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ABSTRACT

A linear solvation free energy relationship has been conducted to study the
effects of solvent and solute properties on the acidity constants of 4-
(2-pyridylazo) resorcinol (PAR) indifferent solvent mixtures. Dissociation
constant values of PAR were collected fromtheliteraturein 90-0.0 (wt. %) of
methanol, 70-0.0 (wt. %) of dioxane, 80-0.0(wt. %) of acetonitrile (AN) and
80-0.0 (wt. %) of dimethylformamide (DMF) mixed withwater at 298.5K. The
data set were gathered in a matrix submitted to multiple linear regression
analysisin order to obtain the number of factorswhich affectsthevariation
of the whole data sets. The SPSS software was used for the selection of the
variablesthat resulted in the best-fitted models. To model the solvatochromic
parameters multiple linear regression (MLR) was applied to identify the
important factors. The pKa values were correlated with just one of the
Kamlet and Taft solvatochromic parameters (*) of mixtures of methanal,
dioxane, acetonitrile and DMF with water. The proposed equation allows
prediction of pKavalues of PAR in any mixture of methanol -water, dioxane-
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water, acetonitrile-water and DM F-water.
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1.INTRODUCTION

Thesolvatochromic parametersareintended for use
inlinear solvation energy relationships (or, inthe case
of solute/sol uteinteractions, linear compl exation energy
rel aionships) of thegenerdized form
XYZ=XYZ,+S(n* +d8)+ao+bp+hd? @

Thisequation may be reduced to amore manage-
ableform by ajudicious choice of solventsand reac-
tants or indicators. One-, two- and three-parameter
correlationsinvolving different combinations of the
above parameters and varioustypes of phys cochemi-
cal properties are demonstrated. Where XY Z isthe
solvent dependent property studied of the solute,
(XY2Z),isthevaueof thisproperty for the same solute
inahypothetical solvent for whicha = =n* =g, =

0. Ther* scaleisanindex of solvent dipolarity/polar-
izability, which measurestheability of thesolvent to sta
bilizeachargeor adipoleby virtueof itsdie ectric ef-
fectl™4. The o scale of solvent HBD (hydrogen-bond
donor) acidity describesthe ability of the solvent to
donate aproton in asol vent-to-sol ute hydrogen bond
g157, The B scale of solvent HBA (hydrogen-bond-
acceptor) basicity providesameasure of the solvent’s
ability to accept aproton (donate an electronpair) ina
solute-to-solvent hydrogen bond*#4, The 3 scalehas
al so been used to eval uate hydrogen-bond-acceptor
strengths of solid HBA bases dissolvedin non-HBA

solvents**2. The d parameterin (Eq.1) isa ‘polariz-
ability correctionterm’ equal to 0.0 for nonchlorinated
diphatic solvents, 0.5for polychlorinated diphatics, and
1.0for aromatic solvents. Thed, *termin (Eq.1) isthe
Hildebrand solubility parameter™®!, ameasure of the sol


mailto:jahan.ghasemi@gmail.com

578

Investigation of a linear solvation free energy relationship

ACAIJ, 7(8) August 2008

Full Peaper ==

©\ OHD/OH
N—N

CHEME1

vent/solvent interactionsthat areinterruptedin creating
acavity for the solute (the cavity term), and isimpor-
tant when dealing with enthal pies or free energies of
solution. Thes, d, a, band h coefficientsin (Eq.1) mea
suretherelative susceptibilitiesof XY Z totheindicated
solvent property scaes. When the property correlated
doesnot involvesignificant changesin the cavity vol-
umes, asisthecaseof itsdifferent binary mixtureswith
the same solvents, theterm &2 dropsout of (Eq.1). An
gopropriateformof (Eq.1) to dissociation congtant value
wouldbe:

pKa=pKa,+srt* +aa+bp 2

Thiseguation canincludeadditiona termsand some
of itstermscan equal to zero, depending onthe series
of solutesto bedescribed¥. Severa attemptscanwere
madeto find thebest form of the Kamlet—Taft equation
to describe the variation of pKavalues™™. However,
methanol, dioxane, acetonitrileand DM F have wesker
solvatochromic characterigticsthan water™®. Thusthey
show weaker solvation power than water*,

Mixed solvents areinteresting, because two sol -
vents mixed together produceasolvent with quite dif-
ferent properties, both, physicaly (dielectric, density
and viscosity) and chemically (acid-base and donor-
acceptor properties). Asfar asthe acid-base proper-
tiesare concerned, an important featureisthat the na-
tureof thesolventiscrucid for thestrength of acidsand
bases. In particular, important isthe proton affinity, in
other words, the proton-donating and proton-accept-
ing propertiesof solvent, aswell asitspolarity. Inaddi-
tion, theionization degree of solute dependsonthedi-
electric constant of solvent. Mediaof high dielectric
constants are strongly ionizing, whereasthose of low
dielectric congtantsionizeto alesser extent™d. By mix-
ing solventsof different polarity in proper ratios, di-
el ectric constant of the medium can bevaried and, at
the same time, the strength of dissolved acids and
bases®. It should al so be emphasized that solvents
mixtures can be more convenient thanindividua sol-
ventsowing to enhanced sol ubility efficiency, increased
sharpnessof color change of indicatorsduring titration
and more manageable shape of acid-base titration

Hnalytical CHEMISTRY o

curves®,

PAR (SCHEME 1) inthefreeacidform (H,L) is
an orange-red to brown amorphouspowder. Itisdightly
solubleinwater (5mg/100ml) and a cohol, butismore
solubleinacidicor akdinesolution®. Theprotondis-
soci ation scheme can be represented asbel ow:

H,L* H,L HL™ L™ )
H,L*(pH<2.5) andH,L (pH 3-5.5) areyellow, HL (pH 6-12.5) is
orange and L%(pH >12.5) is red. The dissociation constants
are pK, = 3.1(0-OH), pKa, = 5.6 (p-OH) and pKa, = 11.9
(=N H*) [24,25]

Inthisstudy, aset of pKasof PAR indifferent per-
centages of water and four nonagueous solventswere
used to buildamodel. The MLR with SPSSvariable
selection method were used to model pKawith the
solvatochromic parameters.

2. Theory

Chemicd sysemsaretypicdly multivariate, i.e mul-
tiplemeasurementsaremades multaneoudy. Therefore,
most chemometricsmethodsfal under theclassof sta-
tistical techniquesknown asmultivariateanalysis. The
measurement and analys sof dependence between vari-
ablesisfundamenta to multivariate andysis%.

pK al pK a2 pK a3

2.1. Multiplelinear regression (MLR)

Insolvatochromic linear solvation freeenergy Re-
lationship (LSFER), solvatochromic parameters(x) are
correlated with one or moreresponsevariable (y). If it
isassumed that therd ationshipiswell represented by a
modédl that islinear intheregressor variables, asuitable
mode maybe
y=bg+bX; +byX, +.. 40X, 4

Inthisequation b, istheregression coefficient for
theintercept and the b, values are theregression coef-
ficientscomputed from thedata. Thealgebraic MLR
modd isdefinedin Eq. (4) andin matrix notation:

Y =Xb+b0 (5)

Itisconvenient towritetheaboveequationin ma
trix formulism:

Yl -Xll X12 ' Xln- bl
Y2 X21 X22 : X2n b2
B ©)
_Yn_ _an Xn2 Xnn__bn_

Au Tudian Yournal



ACAIJ, 7(8) August 2008

Jahan B.Ghasemi and Noushin Mandoumi

579

A nonzerointercept can beincluded inthe multi-
component case by augmenting the X matrix of equa-
tion (6) with acolumn of 1’sand theb matrix with a
row of b,. Thematrix equation becomes "

Yl Xll X12 "'Xln 1 bl
Y2 x21 X22 "'x2n 1 b2
B - @
. . . b,
_Yn _xnl xnz "'xnn 1__b0

When X isfull rank theleast squares solutionis:
b= (XT X)XTY where bisthe estimator for there
gression coefficientsin p . The coefficientswereob.
tained through multiplelinear regression (MLR),

3. Computer hardwareand software

All calculationswererunonapentium 1V persond
computer with windows X Poperating system. To ob-
tain theimportant factorswhich affect the variation of
the whole data sets we have used SPSS software
(SPSS ver. 11.5, SPSS Inc.) and other calculations
were performed in the MATLAB (version 7.0,
MathWorks, Inc.) environment.

4. Data set

Thedissociaion congtantsof PAR dataemployedin
this study were collected from the literature?2293031,
Thesedissociation congantsaresummarizedinTABLE
1. Values of the Kaml et-Taft solvatochromic param-
eter (o, B, m*) for pure solvent are summarized in
TABLE 21 and the solvatochromic parametersfor
mixtureswereca culated and listedin TABLE 3. SPSS
software, wasused for variables selectionwithMLR
regression method. Finally we obtained aone factor
which keepsmost interpretiveinformation for pKa

5.RESULTSAND DISCUSSION

Thedatashownin TABLE 1 clearlyillustratethe
important i nfluence of the nature of the solvent onthe
dissociation reactions. It has been shown that the sol-
vating ability!* (asexpressed by the Gutmann donicity
scale) and dielectric constant of the solvent play afun-
damental rolein dissociation reactions. Water isasol-
vent of high solvating ability (i.e. donor number DN =
33.0) and didlectric constant (= 78) which can disso-
ciatethe acid and stabilize the produced anion and hy-
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drogenion. Itisinteresting to notethat thereisactualy
alinear relationship between thepKaof threedissocia
tion steps (first step decreases and second and third
stepsincrease). It has been reasonably assumed that
preferentia solvation of thecharged particlesby water is
mainly respons blefor such amonaotonic dependence of
theacidity congtantsof PAR onthesolvent compaosition.
Itisclear that thedissociation of anuncharged acid
inasolvent requiresthe separation of two ions of op-
posite charges. The work required to separate these
chargesisinversely proportiona to thedie ectric con-
stant of the solvent. Theenergy required for dissocia

TABLE 2: Solvatochromic parameter sof puresolvents, metha-
nol, dioxane, acetonitrile, DM F and water

Solvent a B w*
Methanol 0.98 0.66 0.60
Doxane 0.00 0.37 0.49
Acetonitrile 0.19 0.40 0.66
DMF 0.00 0.69 0.88
Water 1.17 0.47 1.09

TABLE 1: Dissociation congtantsof PAR infour binary mix-
tures(methanol-water), (dioxane-water), (acetonitrile-water)
and (DM F-water)

Mixture pKal pKa2 pKa3
90%(m-+w)* 24 6.82 12.77
80% 25 6.69 12.68
70% 257 6.52 12.57
60% 2.65 6.35 12.45
50% 2.72 6.28 12.4
40% 2.8 6.11 12.37
30% 2.88 5.97 12.22
20% 29 5.86 12.21
10% 3.01 5.8 12.11
0.00% 3.07 55 12.04
70%(d+w)* 2.04 7.78 12.88
60% 221 7.13 12.18
50% 248 6.56 12.3
40% 25 6.08 12.19
30% 2.78 5.84 12.32
20% 2.82 5.61 12.24
10% 297 571 12.27
80%(at+w)* 2.33 7.52 14.6
70% 2.28 7.12 14.7
60% 243 6.94 145
50% 241 6.67 13.2
40% 242 6.48 13
30% 247 6.27 13
20% 2.78 5.94 13.1
10% 2.75 5.61 12.2
80%(f+w)* 2.29 7.11 12.9
70% 24 6.94 13.05
60% 2.61 6.81 13.01
50% 2.66 6.35 12.6
40% 27 6.38 12.62
30% 271 5.72 12.32
20% 2.79 5.78 12.39
10% 2.82 5.91 12.14

*m = methanol; d = dioxane; a = acetonitrile; f = DMF, w = water

—— a%a['yttaa[’ CHEMISTRY
A ndian W



580

Investigation of a linear solvation free energy relationship

ACAIJ, 7(8) August 2008

Full Peaper ==

TABLE 3: Solvatochromic parameter sof four binary mix-
tures(methanol-water), (dioxane-water), (acetonitrile-water)
and (DM F-water)

Mixture o B n*
90%(m-+w)* 0.999 0.641 0.649
80% 1.018 0.622 0.698
70% 1.037 0.603 0.747
60% 1.056 0.584 0.79%
50% 1.075 0.565 0.845
40% 1.094 0.546 0.8%4
30% 1113 0.527 0.943
20% 1132 0.508 0.992
10% 1.151 0.489 1.041
0.0% 117 0.47 1.09
70%(d+w)* 0.351 04 0.67
60% 0.468 0.41 0.73
50% 0.585 0.42 0.79
40% 0.702 0.43 0.85
30% 0.819 0.44 0.91
20% 0.936 0.45 0.97
10% 1.053 0.46 1.03
80%(atw)* 0.386 0.414 0.746
70% 0.484 0.421 0.789
60% 0.582 0.428 0.832
50% 0.68 0.435 0.875
40% 0.778 0.442 0.918
30% 0.876 0.449 0.961
20% 0.974 0.456 1.004
10% 1.072 0.463 1.047
80%(f+w)* 0.234 0.646 0.922
70% 0.351 0.624 0.943
60% 0.468 0.602 0.964
50% 0.585 0.58 0.985
40% 0.702 0.558 1.006
30% 0.819 0.536 1.027
20% 0.936 0.514 1.048
10% 1.053 0.492 1.069

*m = methanol; d = dioxane; a = acetonitrile; f = DMF, w = water
TABLE 4: Linear salvation ener gy relationshipsfor differ-
ent binary mixtures

Linear solvation energy Regression

Mixture relationships _ coefficient (R?)
M ethanol-water Pk, =1.46 + 1.49 n* 0.994
pK, = 8.63 - 2.81 * 0.989
PKs = 13.79-1.62 0.982
Dioxane-water pK, = 0.48+ 2.41 * 0.964
pK, = 10.82-5.16 * 0.903
PK = 13.25-1.07* 0.911
Acetonitrile-water pK; = 0.75+1.96 n* 0.914
pK, = 11.75-5.77 * 0.988
pKs = 20.70-7.98 * 0.985
DM F-water PK = -1.09+3.74 1+ 0.940
pK, = 16.03-9.70 * 0.914
DK = 18.67-6.077* 0.927

tionissupplied by solvation of theions, and also the
proton transfer from acid to the sol vent molecule sup-
pliesan additional energy. If thedie ectric permittivity
and the solvating ability of the solvent are decreased,
moreenergy will berequired to separatetheanionand

cation, and consequently the extent of dissociation of
theacidwill belowered. Therefore, thedecreaseinthe
pKaof thefirst step and the increase in those of the
second and third steps are dueto increasing themole
fraction of methanol, dioxane, acetonitrileand DMFin
thebinary mixed solvent.

Multiplelinear regresson (MLR) isoneof themost
used modeling method. The program used for MLR
analysiswaswrittenin SPSS. INnTABLE 4, Kamlet-
Taft equations obtained from the results provided by
application of MLR analysison thedatamatricesare
shown. Asemphasized by Abraham®, goodness of fit
Isnecessary, but not sufficient, the coefficients, which
mirror specific propertiesof thesolubilization environ-
ment of thesolute, must also conform to correct chemi-
ca principles. Thus, inthe present case, the magnitude
and signsof the coefficients should be compatiblewith
the processof transferring hydrogenionfrom acid mol-
eculetothebulk solvent. Thisstudy confirmsthe use-
fulness of microscopic parameters, such astt*, in ex-
planation of microscopic processes, asthe solvent prop-
ertiesin the cybotactic zone arethe oneswhich affect
directly the soluteswhen a process such asacid-base
equilibrium occurs. Thecorrect reproduction of thestud-
ied datamatricesusing n* and unity (see TABLE 4)
impliesthat thegenerd equation isreducedto only two
terms. Thesolvent polarity isidentified asthemain cause
of pKavauesvariation of datamatricesin methanol-
water, dioxane-water, acetonitrile-water and DMF-
water mixtures. The coefficientsof factor 7* inthere-
duced Kamlet-Taft equationssummarizedinTABLE 4
are positive for pKa, of PAR in all mixtures, which
meansthat anincreaseinthe polarity of themixed sol-
ventincreasesthepKavaues. Thusanincreaseinthe
polarity increases the solvation of the cationic acid
(H,A*— H*+H_A) and decreases dissociation. The
dissociation processin methanol-water, dioxane-wa
ter, acetonitrile-water and DM F-water isgoverned by
electrostatic interactions (sol vation effects). The coeffi-
cientsof factor * inthereduced Kamlet-Taft equations
summarized in TABLE 4 are negative for pKa, and
pKa, of PARin all mixtures, which meansthat anin-
creaseinthe polarity of the mixed solvent decreases
thepK vaues. Thusanincreaseinthepolarity increases
the solvation of theionsand therefore dissociation. In
the dissociation of neutral and anionic acids, charges
are created (H,A— H*+ HA") and (HA— H*+ A%)
and thedi ssociation processisdisturbed when the po
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larity of medium decreaseswith theincreasein co-sol-
vent (methanol, dioxane, acetonitrileor DMF) content.
Hencefor dissociation of PAR, eectrostaticinteraction
overwhelmsother effectsand thisfact isreflectedinthe
greater magnitudeof * coefficientsinthe Kamlet-Taft
equations.

6. CONCLUSION

MLR techniquewas applied to identify and quan-
tify those solvent parametersthat control the dissocia-
tion constantsof PAR indifferent mixtures. Severd at-
temptswere madeto find the best form of the Kaml et-
Taft equation to describethevariation of the pK values
of PAR infour binary mixtures. All possible combina
tionsof solvatochromic parameterswere checked. The
best fit was obtained when unity and ©* were used,
providingthegenerd equationsin TABLE 4. Thelinear
solvation energy rel ationshipsobtained, permit the pK
vauesof PARinany percentageintherange studied of
methanol-water, dioxane-water, acetonitrile-water and
DMF-water to beknown. The equationsobtained en-
ablethepK valuesof PAR studied in any binary mix-
turesthat cited above, to be obtained and thus permit
theinterpretation of their acid-base behaviour inthese
widely used hydro-organic mixtures.
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