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ABSTRACT: The present work analyzes the solvent effects on the electronic absorption spectra for a set of
solvatochromic solutes in several binary mixtures of a polar aprotic hydrogen-bond acceptor solvent with a cosolvent
with potential hydrogen-bond donor capability, in terms of preferential solvation models. It compares the response
models of the explored mixtures with respect to the chemical properties of the reference probes. It relates the results
obtained with the solvatochromic solutes to the solvent effects on an aromatic nucleophilic substitution reaction. It
also gives an evaluation of the degree of convergence for the values of a solvent property determined by individual
probes, in order to analyze the validity of the solvatochromic indicators for the characterization of mixed solvents.
Copyright  2000 John Wiley & Sons, Ltd.
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INTRODUCTION

We have recently explored the solvatochromism of a set
of solvatochromic indicators [2,6-diphenyl-4-(2,4,6-tri-
phenyl-1-pyridinio)phenolate (I ), N,N-diethyl-4-nitro-
aniline (II ), 4-nitroanisole (III ), 4-nitroaniline (IV ), 4-
nitrophenol (V) andb-carotene (VI )]1a–cin several binary
mixtures of the type with a polar aprotic hydrogen-bond
acceptor (PAHBA) solvent and a cosolvent with a
potential hydrogen-bond donor (HBD) ability. We have
particularly studied the behavior of binary mixtures of
ethyl acetate (EAc) with chloroform or dichloromethane
by the application of the preferential solvation models
(PSM) in terms of the response models described by
empirical solvatochromic parameters. These mixtures
were selected to apply the theoretical treatment to the
solvatochromism of solutes taking into account that they
present high synergetic effects for theET(30) polarity.
Moreover, we applied the PSM when the solutes were the
reagents and/or the intermediates of aromatic nucleophi-
lic substitution reactions (SNAr) carried out in EAc–
CHCl3 mixtures in order to compare two different
solvent-dependent processes relating the solvatochromic
response with the kinetic response.1d

It was now of interest to extend the application of the
PSM to interpret the response models of the solutes
referred to above to other reported binary mixtures in
order to understand better the solvation effects of this
particular type of mixture. Moreover, with the purpose of
comparison and in order to analyze the influence of the
acidity of the cosolvent, we explored the solvatochromic
behavior of the cited chemical probes in binary mixtures
of EAc and a strong HBD cosolvent (a protic cosolvent).
The theoretical treatment was also applied to the kinetic
results for anSNAr reaction carried out in EAc–MeOH
mixtures.

The PAHBA solvents considered in this work are EAc
and dimethyl sulfoxide (DMSO) and the cosolvents with
potential HBD ability are chloroform (CHCl3) and
dichloromethane (CHCl3 being the strongest). Acetoni-
trile (AcN) shares both characteristics: it exhibits HBA
ability and it also exhibits a potential ability to donate a
hydrogen atom. The protic solvent methanol (MeOH)
was taken as the cosolvent with strong hydrogen-bond
donor properties. The solvatochromic parameters of these
pure solvents are given in Table 1.

This work was aimed at (i) applying several equations
(PSM which relate the transition energy of a solvato-
chromic indicator to the composition of binary solvent
mixtures) to the description of the experimental solvato-
chromic data as a function of solvent composition
evaluating the calculated parameters of solvation that
assist in the interpretation of the solvent effects; (ii)
comparing the solvatochromic response models for the
same probes in different binary solvent systems and for
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Table 1. Solvatochromic parameters of six pure solvents: polarity ET(30), dipolarity/polarizability p*, hydrogen-bond basicity b,
hydrogen-bond acidity a and polarity p*2

Parameter EAc AcN DMSO CHCl3 CH2Cl2 MeOH

ET(30) 38.1ab 45.6ab 45.1ab 39.1ab 40.7ab 55.4a

p* 0.55ab 0.75ab 1.00ab 0.58ab 0.82ab 0.60a

b 0.45ab 0.40a 0.76ab 0.10a 0.10a 0.66a

0.31b 0.00b 0.00b

a 0.00a 0.19a 0.00a 0.20ac 0.13ac 0.98a

p*2 1.010b 0.899b 1.199d 1.236b 1.155b 0.9050e

a Valuestakenfrom Ref. 2.
b Valuestakenfrom Ref. 3.
c Valuestakenfrom Ref. 4.
d This work.
e Valuecalculatedfrom Ref. 13.

Table 2. Polynomial dependence of the wavenumber of the absorption maxima �Ä of six solvatochromic solutes I±VI as a function
of the cosolvent mole fraction (XCoS), calculated according to the regression equation: �Ä = A� B(XCoS)� C(XCoS)

2�
D(XCoS)

3� E(XCoS)
4� F(XCoS)

5

Solvent Solute A B C D E F SD

EAc –CHCl3 I 13.5 6.50 ÿ12.3 6.06 0.119
II 25.7 ÿ1.78 3.40 ÿ2.45 0.040
III 32.8 2.25 ÿ10.3 15.6 ÿ7.98 0.026
IV 28.0 1.69 ÿ6.33 7.72 ÿ2.44 0.031
V 32.9 ÿ0.511 ÿ0.102 ÿ0.141 0.029
VI 22.0 ÿ0.213 ÿ0.306 0.067 0.028

EAc –CH2Cl2 I 13.4 3.79 ÿ5.16 2.34 0.043
II 25.8 ÿ0.920 1.17 ÿ1.00 0.028
III 32.8 0.310 ÿ1.05 0.25 0.023
IV 28.0 ÿ0.66 1.49 6.35 ÿ23.7 17.2 0.326
V 32.9 ÿ6.55 49.0 ÿ139 161 ÿ63.6 0.189
VI 22.0 ÿ0.132 ÿ0.081 ÿ0.161 0.016

AcN –CHCl3 I 16.1 0.504 ÿ3.28 0.412 0.082
II 25.0 ÿ1.99 10.22 ÿ25.3 27.2 ÿ10.2 0.022
III 32.4 0.371 ÿ5.25 14.6 ÿ16.5 6.76 0.013
IV 27.4 0.701 ÿ3.48 3.97 0.066
V 32.5 ÿ0.590 ÿ0.492 0.781 0.030
VI 22.1 ÿ1.07 1.13 ÿ0.564 0.027

AcN –CH2Cl2 I 16.1 ÿ1.25 0.673 ÿ1.18 0.025
II 25.0 0.520 ÿ3.56 5.75 ÿ2.69 0.009
III 32.4 0.011 ÿ1.66 2.79 ÿ1.24 0.013
IV 27.4 0.410 ÿ1.94 2.70 0.047
V 32.4 1.14 ÿ18.5 67.5 ÿ94.1 44.7 0.087
VI 22.1 ÿ0.451 5.83 0.042 0.029

DMSO –CHCl3 I 15.8 ÿ0.161 1.25 ÿ3.14 0.067
II 24.3 5.86 ÿ33.4 81.4 ÿ84.3 31.1 0.026
III 31.8 1.09 0.951 ÿ1.43 0.057
IV 25.7 6.33 ÿ31.0 75.4 ÿ80.1 32.3 0.147
V 31.5 ÿ1.17 5.53 1.24 ÿ13.9 ÿ9.38 0.143
VI 21.0 ÿ9.54 49.3 ÿ105 99.8 ÿ35.0 0.043

DMSO –CH2Cl2 I 15.8 0.481 ÿ2.10 0.201 0.035
II 24.3 0.662 ÿ0.401 0.412 0.014
III 31.8 0.123 0.502 ÿ0.101 0.030
IV 25.8 2.49 ÿ20.5 67.3 ÿ90.1 43.6 0.072
V 31.5 4.25 ÿ49.3 153 ÿ196 48.6 0.275
VI 21.9 ÿ5.93 20.9 ÿ26.8 11.49 0.088

EAc –AcN I 13.4 9.23 ÿ18.8 20.9 ÿ8.76 0.076
II 25.8 ÿ1.26 1.53 ÿ1.02 0.029
III 32.8 ÿ0.151 ÿ0.542 0.301 0.031
IV 28.0 ÿ1.78 2.47 ÿ1.22 0.031
V 32.9 ÿ1.67 2.83 ÿ1.62 0.045
VI a 22.0 0.011 ÿ0.091 0.130 0.005

a Experimentaldatadeterminedfor this work.
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thesamesolventmixtureswith differentsolutes,focusing
on the extentandnatureof solute–solventandsolvent–
solvent interactions;(iii) extendingthe analysisto the
kinetic responsefor the SNAr reactionof 1-fluoro-2,4-
dinitrobenzene(FDNB) andmorpholine(Mo) carriedout
in EAc–MeOH mixtures; and (iv) characterizingthe
propertiesof the binary solvent mixtures through the
convergencecriteria appliedto a set of solvatochromic
indicators.

RESULTS AND DISCUSSION

In orderto presentthereportedexperimentalresults1a–cin
a useful,abbreviatedway, we calculatedthepolynomial
dependenceof thespectroscopicdataof thesolutesin the
studiedmixturesasafunctionof thesolventcomposition.
Theexpressionsaredepictedin Table2.

Table 3 presentsthe measuredwavenumbersof the
UV–visible absorptionmaximumof indicatorsI–IV and
VI in mixtureswith cosolventMeOH (the indicator V
was excluded as consequenceof uncertainty in the
measurements).The Kamlet, Abboudand Taft solvato-
chromic parametersp*, a and b (widely used as
molecular–microscopicsolventdescriptors)werecalcu-
latedaccordingto theconversionexpressionsreportedby
Marcus2 andareadditionallyreported.

Preferential solvation of solutes: application of
preferential solvation models

As is known,in mixedsolventsthesolutescaninteractto
adifferentdegreewith thecomponentsof themixtureand
this difference in the interactions is reflected in the
compositionof the microsphereof solvation. Several
equations(basedon the solventexchangetheory5) that
relate the transition energy of the Dimroth–Reichardt

ET(30) indicatorto thesolventcompositionwerederived
and compared.6a,b In this connection,Eqns(1) and (2)
havebeenusedto relateasolvatochromic property(Y) of
eachsolvatochromicindicator with the solventcompo-
sition.6c

Y � Y1� a�x0
2�2 � c�1ÿ x0

2�x0
2

�1ÿ x0
2�2� f2=1�x0

2�2� f12=1�1ÿ x0
2�x0

2

�1�

Y � Y1� a�x0
2�

�1ÿ x0
2� � f2=1�x0

2�
�2�

where

a� f2=1�Y2ÿ Y1�; c� f12=1�Y12ÿ Y1�

The constantsof theseprocessesare definedby the
preferentialsolvationparameters(f2/1 andf12/1) thatrelate
the ratio of themole fractionsof solventsS1,S2 [which
in this paper is the cosolvent(CoS)] and S12 (which
representsa solventformedby the interactionsbetween
solventsS1 andS2) solvatingthe indicator (xs

1; xs
2, and

xs
12, respectively)to theratio of themolefractionsof the

two solvents in the bulk mixed solvent (x0
1 and x0

2,
respectively).The f2/1 and f12/1 constantsmeasurethe
tendencyof the indicator to be solvatedby S2 andS12,
respectively,with referenceto S1.It shouldbenotedthat
theone-stepsystems[Eqn.(2)] areparticularcasesof the
two-stepmodel[Eqn. (1)]. Ideal binarysystemsarealso
particular casesof one-stepmodels,and both can be
consistentlyexplained from the two-step solvent ex-
change model (the fit to the one-stepmodel, when
feasible,is usefulto avoid overparametrization).

Thewavenumberof maximumabsorptionof thecited
solvatochromicindicatorsin thePAHBA solvent–CHCl3
or CH2Cl2 mixtureswerefittedto Eqns(1) and(2) andthe
resultsobtainedarepresentedin Table4. In general,the

Table 3. Experimental wavenumbers (in kK) and solvatochromic parameters for nine EAc ±MeOH solvent mixtures, measured at
25°C

Cosolventmolar fraction

Property 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

~�(II ) 25.77 25.71 25.64 25.64 25.57 25.54 25.51 25.44 25.32
p*( II ) 0.55 0.57 0.59 0.59 0.61 0.62 0.63 0.65 0.69
~� (III ) 32.89 32.84 32.73 32.73 32.79 32.79 32.79 32.73 32.68
p*( III ) 0.53 0.55 0.59 0.59 0.57 0.57 0.57 0.59 0.61
p*(av.) 0.54 0.56 0.59 0.59 0.59 0.59 0.59 0.62 0.65
~� (IV ) 27.85 27.70 27.55 27.51 27.40 27.36 27.32 27.25 27.14
b (IV ) 0.54 0.58 0.61 0.62 0.64 0.64 0.64 0.64 0.64
a (II,IV ) 0.59 0.75 0.83 0.85 0.89 0.91 0.95 0.97 0.98
~� (I ) 16.46 17.39 17.90 18.02 18.30 18.48 18.73 18.90 19.14
ET

N 0.51 0.59 0.63 0.64 0.67 0.68 0.70 0.72 0.74
~�(VI ) 22.15 22.15 22.15 22.20 22.20 22.22 22.22 22.25 22.27
p*2 0.96 0.96 0.96 0.94 0.94 0.93 0.93 0.91 0.90
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datafor the analyzedsolutesin all mixturescanbe well
fitted to Eqn. (1) and the generaltwo-steppreferential
solvation model can be satisfactory applied. Never-
theless,in somecases,thesimplifiedone-stepmodelalso
gives good fits without a significant variation of the
standarddeviations.

From the analysisof the resultsfor the mixtureswith
cosolventCHCl3, somegeneraltrendscan be deduced.
When the PAHBA solvent is EAc or DMSO, (i) the
preferentialsolvationparameters,f12/1andf2/1, arehigher
than unity, indicating that the solutesare preferentially
solvatedby themixedsolvent(S12)andthecosolventin
preferenceto the PAHBA solvent(exceptVI with EAc
and III with DMSO); (ii) the observedtendencyis that

f12/1 valuesarehigherthan f2/1 values(exceptfor II and
VI in DMSO); then, the preferentialsolvationorder is
intersolventcomplex>CHCl3>EAc or DMSO;and(iii)
the f12/1 valuesfor mixtures with EAc are higher than
those with DMSO (except for VI ) showing that the
preferentialsolvationeffectsof theEAc–CHCl3 complex
with respectto EAc seemto be higherthanthoseof the
DMSO–CHCl3 complex with respect to DMSO. The
evaluation of the calculatedparameterssuggeststhat
these mixtures manifest similar solvation response
models.On the otherhand,the mixtureswith AcN also
show f12/1 values higher than f2/1, but these latter
parametersare, in general,lower than unity, indicating
that the solutesare preferentially solvatedby AcN in

Table 4. Preferential solvation parameters for the solvatochromic solutes I±VI in mixtures of EAc or AcN or DMSO with CHCl3 or
CH2Cl2, calculated from the data in Table 2 and Eqns (1) and (2)

PAHBA solvent Indicator Cos f2/1 f12/1 ssr

EAc I CHCl3 8.97 14.0 4.36� 10ÿ5

CH2Cl2 1.08 6.21 1.16� 10ÿ5

II CHCl3 12.4 49.7 0.0083
CH2Cl2 59.3 133 0.0042

III CHCl3 1.62 8.69 0.0085
CH2Cl2 12.7 28.5 0.002

IV CHCl3 1.04 9.64 0.0025
CH2Cl2 0.03 0.18 0.5

V CHCl3 17.0 27.1 0.058
CH2Cl2 0.16 0.19 0.230

VI CHCl3 0.91 1.33 0.0052
0.63a 0.0059

CH2Cl2 0.55 1.28 0.0014
0.37a 0.0018

AcN I CHCl3 5.8 12.4 2.2� 10ÿ4

CH2Cl2 0.0002 0.58 1.02� 10ÿ5

II CHCl3 0.69 3.5 5.9� 10ÿ3

CH2Cl2 0.46 0.00001 2.2� 10ÿ3

III CHCl3 0.14 1.2 1.7� 10ÿ3

CH2Cl2 54.9 1� 10ÿ4 9.7� 10ÿ3

IV CHCl3 0.0028 1� 10ÿ3 1.5� 10ÿ2

CH2Cl2 0.86 5.0 2� 10ÿ3

V CHCl3 0.35 1.3 6� 10ÿ3

CH2Cl2 0.0005 7.3 6� 10ÿ3

VI CHCl3 3.8 1.4 5� 10ÿ3

1.92a 6� 10ÿ3

CH2Cl2 1.59 1.2 55� 10ÿ3

1.13a 6� 10ÿ3

DMSO I CHCl3 2.4 10.8 10ÿ5

CH2Cl2 3.8 8.5 3� 10ÿ5

II CHCl3 1.5 1.2 2� 10ÿ2

CH2Cl2 1.1 2.8 10ÿ3

III CHCl3 0.088 1.2 10ÿ2

CH2Cl2 2.3 2.9 9� 10ÿ3

IV CHCl3 1.7 8.9 0.121
CH2Cl2 0.41 4.4 7� 10ÿ3

V CHCl3 2.2 4.3 0.11
CH2Cl2 0.14 11.2 0.31

VI CHCl3 20.9 5.2 4� 10ÿ4

1.45a 3� 10ÿ3

CH2Cl2 5.6 2.0 2� 10ÿ3

1.59a 3� 10ÿ3

a FromEqn.(2).
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preferenceto the solvationby CHCl3. The preferential
solvationorderfor thesemixturesis intersolventcomplex
>AcN >CHCl3.

From the analysisof the resultsfor the mixtureswith
cosolventCH2Cl2, the trend is that there is a marked
difference betweenthe preferentialsolvation response
modelsof EAc or DMSO–CH2Cl2 mixturesand AcN–
CH2Cl2 mixtures.In thefirst type of mixture thesolutes
tend to be preferentiallysolvatedby EAc–CH2Cl2 and
DMSO–CH2Cl2 complexeswith respect to the pure
solvents(f12/1> 1). In contrast,the solutestend to be
preferentially solvated by AcN with respect to the
intersolventcomplexesandCH2Cl2 (f12/1 andf2/1 values
are<1).

The different behaviorsobservedfor the mixturesof
bothcosolventswith EAc or DMSOwith respectto those
observedfor mixtureswith AcN canbemainly attributed
to thesolvent–solventinteractions(thataffectthesolute–
solvent interactions).It is known that the strongHBA
solventsEAc or DMSOcanform intersolventcomplexes
via hydrogen bonding with the polar and highly
polarizablepolychlorinatedHBD cosolvents.7 The mix-
turesof AcN with CHCl3 or CH2Cl2 show preferential
solvationresponsemodelsthatdiffer from thoseof EAc
or DMSO with both cosolvents.This different behavior
couldbeattributedto thepotentialHBD ability of AcN:
this solvent is able to competewith the cosolventto
donatea hydrogenatom.

At thispoint,in orderto understandbetterthenatureof
the molecular–microscopic propertiesof the explored
mixed solvents, it was of interest to analyze the
preferential solvation responsemodels of the cited
solutesin binary mixtures of the strong HBA solvent
EAc with AcN as HBD cosolvent.Equation(1) gives
good fits to the solvatochromicdata. The results are
presented in Table 5. According to the solvation
parametervalues,all solutes(exceptI ) arepreferentially
solvated by the intersolvent complex, whereas the
strongestpreferential solvation of I is performed by

AcN rather than by the complex: this behaviorcan be
explainedby taking into accountthat this solute is a
dipolar moleculewith a good hydrogen-bondacceptor
capability.Also, Table5 includestheresultsobtainedfor
EAc–MeOH mixtures. It is well known that the pure
components form intersolvent complexes or cross-
associatedspeciesby hydrogenbonding.According to
the solvationparametersvalues(f12/1 and f2/1> 1; f12/1

> f2/1), theorderof preferentialsolvationof thesolutesis
EAc–MeOH complexes>MeOH >EAc. Theseresults
are consistent with those obtained for EAc–CHCl3
mixtures.

Response models of the explored binary mixtures
from the chemical properties of the reference
solutes

In order to interpretthe solvatochromicresponseof the
samesolventmixturesto different chemicalprobes,the
plots of computed�̃ values[by meansof Eqn. (1)] asa
functionof thecompositionof themixturesarepresented
in Figs 1–4 for EAc or AcN–CHCl3 and EAc–AcN or
MeOH solventsystemsselectedasrepresentativeexam-

Table 5. Preferential solvation parameters for the solvato-
chromic solutes I±VI in mixtures of EAc with AcN or MeOH,
calculated from the data in Tables 2 and 3 and Eqn. (1)

Cosolvent Indicator f2/1 f12/1 ssr

AcN I 0.451 0.177 0.011
MeOH 5.60 15.1 0.018
AcN II 4.71 10.2 0.004
MeOH 1.88 8.13 0.022
AcN III 0.963 1.02 0.006
MeOH 1.21 9.10 0.002
AcN IV 4.45 7.02 0.006
MeOH 1.05 3.03 0.007
AcN V 10.1 18.78 0.007
AcNa VI 0.119 0.596 1.1� 10ÿ4

MeOHa 1.08 1.12 0.001

a Thedatacanbealsowell fitted to thesimplified Eqn.(2).

Figure 1. Computed wavenumbers [Eqn. (1)] of the
absorption maximum of the solvatochromic solutes I±VI in
EAc±CHCl3 mixtures versus mole fraction X of the cosolvent
CHCl3
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ples. By comparing the obtained responsemodels
(reflected by the shapeof the solvation curves), the
following patternsof behaviorareobserved.

(i) The positively solvatochromicindicators II and
III 8a,b are basically similar chemical probes, mainly
sensitiveto non-specificinteractionswith the solvent.
The plots show an S-shapedcurve for II and positive
deviations from linearity for III indicating the same
responsemodelsof EAc–CHCl3 or AcN mixtures for
each indicator. These results reveal that the solvent–
solventinteractionsaffect thesolute–solventinteractions
for soluteII differently to thatfor soluteIII . Ontheother
hand,theresponsemodelsobservedfrom bothindicators
(being highly sensitive to changes in the solvent
composition)in AcN–CHCl3 mixturesare of the same
type:theadditionof theHBD cosolventto AcN produces
a strong decreaseof �̃ values until a minimum, then
increasingto the value in pure CHCl3. This behavior
revealssimilarnon-specificsolute–solventinteractionsof
AcN–CHCl3 mixtureswith both solutes.Moreover,the
shapeof the curvesfor EAc–MeOHmixturesshowsthe
samegeneraltrend observedfor EAc–CHCl3 or AcN
mixtures,beingclearlydifferent from thoseobservedfor
AcN–CHCl3. Fromthepointof view of thesesolutes,the
results obtainedshow that the mixtures of the strong

Figure 2. Computed wavenumbers [Eqn. (1)] of the
absorption maximum of the solvatochromic solutes I±VI in
AcN±CHCl3 mixtures versus mole fraction X of the cosolvent
CHCl3

Figure 3. Computed wavenumbers [Eqn. (1)] of the
maximum of absorption of the solvatochromic solutes I±VI
in EAc±AcN mixtures versus mole fraction X of the cosolvent
AcN

Figure 4. Computed wavenumbers [Eqn. (1)] of the
maximum of absorption of the solvatochromic solutes I±IV
and VI in EAc±MeOH mixtures versus mole fraction X of the
cosolvent MeOH.
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HBA solventEAc with MeOHor with thepotentialHBD
solventsCHCl3 or AcN exhibit similarpropertiesthatare
clearly different from those corresponding to the
mixtures betweenAcN (acting as HBA solvent) and
CHCl3. This fact canbemainly attributedto thespecific
intersolventinteractionsby hydrogenbonding.

(ii) The positively solvatochromicindicators IV and
V8c,d are basically similar chemical probes that are
sensitiveto both non-specificand specific interactions
with the solvent (the different nature of N—H with
respectto O—H shouldbenoted).9 Theresponsemodels
of thecomparedmixtureswith respectto bothsolutesare
similar (exceptEAc–CHCl3 andindicatorV), exhibiting
negativedeviations from linearity. For mixtures with
CHCl3, thedeviationsarelargerfor CHCl3-rich mixtures
than for AcN-or EAc-rich mixtures. In contrast, the
deviationsarelargerfor EAc-rich mixturesin thecaseof
EAc–AcN.Theresultsobtainedshowthat(from thepoint
of view of thesesolutes)themixturesareconsideredto be
basicallysimilar, but clearly different from EAc–CHCl3
mixtures with respectto V (the tendencyto linearity
suggestsdissimilareffectsof solvation).

(iii) The negativelysolvatochromicbetainedye I10 is
particularlysensitiveto thedipolarityandHBD ability of
solvents.Themixedsolventresponsemodelsseemto be
basically similar, showing positive deviations from
linearity. However, high synergismis observed(max-
imumin thecurve)for EAc–CHCl3 mixturesin whichthe
pure componentshave similar propertyvalues.This is
relatedto thehydrogen-bondedcomplexespresentin the
solution and the chemical propertiesof the solute (a
dipolar molecule with a strong HBA capability). The
betaine dye can be preferentially solvated by the
intersolventcomplexes(morepolarthanthepuresolvent
components).

(iv) Theplotsobtainedfor indicatorVI 11 (a non-polar
soluteparticularlysensitiveto non-specificinteractions)
exhibit nearly linear curves predicting nearly ideal
behavior,exceptfor EAc–MeOHmixtures.Theseresults
canberelatedto thesolventdipole–soluteinduceddipole

interactionsand the dispersion forces, which do not
modify the composition of the solvation shell with
respectto the oneof the bulk solvent.In the caseof the
proticcosolvent,theplot showsaregionwith pronounced
changesin �̃ values(XMeOH� 0.10),continuedby azone
thatexhibitsa linearvariationwith theincreasein MeOH
concentration.In this casetheprotic cosolventmanifests
its propertiesalreadyin dilute solutions,modifying the
microscopicenvironmentof thesolute.

SNAr reactions in binary solvent mixtures.
Preferential solvation effects on kinetic results

In order to comparethe influence of the preferential
solvation on two different solvent-dependentprocesses
so as to understandbetter the solvationeffects,it is of
interest to relate the kinetic data of the SNAr reaction
between1-fluoro-2,4-dinitrobenzene (FDNB) and mor-
pholine (Mo) in EAc–MeOHmixtureswith the solvent
composition,by extendingthe applicationof the PSM
whenthesolutesarethereagentsand/orintermediatesof
the exploredreaction.This reactionwasselectedfor the
analysis taking into account that we have recently
reportedkinetic synergeticeffects(kA valueshigherthan
those in the pure individual solvents in some binary
mixtures and for certain amine concentrations)for the
cited reaction carried out in EAc–CHCl3 or CH2Cl2
mixtures.1d The results were related to a special
combinationof basecatalysisandspecificsolventeffects
(particularlyhydrogen-bondinteractions).

As is known, the two-step mechanism of SNAr
reactionsinvolving halonitrobenzeneswith primary and
secondaryaminesis well established:12,13eitherthefirst
step (formation of the intermediateZH) or the second
step(decompositionof ZH) canberate-determining,with
the possibility of base catalysis. Depending on the
identities of the amine and the nucleofuge,and the
propertiesof the solventin which the reactionis carried
out, thebreakdownof ZH canoccurspontaneouslyor by

Table 6. Second-order rate constants kA (1 molÿ1 sÿ1) for the SNAr reaction between FDNB (5� 10ÿ5
M) and Mo in binary

mixtures EAc±MeOH, measured at 25°C (including the data in the pure solvents)

MeOH mole [Mo]

fraction 0.002 0.004 0.008 0.010 0.016 0.020 0.040 0.080

0 0.110 0.201 0.331 0.392 0.473 0.630 1.33 2.52
0.1 0.210 0.353 0.576 0.581 0.740 0.751 1.03 1.41
0.2 0.522 0.598 0.699 0.735 0.806 0.821 1.01 1.33
0.3 0.627 0.680 0.766 0.788 0.850 0.864 0.997 1.18
0.4 0.718 0.741 0.814 0.830 0.880 0.915 1.00 1.09
0.5 0.766 0.768 0.834 0.851 0.886 0.919 0.978 1.03
0.6 0.755 0.758 0.806 0.820 0.848 0.878 0.893 0.970
0.7 0.718 0.734 0.766 0.792 0.811 0.845 0.893 0.956
0.8 0.672 0.682 0.705 0.723 0.727 0.809 0.778 0.750
0.9 0.613 0.639 0.670 0.672 0.676 0.686 0.702 0.712
1 0.544 0.554 0.550 0.580 0.591 0.590 0.621 0.623
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abase-catalyzedmechanism.In general,basecatalysisis
more often observedwith secondarythan with primary
amines,with poorleavinggroupsandin lesspolaraprotic
solvents.As it hasbeenreported,in theparticularcaseof
the reaction systems FDNB–Mo in EAc–CHCl2 or
CH2Cl2, each solvent part of the mixtures affects the
possibility of base catalysis in a different way. The
reactionis basecatalyzedin EAc, it is lessinfluencedby
catalysisin CH2Cl2 andit is uncatalyzedin CHCl3.

Table 6 presents the second-orderrate constants
determinedfor the FDNB–Mo reactionin EAc–MeOH
mixturesat 25°C. Figure 5 presentsthe plots of kA vs
XCoS(at eachamineconcentrationstudied)for thebinary
mixtures and the pure solvents.The reported results
clearly reflect two different kinetic responsemodels
dependingon the nucleophileconcentrationsand as a
functionof themixedsolventcomposition.At low amine
concentrations([Mo] � 0.020M) the kA valuesincrease
from pureEAc (in which the reactionis basecatalyzed)
with increasingmolar fractionsof the protic solvent(in
which no significantrateaccelerationoccurson increas-

ing the amountof amine) until a maximum, and then
decreaseto thecorrespondingvaluein thecosolvent.On
the other hand, at high amine concentrations([Mo]
�0.04M) the kA values decreasecontinuously with
increasein the amount of MeOH. Therefore,kinetic
synergisticbehavioris detectedverifying thesameeffect
observedpreviouslywhen the reactionis carriedout in
mixturesof EAc with CHCl3 or CH2Cl2. The observed
results could be related to the HBD characterof the
cosolventand the mixture composition.As is known, a
solventwith HBD abilities as part of a binary mixture
producesinhibition of the basecatalysisowing to its
capability to assistfluoride detachment:the decomposi-
tion of the intermediateZH is not rate limiting and its
formation is the slow step.It can be remarkedthat the
kinetic behaviorshowsthatthesensitivityof thereaction
rateto small amountsof the HBD solventis different at
low nucleophileconcentrationswith respectto higher
concentrations.This fact is related to the influenceof
basecatalysisin theexploredreaction.

The solvationparametersobtainedby the application
of thePSMto theexperimentalkinetic dataasa function
of thesolventcomposition(at eachamineconcentration)
arepresentedin Table7. Thefits obtainedaregood(SD
� 0.038)andEqn.(1) canbesuccessfullyapplied.At low
amine concentrations([Mo] � 0.004M), f2/1 valuesare
higherthanunity andhigherthanf12/1, indicatingthatthe
preferentialsolvationof thecritical stateof thereactionis
by MeOH, in preferenceto the intersolventcomplexes
and EAc. These results are in agreementwith the
preferentialsolvation order previously reportedfor the
samereaction in EAc–CHCl3 mixtures at low nucleo-
phile concentration.1d In contrast,at [Mo] � 0.008M, f12/

1 andf2/1 arehigherthanunity andf12/1> f2/1, indicating
in all cases that preferential solvation is by the
intersolventspecies.

The comparisonbetweenthe parametersof solvation
obtained for both solvent-dependent processes(the
solvatochromicandthekineticprocesses)in EAc–MeOH
mixturesrevealsagreementin the order of preferential
solvationonly at high amineconcentrations:theorderof
preferentialsolvationis intersolventcomplexes>MeOH
> EAc. On the otherhand,the preferentialsolvationof
thecritical stateof theexploredreactionat lower amine
concentrationsis by MeOH.

The resultsobtainedsuggestthat the exploredSNAr
reaction is highly sensitive to the influence of the
nucleophileconcentrationat low cosolventconcentra-
tions.

Validity of solvatochromic indicators for the
characterization of mixed solvents. Analysis of
the convergence for solvent property values
obtained from a set of comparable solutes

The empirical descriptorsof the propertiesof binary

Figure 5. Plots of kA vs XMeOH for the FDNB±Mo reaction,
measured in EAc±MeOH mixtures at different amine
concentrations

Table 7. Preferential solvation parameters for the FDNB±Mo
reaction in EAc±MeOH solvent mixtures, calculated from the
data in Table 6 and Eqn. (1)

[Mo] f2/1 f12/1 ssr

0.002 2.91 0.25 0.008
0.004 2.50 1.57 0.004
0.008 2.09 4.48 0.001
0.010 2.09 3.14 0.0001
0.016 3.13 6.96 0.002
0.020 3.13 6.96 0.002
0.040 1.50 4.87 0.004
0.080 50.7 67.5 0.011
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solventmixturesdeterminedfrom specificsolutesmay
not be generally valid for general solutes when the
preferential solvation phenomenonis operative. The
expressionsusedto convert the raw measureddata to
thequantitiesdescribingthechemicalcharacteristicsfor
neatsolventsarecustomarilyemployeddirectly alsofor
mixedsolvents.14 Here,in orderto testthevalidity of the
particularparametersobtainedfrom comparablesolutes,
the degree of convergenceof the property values
obtainedfrom II/III and IV/V , eachone consideredas
an individual solute, in the explored mixtures, is
analyzed.

For thepurecomponentsthat takepart in thePAHBA
solvent–CHCl3 or CH2Cl2 or AcN mixtures [and in
addition for dimethylformamide(DMF)],1b the correla-
tion between the dipolarity/polarizability parameter
values calculated from the wavenumberof the UV–
visible absorptionmaximumof II andIII is represented
by

���II � � 0:03477� 0:9843���III � �3�
r � 0:970; SD����II �� � 0:041; n� 6

The good linear correlationexhibited by the values
obtained from the two solutes can be interpretedas
measuringthe same dipolarity/polarizability for these
puresolvents.This result is closelyrelatedto the nature
andextentof solute–solventinteractionsdevelopedin the
immediatevicinity of the indicatorsin thepuresolvents.

In connectionwith this and in order to analyzethe
influenceof thepreferentialsolvationphenomenononthe
microscopicenvironmentof II and III , the fitted p*( II )
valuesandthosecalculatedfrom thefittedp*( III ) values
and Eqn. (3) are compared.The resulting differences
Dp*( II ) arepresentedin Table8 for all solventsystems
explored. In order to establishwhether the different
solutesproduceconvergentvaluesfor the property,the
degreeof convergenceis setas5% of the total rangeof
values encounteredfor the property in a large set of
diversesolvents:this valuewould be�0.025units,since
the total rangeof the propertyis 1.00unit. This valueis
comparableto theSD[p*( II )] of Eqn.(3). Comparingthe

reportedDp*( II ), failedagreementin thepropertyvalues
obtainedfrom II andIII is observedfor PAHBA–CHCl3
mixtures.On theotherhand,convergentvalues[Dp*( II )
�0.046units] are obtainedfrom both soluteswhen the
solventsystemsarePAHBA–CH2Cl2 andEAc–AcN. It
shouldbenotedthattheconvergenceis particularlygood
for mixtureswith AcN.

The following conclusionscan be drawn from the
examinationof theseresults:

(i) The convergenceobservedfor mixtures in which
CHCl3 doesnot takepartindicatesthattheinteractionsof
II andIII with thecomponentsof themixedsolventare
lessstrongthantheintersolventinteractions.Bothsolutes
havesimilar environmentsin the mixturesand provide
convergentvaluesfor the propertywith the expressions
employedfor theneatsolvents.EventhoughII andIII do
not measureexactly the same amount of dipolarity/
polarizability of the mixed solvent,they may providea
practicallyusefulapproximatemeasureof this property.

(ii) The behaviorobservedfor mixtures with CHCl3
reflectsthedifferent sensitivitiesof II andIII to solute–
solventinteractionswhich arenot only solutedependent
but also solventdependent.In thesecases,the interac-
tions of the soluteswith one componentof the mixed
solventinterferewith theintersolventinteractions.This is
reflectedin thecompositionof themicroscopicenviron-
mentsof the solutesandon the dipolarity/polarizability
of themixed solvent.

At this point, in orderto establishthe influenceof the
acidityof thecosolventontheconvergenceor divergence
of the valuesobtainedby II andIII , thedatafor MeOH
areincludedin thecorrelation:

���II � � 0:08794� 0:9270���III � �4�
r � 0:954; SD����II �� � 0:045; n� 7

The differencesbetweenthe fitted and the calculated
p*( II ) valuesareobtainedby thesametreatment,andare
also reportedin Table 8. The resultsshow that (i) the
generaltrendsin the degreeof convergenceobservedin
thecaseof themixtureswithout MeOH areverified,and

Table 8. Differences between the ®tted and the calculated p*(II) values for eight binary mixtures of solvents

PAHBA solvent Cosolvent jDp*( II )ja jDp*( II )jb
EAc CHCl3 0.078� jDp*( II )j � 0.097 0.063� jDp*( II )j � 0.075
AcN CHCl3 0.028� jDp*( II )j � 0.062 0.078� jDp*( II )j � 0.111
DMSO CHCl3 0.060� jDp*( II )j � 0.139 0.027� jDp*( II )j � 0.123
EAc CH2Cl2 0.004� jDp*( II )j � 0.028 0.0005� jDp*( II )j � 0.008
AcN CH2Cl2 4�10ÿ4 � jDp*( II )j � 0.027 0.009� jDp*( II )j � 0.028
DMSO CH2Cl2 0.011� jDp*( II )j � 0.046 0.017� jDp*( II )j � 0.043
EAc AcN 9�10ÿ5 � jDp*( II )j � 0.050 0.003� jDp*( II )j � 0.021
EAc MeOH 0.074� jDp*( II )j � 0.125

a Valuescalculatedfrom p*( III ) andEqn.(3).
b Valuescalculatedfrom p*( III ) andEqn.(4).
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(ii) a pronounceddivergence(0.074�jDp*( II )j �0.125
is detectedfor themixtureswith cosolventMeOH.These
resultssupporttheconjecturethat theHBD ability of the
cosolventaffects the degreeof convergencebecauseit
modifiesthepreferentialsolvationof thesolutes.

A similar treatmentis applied to the HBA basicity
parameters(exceptfor mixtureswith cosolventMeOH
becauseb(V) is not available). The linear correlation
betweenb(IV ) and b(V) (values calculatedfrom the
wavenumberof the UV–visible absorptionmaxima)for
the explored mixtures is poor. This correlation is
improvedif the datafor CHCl3 areremoved.The result
is givenby

��IV � � ÿ0:17166� 1:38189��V� �5�
r � 0:971; SD���IV �� � 0:086; n� 5

The Db(II/IV ) values calculated as the difference
betweenthe fitted b(II/IV ) valuesand thosecalculated
from the fitted b(III/V ) and Eqn. (5) are presentedin
Table 9. The resultsclearly indicate that there is good
convergencein theHBA basicityvaluesfor theexplored
solutesonly for EAc–AcN mixtures.On the otherhand,
the solute–solventinteractionsof the comparedsolutes
with one componentof the polychlorinatedmixtures
interferewith the self- or auto-solvent–solventinterac-
tions.

CONCLUSIONS

Theresultsobtainedallow usto concludethat,in general,
EAc or DMSO–CHCl3 or CH2Cl2 and EAc–AcN or
MeOH mixturesmanifestsimilar responsemodelsto the
solvatochromicprocessesexplored,but clearly different
from thoseexhibitedby AcN–CHCl3 mixtures.

Thedifferencesin thesolvatochromicresponsemodels
detectedcouldbeattributedto (i) thebehaviorof thefirst
cited mixtures is governedby the complex formation
through hydrogenbonding betweenthe PAHBA oxy-
genatedsolventsandtheHBD cosolvents,and(ii) when
AcN is takenasthePAHBA solvent,it alsoexhibitsHBD
ability which couldaffect thehydrogenbondassociation

betweenthe two componentsdeterminingthe properties
of themixtures.

Ontheotherhand,thedifferencesobservedamongthe
mixtureswith thePAHBA oxygenatedsolventscouldbe
relatedto the extentand the strengthof the hydrogen-
bonded complex formation that is expected to be
different in the mixtures with MeOH from thosewith
CHCl3 or CH2Cl2 taking into accountthat the hydrogen
atomin MeOHis moreacidicthanin theothercosolvents
andalsotheself-associationof thehydroxylic solvent.

The SNAr reaction analyzed reflects two different
kinetic responsemodelsdependingon the nucleophile
concentrationandasa function of the solventcomposi-
tion. It can be pointedout that high kinetic synergetic
effects are observedat those amine concentrationsat
which preferentialsolvationby MeOH is detected.

The analysis of the agreementof solvent property
valuesobtainedwith comparablesolutesrevealsthat the
degreeof convergencedecreaseswith increasein the
HBD capabilityof thecosolvents.Theseresultscouldbe
relatedto the specificsolute–solventinteractionswhich
interferewith thesolvent–solventinteractions.

EXPERIMENTAL

The solvatochromic indicators, the reagentsand the
solvents were prepared and/or purified as reported
previously.1b,c,eThe wavenumbersof maximumabsorp-
tion were obtainedas describedin previousstudies.1b,c

For thespectrophotometricmeasurements,indicatordye
solutionsof about2� 10ÿ4 M (soluteI ), 10ÿ4 M (solute
III ), 5� 10ÿ5 M (solutes II and IV ) and 5� 10ÿ6 M

(soluteVI ) were prepared.The kinetics of the reaction
werestudiedby theprocedurealreadydescribed.1d

Computation methods. The parametersof solvation
which minimize the squaredresidualsof the solvato-
chromicdata(wavenumberin kK) for thebinarysolvent
systemswere computedby non-linearregressionusing
theMATLAB 4.2 program(TheMathworksInc.).
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