizability and acidity. Temperature effects

Copyright © 2005 John Wiley & Sons, Ltd.

on solvent fractionation factors are rationalized in terms
of the structures of W and ROH and their mutual inter-
actions. Temperature increase results in gradual de-solva-
tion in all binary mixtures. The probe may be employed
to determine the polarity of interfacial water of organized
assemblies.

CALCULATIONS

Contributions of non-specific and specific
solute-solvent interactions to solvatochromism

The electronic transition energy associated with dielec-

tric enrichment at the coordinates (r, 6) of the solvent
shell is given by:'®

— X Cyhex XBuOH AEBuOH7Cyhex

Eenrich =

8
y ! : G(u){1 — exp[-G(u)Zp*|}
/1 dp /1 du XBuOH + XCyhexexp[_G(u)sz}
(16)

where: Xcyhex and Xguon are the mole fractions of the two
components AEg,on-cyhex 1S the difference between the
Et values of the two pure solvents; p = (a/r)3 , wWhere a is
the radius of the cavity that should be created in the
solvent to accommodate the probe molecule; r is a
distance from the center of the probe dipole (r = a);
G(u) =3(u)* + 1, where u=cos 0 and Z is the ‘index of
preferential solvation’, given by:

3gMAf
~ 87RT6a®

(17)
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where i, is the dipole moment of the ground state of the
probe, calculated at each xpuon (the Amsol program
package); 6 and M refer to the mean density and the mean
molecular weight of the two solvents; Af is given by
Af:f(l))BuOH _f(D)Cyhex; where f(D) is the Onsager
dielectric function,®® and R and T have their usual
meanings.

In performing the calculations, the cavity radius (a)
was taken as approximately equal to the radius of the
probe molecule (4.84 x 10~ 'm); this was calculated as
given elsewhere.?! Equation (16) was solved numerically
by varying: u from 1 to —1 in intervals of 0.02; the ratio
a/r from O (infinity distance from the probe dipole) to 1
(the surface of the probe) using 100 intervals; and xguon
from 0.4 to 1.0 using 0.1 intervals.

Determination of Kassoc X5haqus®

and solvent fractionation factors

For the alcohols studied, K, and X‘;};ﬁ:;‘gfe were
available from previous studies and the fractionation
factors were calculated as detailed elsewhere.**~ Briefly,
knowledge of K. (from the dependence of the density
of the binary mixture on solution composition) allows
calculation of the effective mole fractions of all species
present. The probe solvation microsphere is composed of
W, ROH and ROH-W. Observed Er (ES™) is the sum of
the polarity of each component EY', ER™ and EfO"Y,
respectively, multiplied, by the corresponding mole

fraction in the probe solvation microsphere (yw ™,

XROEE and yRopEw respectively):

Probe E_\FN + XProbe E}FOH Probe

obs __ ROH-W
E7” = xw ROH + Xron-wEt

(18)

Bk;Effective \ " -ROH Bk;Effective
X ) Et +<PW/R0H(XW

E_(lzbs _ ( ROH

propanol) at 25°C. The data in Ref. 6b were given as
relative permittivities of interfacial water (&jyerfacial)
calculated by comparing A, of the probes in the
micellar pseudo-phase with those in bulk water—dioxane
mixtures (employed as a reference solvent for interfacial
water). We have calculated [Wiyerfaciall from the known
dependence of € on the composition of water—dioxane
mixtures.*”

Acknowledgments

We thank FAPESP (State of Sao Paulo Research Founda-
tion) for financial support and a pre-doctoral research
fellowship to C. T. Martins; CNPq (National Council for
Scientific and Technological Research) for a research
productivity fellowship to O. A. El Seoud and a BIPIC
fellowship to M. S. Lima; and Paulo A. R. Pires and
C. Guizzo for their help.

REFERENCES

1. Carey FA, Sundberg RJ. Advanced Organic Chemistry (4th edn).
Kluwer/Plenum: New York, 2000; 263.

2. (a) Reichardt C. Solvents and Solvent Effects in Organic Chem-
istry (3rd edn). VCH: Weinheim, 2003; 147, 389; (b) Reichardt C.
Pure Appl. Chem. 2004; 76: 1903-1919.

3. (a) Elseoud OA, El Seoud MI, Farah JPS. J. Org. Chem. 1997, 62:
5928-5933; (b) Mancini PME, Terenzani A, Adam C, Vottero LR.
J. Phys. Org. Chem. 1999; 12: 430—440; (c) Humeres E, Nunes
RJ, Machado VG, Gasques MDG, Machado C. J. Org. Chem.
2001; 66: 1163-1170; (d) Litwinienko G, Ingold KU. J. Org.
Chem. 2003; 68: 3433-3438; (e) Harrisson S, Mackenzie SR,
Haddleton DM. Macromolecules 2003; 36: 5072-5075.

4. (a) Tada EB, Novaki LP, El Seoud OA. J. Phys. Org. Chem. 2000;
13: 679-687; (b) Antonious MS, Tada EB, El Seoud OA. J. Phys.
Org. Chem. 2002, 15: 403-412; (c) Tada EB, Silva PL, El Seoud
OA. J. Phys. Org. Chem. 2003; 16: 691-699; (d) Tada EB, Silva
PL, El Seoud OA. Phys. Chem. Chem. Phys. 2003; 5: 5378-5385;

mo_w Bk;Effective " -ROH—W
) Er +(PROH—W/ROH(XROH—W ) Er

( Bk;Effective

Equations (18) and (19) then can be solved to get
EX9%Vand the appropriate solvent fractionation factors,
respectively.

Calculation of the polarity of interfacial
water of SDS micelles

Aqueous 1-propanol was employed as a model for the
interfacial water of SDS. The value of [Winerfaciall
=38.9 moll™' was calculated by interpolation of the
polarity of interfacial water, 52.7 kcal mol ', from a plot
of Er(BuQMBr,) versus [water] (in bulk aqueous 1-

Copyright © 2005 John Wiley & Sons, Ltd.

m Bk;Effective
XROH ) +Pw/ROH (Xw

Eioc (19)
)" +oron-wron (Xaoi )

(e) Tada EB, Silva PL, Tavares C, El Seoud OA. J. Phys. Org.
Chem. 2005; 18: 398-407.

5. Reichardt C, Eschner M, Schafer G. J. Phys. Org. Chem. 2001;
14: 737-751.

6. (a) Drummond CJ, Grieser F, Healy TW. Faraday Discuss. Chem.
Soc. 1986; 81: 95-106; (b) Grieser F, Drummond CJ. J. Phys.
Chem. 1988; 92: 2604-2613; (c) El Seoud OA. J. Mol. Lig. 1997,
72: 85-103.

7. (a) Novaki LP, El Seoud OA. Phys. Chem. Chem. Phys. 1999; 1:
1957-1964, (b) Novaki LP, El Seoud OA. Langmuir 2000; 16: 35—
41.

8. (a) Jencks WP, Davidson SJ. J. Am. Chem. Soc. 1969; 91: 225—
234, (b) Jacques P. J. Phys. Chem. 1986; 90: 5535-5539; (c)
Minch MJ, Shah SS. J. Chem. Educ. 1977; 54: 709; (d) Minch MJ,
Shah SS. J. Org. Chem. Chem. 1979; 18: 3252-3255.

9. (a) Buncel E, Rajagopal S. Acc. Chem. Res. 1990; 23: 226-231;
(b) Hisamoto H, Tohma H, Yamada T, Yamauchi K, Siswanta D,

J. Phys. Org. Chem. 2005; 18: 1072-1085



10.
11.

12.

17.
18.
19.

20.

PROBING SOLVATION WITH A NOVEL MEROCYANINE DYE
21.

Yoshioka N, Suzuki K. Anal. Chim. Acta 1998; 373: 271-289; (c)
Morley JO, Morley RM, Docherty R, Charlton MH. J. Am. Chem.
Soc. 1997; 119; 10192-10202.

Armarego WLF, Chai CLL. Purification of Laboratory Chemicals
(5th edn). Elsevier: New York, 2003.

Lide DR. Handbook of Chemistry and Physics (85th edn). CRC
Press: Boca Raton, FL, 2004-2005.

(a) Mestre-C, version 2.3a. Universidade de Santiago de
Compostela, Spain; (b) Claridge TDW, High-Resolution NMR
Techniques in Organic Chemistry. Pergamon: Oxford, 1999;
148.

. Auwers K, Reis J. Ber Dtsch. Chem Ges. 1896; 29: 2407-2409.
. Leo AJ, Hansch C. Perpect. Drug Discov. 1999; 17: 1-25.

. Nielbalska M, Gruda I. Can.J. Chem. 1990; 68: 691-695.

. (a) Kamlet MJ, Taft RW, Prog. Phys. Org. Chem. 1981; 13: 485;

(b) Abraham MH, Grellier PL, Abboud JLM, Doherty RM, Taft
RW. Can. J. Chem. 1988; 66: 2673-2686; (c) Laurence C, Nicolet
P, Dalati MT, Abboud JLM, Notario R. J. Phys. Chem. 1994; 98:
5807-5816.

Seeman JI, Viers JW, Schung JC, Stovall MD. J. Am. Chem. Soc.
1984; 106: 143-151.

Chandramani R, Devaraj N. J. Chem. Soc. Faraday Trans. 2 1980;
76: 1055-1060.

Suppan P, Ghoneim N. Solvatochromism. The Royal Society of
Chemistry: Cambridge, 1997; p. 21.

Marcus Y. Monatsh. Chem. 2001; 132: 1387-1411.

Copyright © 2005 John Wiley & Sons, Ltd.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

1085

Dawber JG, Williams RA. J. Chem. Soc. Faraday Trans. 1 1986;
82: 3097-3112.

Park JH, Dallas AJ, Chau P, Carr PW. J. Phys. Org. Chem. 1994;
7: 757-769.

(a) Kingston B, Symons MCR. J. Chem. Soc. Faraday Trans. 2
1973; 69: 978-992; (b) Symons MCR. Pure Appl. Chem. 1986;
58: 1121-1132.

Max JJ, Daneault S, Chapados C. Can. J. Chem., 2002; 80: 113—
123.

Zana R, Eljebari MJ. J. Phys. Chem. 1993; 97; 11134-11136.
Haak JR, Engberts JBEN. Recl. Trav. Chim. Pays-Bas 1986; 105:
307-311.

(a) Shulgin I, Ruckenstein E. J. Phys. Chem. B 1999; 103: 872—
877; (b) Shulgin I, Ruckenstein E. J Phys. Chem. B. 1999; 103:
2496-2503; (c) Harris KR, Newitt PJ. J. Phys. Chem. A 1999;
103: 6508-6513.

(a) Nishikawa K, Hayashi H, lijima T. J. Phys. Chem. 1989; 93:
6559-6565; (b) Huelsekopf M, Ludwig R. J. Mol. Lig. 2000; 85:
105-125.

(a) Bentley TW, Koo IS. Org. Biomol. Chem. 2004; 2: 2376-2380;
(b) Bentley TW, Ebdon DN, Kim E-J, Koo IS. J. Org. Chem.
2005; 70: 1647-1653.

Onsager L. J. Am. Chem. Soc. 1936; 58: 1486-1493.

Abraham MH, McGowan JC. Chromatographia 1987; 23: 243—
246.

Molotsky T, Huppert D. J. Phys. Chem. A 2003; 107: 8449-8457.

J. Phys. Org. Chem. 2005; 18: 1072-1085



