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ABSTRACT: In an effort to model solute–solvent interactions, the C=O stretching frequencies of five 1-substituted 2-
pyrrolidinones and four other carbonyl-containing compounds were measured for 30 common solvents. These were
then correlated with four empirical parameter sets and one theoretical (computational) parameter set. While an
empirical parameter set gave the best correlation equations, the theoretical parameter equations are physically and
statistically significant. Solvent volume, polarizability and hydrogen bond donor acidity (capacity) terms are
significant in the correlation equations. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Substituted 2-pyrrolidinones have seen wide use in
medicinal chemistry, both as model compounds to study
interactions of larger compounds and as pharmaceuticals.
Cyclohexyl-2-pyrrolidinones have been used to study
hydrophobic interactions1 and as model compounds to
mimic protein interactions.2 Also, because their structure
is similar to that of naturally occurring skin humidifiers,
several derivatives have been used as auxiliary agents. In
addition, oxotremorine, a derivative of 2-pyrrolidinone,
has been successful in treating postencephalic Parkinson-
ism.3

Recent empirical studies have shown the effect of
solvents on the C=O stretching frequency of 2-pyrroli-
dinones and how substituents in the solute affect the
solute–solvent interaction.4 These results provided a
stimulus for infrared spectral studies of 1-substituted 2-
pyrrolidinones as cyclopeptide model compounds.5

Solvent effects play an important role in a wide variety
of biological, chemical and physical properties. Many
relationships in physical organic and medicinal chemistry
can be interpreted in terms of solute–solvent interactions.
Examples include partition coefficients, adsorption,
solvent-influenced spectral shifts, reaction kinetics and
toxicity. Several approaches have been used in attempt-
ing to characterize, correlate and predict how a solvent
influences a solute.

One empirical approach uses correlative methods in
what are called quantitative structure–activity (property)
relationships (QSAR, QSPR). An example is the linear
solvation energy relationship (LSER) concept developed
by Kamletet al.,6 which, in turn, is based on linear free
energy relationships (LFER). In a significant achieve-
ment for physical organic chemistry, Hammett7 helped
quantify LFER. A relatively recent (1988) and very
readable presentation of correlation methods was given
by Exner.8 The LSER approach finds an equation,
P = � ci pi, relating some empirical property,P, to a set
of parameters, {pi}, which have molecular structural
interpretations; statistics (often multilinear regression)
are used to find the coefficients, {ci}. In general terms, the
LSER model can be written as

Property=bulk/cavity + dipolarity/polarizability

�hydrogen bonding �1�
Kamlet and co-workers developed an empirical

molecular parameter set known as solvatochromic
parameters; this set is described below. Recently, these
have been modified to give a solvation parameter set for
solutes.9

In addition to the previously mentioned empirical
approach, several theoretical treatments of solute–solvent
interactions have been employed. Among the advantages
provided by theoretical methods are conservation of
laboratory space and chemicals, fewer safety and
environmental problems and simplicity in interpretation.
Three basic theoretical methods have been used to study
solute–solvent interactions.
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Thefirst andmostrigorousmethodinvolvesanexplicit
model such as free energy perturbation,10 where the
solute and solvent moleculesare treated individually.
This is very timeconsumingand,althoughemployedin a
few quantummechanicalstudies,it hasbeenusedmost
frequently in moleculardynamics.This gives the most
information including structuredeformities as well as
solute–solventand solvent–solventmolecular interac-
tions.The secondmethodinvolvesan implicit model in
which the solute is treatedexplicitly but the solvent is
representedby a continuum model such as in self-
consistentreactionfield theory11,12. This doesnot give
information about specific solute–soluteand solvent–
solvent interactions, but does provide solvation free
energies.It is rapidenoughto permit theuseof ab initio
andsemi-empiricalquantummechanicalmethods.

The third andmostempirical methodusesthe LSER
solvation concept with a set of molecular theoretical
parameters.A relatively large set of property data
(empirical)is requiredto generatemeaningfulcorrelation
equations.This method offers the advantagesof not
requiring detailed solvent system information or a
mathematical(potential energy)model. A major draw-
backis thattheinformationderivedis specificto thedata
set and only gives inferencesto solventbehavior.Still,
with complexsystemssuchasreceptorsites(which can
bemodeledasasolventsystem),whereit is unlikely that
first two theoreticalmethodscan be readily used,the
QSAR (LFER, LSER) methodscombinedwith theore-
tical descriptorscan give useful insightsinto important
binding features.12 Politzer and Murray13 have used
LFER type regressionsto correlatebulk propertieswith
theoreticallyderiveddescriptors.

Based on the previous discussion,this paper uses
correlation analysis with five parameter sets, one
theoreticaland four empirical, to examinethe effect of
30 commonsolvents(Table 4) on the C=O stretching
frequencyfor nine solutes.Thesesolutesinclude five
pyrrolidinones; four carbonyl-containing compounds
(Table 3) are included for comparisonpurposes.The
theoreticalparameterset,denotedthe theoreticallinear
solvationenergyrelationship(TLSER) parameterset,is
complementaryto andpatternedafter the LSER (solva-
tochromic)set.Its parametersareeasilycalculated,easy

to interpretandhavegiven goodcorrelationsfor a wide
numberof properties.14 Theseparameters,{ Vmc, pI, "B,
qÿ, "A, q�}, aresummarizedin Table1. A singlesolute–
multiple solvent model for the (infrared) carbonyl
stretchingfrequency,�(C=O), is shownin Eqn (2). The
parametersrefer to the solvent;�(C=O)0, is the intercept
and can be interpreted as the infrared stretching
frequencyof thecarbonylmoiety.

��C�O� � aVmc� b �I � c"B � dqÿ � e"Afq� � ��C�O�0
�2�

The coefficients { a,b,c,d,e,f} can be interpreted in
termsof thepropertiesof thesolute.Thecoefficienta can
be related to the energy required to form a solute
moleculesizedcavity in the solvent. In that case,it is
proportional to the solute molecular volume and the
solvent molecular volume can be replaced by the
Hildebrandsolubility parameter,�H

2. The coefficientb
canbe relatedto the solutepolarizability.Coefficientsc
andd canberelatedto thesoluteacidity;similarly,eandf
canherelatedto thesolutebasicity.Thedefinitionsof the
TLSER parametersarebasedon chemicalintuition. For
thecovalentbasicityandaciditycontributions,onemight
expect the highestoccupiedmolecularorbital and the
lowestunoccupiedmolecularorbital respectively,to be
involved.The linear transformationsweremadeto scale
the size and give numerical values that increasewith
basicityand/oracidity.Theelectrostaticcontributionsfor
basicityandacidity couldberelatedto themostnegative
atomic charge and most positive hydrogen charge,
respectively.

The computationalnatureof the TLSER parameters
permits the use of a multiple solute–singlesolvent
equationsimilar to Eqn.(1). However,this typeof study
is notreportedheresincetherewereonly ninesolutes.An
adequatesamplesize,N, shouldbeat least18(threetimes
the numberof parameters)for the TLSER set.Further-
more,soluteparameterswerenot readilyavailablefor all
of theempiricalparametersets.

Onaphilosophicalnote,theTLSERparametersshould
model solutes better than solvents. The molecular
calculations pertain to the gaseous state (isolated
molecules).An analogy exists betweenthe molecule

Table 1. TLSER Descriptorsa

Symbol Name Definition Units Range

Vmc Molecularvolume Molecularvolume 100Å3 0.3–3
pI Polarizability index Polarizability/Vmc None 0.07–0.16
"B ‘Covalent’ HB basicity 0.30ÿ 0.01(Elw ÿ Eh) heV 0.1–0.17
qÿ ‘Electrostatic’HB basicity Maximum j(ÿ) chargej on anatom acu 0–0.8
"A ‘covalent’ HB acidity 0.30ÿ 0.01(El ÿ Ehw) heV 0.14–0.2
q� ‘Electrostatic’HB acidity Maximum (�) chargeon anH atom acu 0–0.8

a heV= hectoelectronvolt;acu= atomic chargeunit ; HB = hydrogenbond; E1 = LUMO energy; Eh = HOMO energy; Ehw and Ehw refer to
El = 5.4428eV andEh =ÿ12.1911eV for water,respectively;j j = Absolutemagnitude.
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surroundedby a vacuum (isolated) and the molecule
surroundedby solventmolecules.The latter casecanbe
modeled by using the electrical permittivity for the
solvent(continuummodel)ascomparedwith thevacuum
permittivity usedin the isolatedcase.In fact, the LSER
parameters,modelsfor developingthe TLSER descrip-
tors,maydiffer considerablyfor solutesandsolvents.

The idea behind the TLSER parametersis to use
chemically meaningful,computationalmolecularpara-
metersin placeof empirical parameters.Consequently,
adopting a pragmatic viewpoint, the TLSER solvent
descriptorsarecalculatedin thesameway asfor solutes.
Solvent molecules are surroundedby other solvent
moleculesand,hence,arenot ‘isolated’ in thesensethat
solute moleculesare. However, there might be some
relationship(albeit a crudeapproximation)betweenthe
properties of solvent molecules surroundedby other
solventmoleculesandthepropertiesof isolated(vacuum)
solventmolecules.A possibleimprovementwould be to
usethesolventpermittivity (anempiricalquantity)in the
calculations(continuum)for solventmolecules.

In this context,it is importantto notethat theprocess
of correlatingtheempiricalquantities(which aresolute–
solvent interaction dependent)with theoretical para-
meterstendsto incorporatethe solute–solventinterac-
tionsin thetermcoefficients.In a senseit providessome
‘corrections’.Theadequacyof themodelwill showup in
the quality (statisticaland physicalsignificance)of the
correlation equations.It is important to recognizethe
theoretical limitations while noting that the final
justification for any (albeit naive) model is found in
whetheror not the modelworks.To quoteExner,8 ‘any
kind of regularity found in natureraisessomekind of
satisfaction’.

The empiricalparametersusedin the correlationsare
describedin Table2 andTable5 lists their valuesalong
with their references.Theseweregroupedinto four sets.
The Kamlet–Taft–Abraham15 (solvatochromic)set con-
sists of the Hildebrand solubility parameter,�H

2, the
dipolarity–polarizability, p*, the hydrogen bonding

Table 2. Solvent parameters used in correlation equations

Parameter Name

AN Acceptornumber (Gutmann)19

DN Donornumber(donicity) (Gutmann)
ETn Solvatochromicpolarity (normalized) (Reichardt)18

Y Polarity function (Koppel–Palm)16

P Polarizability (Koppel–palm)
MR Molar refraction (Koppel–palm)
�H

2 Hildebrand’ssolubility parameter15

B Basicity (Swain)17

E Acidity (Swain)
p* Dipolarity–polarizability (Kamlet–Taft–Abraham,LSER)15

b HBABa (Kamlet–Taft–Abraham,LSER)
a HBDAb (Kamlet–Taft–Abraham,LSER)
Vmc Molecularvolume (TLSER)c

pI Polarizability index (TLSER)
"B CovalentHBAB (TLSER)
qÿ ElectrostaticHBAB (TLSER)
"A CovalentHBDA (TLSER)
q� ElectrostaticHBDA (TLSER)

a Hydrogenbondacceptorbasicity.
b Hydrogenbonddonoracidity.
c Table1.

Table 3. List of solutes

Compound Name

PY 2-Pyrrolidinone
MP 1-Methyl-2-pyrrolidinone
IPP 1-Isopropyl-2-pyrrolidinone
CHP 1-Cyclohexyl-2-pyrrolidinone
HEP 1-(2-Hydroxyethyl)-2-pyrrolidinone
OBT 2-Oxobenzothiazole
OOBT 3-Octyl-2-oxobenzothiazole
DMA Dimethylacetamide
CH Cyclohexanone
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Table 4. C=O stretching frequencies (cmÿ1) of solutes in solvents

Solute

No. Solvent PY MP IPP CHP HEP OBT OOBT DMA CH

1 Cyclohexane 1731.2 1712.4 1704.8 1703.2 1706.0 1724.8 1699.2 1673.2 1724.0
1711.2a 1688.0c 1680.0a

2 Hexane 1734.0 1712.2 1704.0 1704.0 1705.6 1728.0 1699.6 1672.7 1723.6
1712.4a 1691.2c 1681.2a

3 Heptane 1732.0 1712.8 1705.2 1704.1 —e 1727.6 1700.0 1673.6 1724.4
1712.0a 1680.0a

4 Triethylamine 1712.0 1707.6 1700.8 1699.2 1700.8 1712.0 1698.0 1669.6 1721.6
(1684.0)c (1680.0)a

5 Tetrachloromethane 1699.6 1695.8 1691.2 1683.4 1690.4 1713.6 1690.0 1659.6 1715.0
1675.2a

6 1-Butoxybutane 1709.2 1707.2 1700.0 1698.8 1701.2 1716.0 1696.8 1668.4 1720.8
1685.0c 1679.2a

7 Toluene 1712.5 1699.2 1691.6 1688.4 1692.1 1714.4 1689.6 1661.2 1715.6
1700.4a 1676.0c 1676.0a

8 Benzene 1693.8 1692.8 1688.4 1687.6 1688.0 1713.2 1686.0 1658.6 1712.8
1675.2a

9 Ethoxyethane 1708.0 1703.6 1695.2 1695.6 1694.6 1715.6 1691.8 1662.8 1716.0
1679.0a

10 Chlorobenzene 1709.8 1692.4 1686.0 1681.6 1690.0 1711.2 1684.4 1654.0 1713.6
1699.2a 1672.0c 1674.4a

11 Tetrahydrofuran 1712.8 1699.2 1692.0 1688.4 1692.8 1711.2 1689.2 1660.8 1715.2
1677.0c (1680.0)a

12 Bis(2-Methoxyethyl)ether 1711.6 1695.6 1690.4 1686.4 1692.8 1710.8 1688.0 1659.2 1715.2
(1677.0)c (1680.0)a

13 d-Trichloromethane 1689.4 1674.5 1666.0 1664.0 1669.0 1708.8 1665.6 1635.5 1703.6
1685.0a

14 Dichloromethane 1690.0 1680.4 1671.0 1670.7 1670.4 1709.2 1674.0 1640.8 1704.2
1673.6a

15 Pyridine 1699.8 1687.2 1679.2 1677.0 1684.0 1703.2 1677.2 1646.2 1710.0
1683.0a

16 Nitrobenzene 1697.6 1683.4 1678.4 1677.7 1679.4 1708.0 1679.8 1643.2 1706.8
(1676.0)a

17 1,2-Dichloroethane 1699.2 1686.0 1677.2 1675.2 1677.1 1709.2 1680.0 1644.4 1707.6
1667.6c 1674.4a

18 Cyanobenzene 1695.2 1682.0 1676.4 1676.5 1680.8 1706.4 1679.2 1645.2 1705.6
(1687.2)a

19 Propanone 1693.8 1680.2 1676.8 1677.2 —d —d —d —d —d

20 1,4-Dioxane 1708.0 1691.0 1685.0 1682.0 1688.4 1708.4 1685.2 1653.2 1711.6
(1678.0)a

21 2-Methylpropan-2-ol 1676.0b (1663.5)b (1654.3)b (1652.5)b (1657.5)b 1702.0b 1667.2 1640.4 1706.8
(1688.0) 1682.0 1673.6 1670.8 1674.8 (1724.0)

22 Dimethyl sulfoxide 1687.0 1678.0 1672.4 1668.6 1674.8 1702.4 1673.2 1639.2 1702.6
1688.8a

23 Cyanomethane 1693.2 1684.6 1675.8 1674.6 1679.0 1706.0 1677.4 1635.8 1706.6
1692.0a

24 Nitromethane 1693.0 1680.2 1670.6 1673.4 1676.6 1702.4 1675.8 1639.0 1703.2
(1688.0)a

25 Propan-2-ol 1673.6b (1660.0)b (1648.0)b (1647.0)b (1656.0)b 1679.6b 1664.8 1638.4 1705.2
(1687.6) 1678.0 1671.2 1668.0 1673.6 (1707.0)

26 Butan-1-ol 1672.8b (1660.0)b (1649.2)b (1644.5)b (1652.0)b 1713.0 1662.8 1637.2 1704.8
(1687.0) 1676.8 1668.0 1667.2 1673.2 1678.4b

27 Ethanoicacid 1659.2b 1653.9b 1638.5b 1636.1b 1645.0b 1705.3 1641.5 1621.0 1695.1
1676.5a

28 Ethanol 1673.6b 1659.2b 1647.3b 1646.0b (1659.0)b 1676.4b 1662.4 1633.0 1703.6
(1687.0) (1675.0) 1666.0 1664.4 1672.5 (1708.0)

29 Methanol 1672.0b (1657.0)b 1646.0b 1640.8b (1654.0)b 1676.8b 1660.0 1635.0 1703.2
(1687.5) 1673.6 1665.2 1662.4 1671.2 (1711.6)

30 Deuteriumoxide 1645.0b 1641.8b 1629.2b 1621.8b 1641.0b —e 1644.2 1606.0 1691.0

a Cyclic dimers:’ H-bondingbetweentwo solutemolecules.
b H-bondingbetweensoluteC=O groupandsolventOH group;datain parenthesescorrespondsto the lessintensebands.
c Intramolecularhydrogenbondingin solute.
d Not measuredbecauseof strongsolventabsorption.
e Insoluble.
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acceptor basicity, b, and the hydrogen bond donor
acidity, a. Based on the Kamlet–Taft–Abraham set,
anotherempiricalsetwaschosento consistof thepolarity
function, Y, the polarizability function, P, and molar
refraction, MR, along with the Hildebrand solubility
parameteremployed by Koppel and Palm16 and the
acidity, E, and basicity, B, parameters of Swain
(Marcus).17 The normalized solvatochromic polarity,
ETn, of Reichardt18 wasusedby itself while theacceptor
number,AN, anddonornumber,DN, of Gutmann19 were
usedas a fourth set. Strictly, DN should apply to the
compound as a solute; it is measuredunder dilute
conditions.However, it has been applied (again, in a
pragmatic manner)under solvent conditions. Table 6
containstheTLSERvalues(calculatedin this study)for
thesolventsandsolutes.

Theprimarypurposeof this studywasto examinethe
use of theseparameterssets in modeling the solvent
mediatedC=O stretchingfrequencyshift for the five 1-
substituted 2-pyrrolidinones in Table 3. Four other
compoundswere included for comparisonpurposes:
two oxobenzothiazoles, dimethylacetamide and cyclo-
hexanone.A secondarygoalwasto comparetheTLSER

correlations with those from the better established
empiricalparametersets.

PROCEDURE

Experiment

Specificallyfor this study,frequenciesweredetermined
in the1750–1600cmÿ1 spectralregion(infrared)at room
temperatureusingPerkin-Elmer841 andZeissSpecord
M 80 spectrophotometers.Concentrationswere in the
range10ÿ1–10ÿ4 mol dmÿ3 andNaCl cells of 0.1, 0.5,
1.0 and 2.6mm were used.Alcoholic acetic acid and
aqueoussolutions were placed in 0.02mm pathlength
CaF2 cells. The maxima correspondingto �(C=O) were
measuredwithin �0.5cmÿ1 andarerecordedin Table4,
where the solventcompoundsare arrangedin order of
increasingvalue of Reichardt’sET parameter.For all
correlations,the following set of wavenumbersof the
C=O stretching vibration were selected:for alcohols
(solvents21,25,26,28,29)thelowerwavenumberbands
(indicatedin Table4 by indexb) werechosen;otherwise

Table 5. Non-TLSER solvent correlation parameters

No. Solvent AN DN ETn Y P MRd �H
2 B E p* b a

1 Cyclohexane — 0.0 0.006 0.254 0.256 27.2 0.67 0 0.000 0.00 0.00 0.00
2 Hexanea 0.0 0.0 0.009 0.235 0.236 34.5 0.55 0 0.06 ÿ0.08 0.00 0.00
3 Heptane 0.0 0.0 0.012 0.235 0.236 34.5 0.55 0 0.00 ÿ0.08 0.00 0.00
4 Triethylamine 1.4 61.0 0.043 0.321 0.243 33.8 0.78 650 0.00 0.14 0.71 0.00
5 Tetrachloromethane 8.6 0.0 0.052 0.292 0.274 26.4 0.74 00 0.00 0.28 0.00 0.00
6 Butoxybutane — 19.0 0.071 0.407 0.242 41.0 0.97 285 0.000 0.24 0.46 0.00
7 Toluene — 0.1 0.099 0.315 0.293 31.1 0.79 58 1.30 0.54 0.11 0.00
8 Benzene 8.2 0.1 0.111 0.300 0.295 26.3 0.85 48 2.10 0.59 0.10 0.00
9 Ethoxyethane 3.9 19.2 0.117 0.526 0.217 22.4 0.55 280 0.00 0.27 0.47 0.00

10 Chlorobenzene — 3.3 0.188 0.606 0.306 31.0 0.90 38 0.00 0.71 0.07 0.00
11 Tetrahydrofuran 8.0 20.0 0.207 0.681 0.247 20.0 0.83 287 0.00 0.58 0.55 0.00
12 Bis(2-ethoxyethyl)ether 10.2 20.0 0.231 0.667 0.231 24.0 1.82 238 0.00 0.53 0.41 0.00
13 d-Trichloromethaneb 23.1 4.0 0.256 0.559 0.252 21.3 0.87 14 3.28 0.58 0.00 0.44
14 Dichloromethane 20.4 1.0 0.269 0.729 0.256 16.4 0.98 23 2.70 0.82 0.00 0.185
15 Pyridine 14.2 33.1 0.302 0.790 0.299 24.2 1.15 472 0.00 0.87 0.64 0.00
16 Nitrobenzene 14.8 4.4 0.324 0.918 0.322 32.8 1.00 67 0.00 1.01 0.39 0.00
17 1,2-Dichloroethane 16.7 0.0 0.327 0.757 0.266 21.0 0.96 40 3.00 0.81 0.00 0.00
18 Cyanobenzene 15.5 11.9 0.333 0.890 0.308 31.4 0.71 155 0.00 0.90 0.41 0.00
19 Propanone 12.5 17.0 0.355 0.868 0.220 16.2 0.98 224 2.10 0.71 0.48 0.80
20 1,4-Dioxane 10.8 14.8 0.383 0.287 0.254 21.6 1.00 237 4.20 0.55 0.37 0.00
21 2-Methylpropan-2-ol 27.1 38.0 0.389 0.767 0.234 22.0 1.10 247 5.20 0.41 1.01 0.68
22 Dimethyl sulfoxide 19.3 29.8 0.444 0.941 0.283 20.1 1.44 362 3.20 1.00 0.76 0.00
23 Cyanomethane 19.3 14.1 0.460 0.924 0.211 11.1 1.42 160 5.20 0.75 0.31 0.19
24 Nitromethane 20.5 2.7 0.481 0.926 0.233 12.5 1.61 65 5.10 0.85 0.134 0.22
25 Propan-2-ol 33.5 36.0 0.546 0.852 0.230 17.7 1.32 236 8.70 0.48 0.95 0.76
26 Butan-1-ol 36.8 29.0 0.586 0.842 0.242 22.1 1.30 231 10.30 0.47 0.88 0.79
27 Ethanoicacid 52.9 20.0 0.648 0.631 0.227 13.0 1.02 139 14.60 0.64 0.495 1.12
28 Ethanol 37.1 32.0 0.654 0.886 0.221 12.9 1.69 235 11.60 0.54 0.77 0.83
29 Methanol 41.3 30.0 0.762 0.913 0.203 8.2 2.10 218 14.90 0.60 0.62 0.93
30 Deuteriumoxidec 54.8 33.0 0.991 0.963 0.206 3.7 5.48 156 21.80 1.09 0.18 1.17

a Exceptfor AN andDN, parametersarefor heptane.
b Parametersfor trichloromethane.
c Parametersfor water.
d Scaledby a factor of 0.01.
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the first wavenumbervalues were chosen.Any other
combinationof dataappearedto belesssignificantin the
correlationanalysis.

The origins of the 1-substitutedpyrrolidinones(PY,
MP, IPP,CHPandHEP,Table3) andrelatedcompounds
(OBT, OOBT, DMA and CH, Table 3) have been
describedpreviously.20 The solventsusedwerespectro-
scopicallyor analyticallypure(purchasedfrom Uvasol-
Merck,JanssenChimicaor Aldrich). Someof themwere
driedandfreshlydistilled prior to use.

Computation

TLSERparameterswereobtainedasfollows. Z-matrices
(molecular models) were constructedwith the aid of
PCMODEL (SerenaSoftware,Bloomington, IN, USA)
and MMADS.21 Molecular geometrieswere optimized

with the MNDO algorithm in MOPAC.22 The volume
was calculatedwith an algorithm proposedby Hopfin-
ger.23

Equationcoefficientsand statisticalparameterswere
obtainedby multilinear correlationanalysisusing MY-
STAT (SYSTAT,Evanston,IL, USA). Only termsat the
0.95 significance level or higher were retained. The
samplesize,N, waschosento beaslargeaspossiblewith
the restraintthat N be at leastthreetimesthe numberof
TLSER parameters(18 here).The quality of the linear
equations is indicated by the standarderror of the
estimate(SD, the smaller the better), Fisher index of
reliability (F, the larger the better) and correlation
coefficient(R, variance= R2, the closerto 1 the better).
Outliers,compoundswith Student(ized)residualsgreater
than3.0,wereretained.TheVIF parameter,ameasureof
parameterorthogonality, is defined by VIF = 1/(1-R2),
whereR is the correlationcoefficientfor that particular

Table 6. TLSER solvent and solute parameters

No. Compound Vmc pI "B qÿ "A q� �H
2

1 Cyclohexane 1.0643 0.1055 0.1278 0.0101 0.1461 0.0051 0.67
2 Hexane 1.1988 0.0993 0.1248 0.0218 0.1450 0.0045 0.55
3 Heptane 1.3652 0.1010 0.1254 0.0217 0.1455 0.0045 0.55
4 Tetrachloromethane 0.9058 0.1172 0.1128 0.0703 0.1911 0.0000 0.74
5 Triethylamine 1.3301 0.1009 0.1507 0.4324 0.1520 0.0055 0.78
6 Butoxybutane 1.6382 0.1014 0.1361 0.3452 0.1478 0.0177 0.97
7 Toluene 1.0192 0.1207 0.1524 0.1007 0.1756 0.0598 0.79
8 Benzene 0.8457 0.1205 0.1513 0.0593 0.1744 0.0593 0.85
9 Ethoxyethane 0.9046 0.0995 0.1361 0.3423 0.1455 0.0071 0.55

10 Chlorobenzene 0.9951 0.1241 0.1490 0.1118 0.1794 0.0777 0.90
11 Tetrahydrofuran 0.7895 0.1020 0.1374 0.3277 0.1471 0.0209 0.83
12 Bis(2-Methoxyethyl)ether 1.4066 0.1034 0.1355 0.3579 0.1502 0.1280 1.82
13 d-Trichloromethane 0.7540 0.1114 0.1160 0.1122 0.1849 0.0876 0.87
14 Dichloromethane 0.6046 0.1036 0.1203 0.1602 0.1773 0.0555 0.98
15 Pyridine 0.7936 0.1200 0.1483 0.2299 0.1780 0.0835 1.15
16 Nitrobenzene 1.0079 0.1316 0.1421 0.3288 0.1860 0.0851 1.00
17 1,2-Dichlorobenzene 0.7858 0.1046 0.1210 0.1967 0.1789 0.0489 0.96
18 Cyanobenzene 0.9969 0.1276 0.1471 0.0867 0.1833 0.0696 0.71
19 Propanone 0.6401 0.0980 0.1376 0.2847 0.1715 0.0234 0.98
20 1,4-Dioxane 0.8547 0.1050 0.1387 0.3230 0.1478 0.0327 1.00
21 2-Methylpropan-2-ol 0.8943 0.0975 0.1338 0.3180 0.1442 0.1764 1.10
22 Dimethyl sulfoxide 0.7219 0.1045 0.1471 0.7204 0.1734 0.0500 1.44
23 Cyanomethane 0.4529 0.0937 0.1173 0.1146 0.1622 0.0209 1.42
24 Nitromethane 0.4740 0.1092 0.1298 0.3348 0.1818 0.0498 1.61
25 Propan-2-ol 0.7144 0.0962 0.1331 0.3200 0.1450 0.1781 1.32
26 Butan-1-ol 0.9082 0.0969 0.1322 0.3249 0.1449 0.1804 1.30
27 Ethanoicacid 0.5249 0.0956 0.1294 0.3651 0.1696 0.2161 1.02
28 Ethanol 0.5435 0.0924 0.1322 0.3234 0.1429 0.1799 1.69
29 Methanol 0.3647 0.0860 0.1310 0.3291 0.1402 0.1803 2.10
30 Deuteriumoxide 0.1782 0.0630 0.1233 0.3256 0.1237 0.1628 5.48

PY 0.8284 0.1092 0.1427 0.4451 0.1649 0.0398 n/aa

MP 1.0081 0.1098 0.1455 0.4676 0.1653 0.0402 n/a
IPP 1.3766 0.1074 0.1460 0.4542 0.1650 0.0399 n/a
CHP 1.7930 0.1105 0.1464 0.4511 0.1652 0.0402 n/a
HEP 1.2546 0.1085 0.1455 0.4624 0.1662 0.0411 n/a
OBT 1.2030 0.1307 0.1552 0.3608 0.1815 0.2168 n/a
OOBT 2.6333 0.1183 0.1560 0.3792 0.1809 0.0718 n/a
DMA 0.9631 0.1027 0.1452 0.4670 0.1662 0.0281 n/a
CH 1.0632 0.1065 0.1398 0.2831 0.1710 0.0335 n/a

a n/a,Not applicable.
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parameter in terms of the others.24 The closer the
parameterVIF is to 1, the lesscrosscorrelationthereis
with the other parameters. Values in the range
1< VIF< 10areconsideredacceptable;parameterswith
VIF valuesaround5 or lesswereretainedin this study.
WhentheVIF wastoolarge,variableswereeliminatedto
improve the crosscorrelationproblem.In keepingwith
physical sciencepractice, a correlation equation was
consideredto be acceptableif the product correlation
coefficient,R, indicatedthat the equationaccountedfor
morethan80%of thevariance(R2� 0.80).

RESULTS

Table 4 lists the solvents along with the measured
carbonyl stretching frequenciesfor the solutes. The
correlationequationsaregiven in Tables7–14while the
TLSERsolventandsoluteparametersaregivenin Table
6. As mentionedin the Proceduresection,thesetables
include statistical parameters(N, SD, F, R) for the

equationsasawholeandfor theindividual terms(VIF, t-
stat).Tables12–14showtheeffectof eliminatingTLSER
variableswith largerVIF parameters.

DISCUSSION

Examination of Tables 7–14 reveals some general
features.Thereis considerablesimilarity amongthefive
parametersets.For example,eachparameterset gives
statisticallysignificantequations(R2� 0.80)for eightof
the nine solutes,OBT beingthe exceptionin eachcase.
Furthermore,CH providedthelowestquality (otherthan
OBT) correlationequationsfor four of theparametersets;
theLSERsetis the exception.Anothersimilarity is that
not all parameters in multiple descriptor sets are
statisticallysignificant.

From a physicalstandpoint,the correlationequations
suggest that the primary solute–solventinteractions
involve capacities for solvent hydrogen bond donor

Table 7. Guttman parameter (AN, DN) correlation equations

��C�O� � ��C�O�0 � a AN� b DN

Parameter PY MP IPP CHP HEP OBT OOBT DMA CH

N 26 26 26 26 24 24 25 25 25
SD 6.9 5.0 4.1 3.9 4.3 9.4 3.1 6.3 3.7
F 191 329 625 733 384 20.8 583 133 89.4
R 0.942 0.965 0.981 0.984 0.973 0.697 0.981 0.923 0.892
�(C=O)0 1718.0 1705.2 1700.0 1699.0 1699.3 1718.2 1696.2 1665.2 1717.9

761 1000 1300 1300 1100 528 1700 800 1400
a ÿ1.266 ÿ1.201 ÿ1.352 ÿ1.409 ÿ1.153 ÿ0.649 ÿ0.988 ÿ0.961 ÿ0.468
VIF 1.00 1.00 1.00 1.00 1.0 1.00 1.00 1.00 1.00
t-stat 13.8 18.1 25.0 27.1 19.6 4.56 24.1 11.5 9.46
b n/sa n/s n/s n/s n/s n/s n/s n/s n/s
Outliers:b Table4 No. None 27 27 27 None 27 13 None None

a n/s,Not significantat the0.95level.
b Retained.

Table 8. Reichardt parameter (ETn) correlation equations

��C�O� � ��C�O�0 � a ETn

Parameter PY MP IPP CHP HEP OBT OOBT DMA CH

N 30 30 30 30 28 28 29 29 29
SD 9.5 6.9 7.5 7.9 8.0 7.4 6.5 6.4 3.8
F 110 193 198 193 117 51.3 133 155 106
R 0.893 0.934 0.936 0.934 0.905 0.815 0.912 0.923 0.893
�(C=O)0 1720.4 1708.0 1702.2 1700.8 1701.0 1721.7 1697.0 1668.0 1719.6

597 808 744 710 662 715 852 850 1500
a ÿ75.42 ÿ73.09 ÿ80.24 ÿ82.76 ÿ67.77 ÿ47.24 ÿ56.89 ÿ60.60 ÿ30.01
VIF 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
t-stat 10.5 13.9 14.1 13.9 10.8 7.17 11.5 12.5 10.3
Outliers:a Table4 No. None None None None None None 27 13 None

a Retained.
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acidity and, hence, solute hydrogen bond acceptor
basicity.This is suggestedby the acidity parameters(E,
a, "A and q�) being the most significant (having the
greatestt-statvalues)in their correspondingequations;it

also providesanotherexampleof the similarity among
the parametersets.Increasingacidity is associatedwith
decreasingfrequency;this is consistentwith decreasing
the C to O bond strength as modeled by the force

Table 9. Fundamental (Y, P, B, E, �H
2, MR) correlation equations

��C�O� � ��C�O�0 � a Y� b P� c B� d E� e �H
2 � f MR

Parameter PY MP IPP CHP HEP OBT OOBT DMA CH

N 30 30 30 30 28 28 29 29 29
SD 8.9 5.8 5.7 6.2 6.5 7.7 5.3 5.3 3.6
F 64.0 72.6 90.7 81.8 64.3 23.8 53.5 59.8 41.7
R 0.909 0.960 0.967 0.964 0.943 0.810 0.948 0.953 0.913
�(C=O)0 1724.4 1738.2 1727.37 1731.1 1701.7 1726.1 1722.9 1694.1 1732.6

382 165 166 153 470 442 172 159 244
a ÿ28.35 ÿ30.73 ÿ30.77 ÿ27.42 ÿ28.61 ÿ22.09 ÿ19.74 ÿ21.81 n/s
VIF 1.30 1.39 1.39 1.39 1.37 1.26 1.47 1.90
t-stat 3.89 6.27 6.35 5.22 4.95 3.43 4.21 4.10
b n/sa ÿ106.8 ÿ93.88 ÿ117.3 n/s n/s ÿ101.2 ÿ144.5 ÿ127.8

1.45 1.45 1.45 1.55 1.53 1.54
2.68 2.38 2.75 2.63 3.52 4.92

c n/s n/s n/s n/s n/s n/s n/s n/s n/s
d ÿ2.534 ÿ3.190 ÿ3.681 ÿ3.823 ÿ2.967 ÿ1.362 ÿ2.797 ÿ1.714 ÿ0.851

1.30 3.05 3.05 3.05 2.44 1.20 3.19 2.81 2.77
7.45 9.42 11.0 10.5 8.65 3.76 8.78 5.73 4.23

e n/s 4.572 5.816 4.528 6.287 n/s 4.286 n/s n/s
2.49 2.49 2.49 2.44 2.49
2.40 3.10 2.22 2.95 2.45

f n/s n/s n/s n/s n/s n/s n/s 0.510 0.527
3.65 2.71
2.34 4.50

Outliers:b Table4 No. None None 21 None None 26 13 13 None

a n/s,Not significantat the0.95level.
b Retained.

Table 10. LSER parameter (p*, b, a, �H
2) correlation equations

��C�O� � ��C�O�0 � a �� � b � � c �� d �H
2

Parameter PY MP IPP CHP HEP OBT OOBT DMA CH

N 30 30 30 30 28 28 29 29 29
SD 7.7 5.6 6.5 7.2 3.8 7.6 2.5 3.6 2.0
F 90.9 155 137 117 205 24.3 343 271 230
R 0.933 0.959 0.954 0.947 0.981 0.812 0.988 0.977 0.973
�(C=0)0 1722.5 1708.9 1701.6 1700.0 1700.7 1729.4 1697.5 1672.8 1723.0

581 791 679 611 1000 397 1700 1200 2200
a ÿ28.46 ÿ25.50 ÿ24.59 ÿ24.96 ÿ26.59 n/s ÿ23.88 ÿ31.19 ÿ17.69
VIF 1.05 1.05 1.05 1.05 1.29 1.30 1.04 1.04
t-stat 6.05 7.44 6.18 5.65 9.50 13.8 14.1 14.4
b n/sa n/s n/s n/s n/s n/s n/s n/s n/s
c ÿ38.50 ÿ37.52 ÿ42.50 ÿ43.70 ÿ43.99 ÿ12.94 ÿ35.14 ÿ27.46 ÿ12.56

1.05 1.05 1.05 1.05 1.58 1.35 1.59 1.04 1.04
10.5 14.0 13.7 12.7 19.0 2.71 22.8 15.4 12.7

d n/s n/s n/s n/s 3.741 ÿ17.76 2.715 n/s n/s
1.94 1.35 1.96
3.37 4.14 3.68

Outliers:b Table4 No. 19 19 19 19 None None None None None

a n/sNot significantat the 0.95level.
b Retained.

 1998JohnWiley & Sons,Ltd. JOURNAL OF PHYSICAL ORGANIC CHEMISTRY, VOL. 11, 261–272(1998)

268 J. B. F. N. ENGBERTSET AL.



Table 11. TLSER parameter (Vmc, pI, "B, qÿ "A, q �) correlation equations

��C�O� � ��C�O�0 � a Vmc� b �I � c "B � dqÿ � e "A � fq�

Parameter PY MP IPP CHP HEP OBT OOBT DMA CH

N 30 30 30 30 28 29 29 29 29
SD 8.2 5.2 4.8 5.2 5.1 8.1 3.8 5.9 2.8
F 39.6 91.2 132 119 83.2 20.3 114 48.7 45.4
R 0.929 0.967 0.977 0.975 0.967 0.787 0.975 0.944 0.953
�(C=O)0 1698.8 1684.6 1669.4 1665.4 1681.5 1699.2 1685.3 1653.5 1722.7

102 159 171 157 161 276 221 139 293
a 16.82 19.65 20.45 20.01 15.92 17.57 13.71 20.16 11.57
VIF 2.26 2.26 2.26 2.26 2.14 1.20 2.23 2.23 2.25
t-stat 2.37 4.36 4.94 4.45 3.54 3.15 4.24 4.00 4.77
b 682.1 392.0 480.5 522.6 500.5 n/s 466.1 532.2 187.0

4.83 4.83 4.83 4.83 5.16 5.12 5.12 5.30
2.76 2.50 3.33 3.34 3.16 4.00 2.93 2.11

c n/sa n/s n/s n/s n/s n/s n/s n/s n/s
d n/s n/s n/s n/s n/s n/s n/s n/s ÿ9.37

1.19
2.56

e ÿ456.6 ÿ267.3 ÿ275.6 ÿ285.6 ÿ332.1 n/s ÿ343.4 ÿ427.5 ÿ221.1
4.23 4.23 4.23 4.23 4.32 4.43 4.43 4.46
2.65 2.44 2.74 2.62 3.03 4.24 3.39 3.66

f ÿ193.2 ÿ195.1 ÿ215.2 ÿ223.2 ÿ190.4 ÿ96.00 ÿ153.6 ÿ120.8 ÿ55.40
1.36 1.36 1.36 1.36 1.35 1.20 1.38 1.38 1.47
7.30 11.6 13.9 13.3 11.3 3.78 12.5 6.30 5.83

Outliers:b Table4 No. None None 12 None 12 None None 30 18, 30

a n/s,Not significantat the0.95level.
b Retained.

Table 12. Extended TLSER parameter (�H
2, pI, "B, qÿ, "A, q�) correlation equations

��C�O� � ��C�O�0 � a �H
2 � b �I � c "B � dqÿ � e "A � fq�

Parameter PY MP IPP CHP HEP OBT OOBT DMA CH

N 30 30 30 30 28 29 29 29 29
SD 8.4 6.8 6.6 6.4 6.2 7.8 4.9 6.2 3.5
F 37.4 68.0 88.4 77.6 72.1 22.8 87.0 42.0 42.0
R 0.926 0.942 0.954 0.962 0.949 0.804 0.955 0.935 0.921
�(C=O)0 1737.9 1705.0 1690.2 1704.1 1696.1 1730.5 1699.5 1701.5 1743.2

93.0 138 140 121 146 398 174 122 222
a ÿ5.117 n/s n/s ÿ4.237 n/s ÿ16.72 n/s ÿ6.268 ÿ2.995
VIF 2.06 2.06 1.57 2.10 2.18
t-stat 2.04 2.23 3.55 3.33 2.82
b 825.2 847.0 954.0 782.0 865.6 n/s 785.0 676.2 330.0

3.80 2.70 2.70 3.80 2.98 2.98 4.28 3.93
3.68 5.56 6.42 4.61 5.90 6.02 3.82 3.31

c n/sa n/s n/s n/s n/s n/s n/s n/s n/s
d n/s n/s n/s n/s n/s n/s n/s n/s n/s
e ÿ661.0 ÿ570.4 ÿ591.0 ÿ548.7 ÿ566.0 n/s ÿ555.8 ÿ657.2 ÿ336.1

2.63 2.53 2.53 2.63 2.75 2.73 2.88 2.64
4.75 5.18 5.51 5.21 5.31 5.97 6.04 5.98

f ÿ200.1 ÿ224.5 ÿ246.0 ÿ238.0 ÿ211.2 ÿ68.84 ÿ174.0 ÿ130.4 ÿ68.15
1.29 1.14 1.14 1.29 1.18 1.57 1.17 1.29 1.29
7.57 11.2 12.6 11.9 11.0 2.46 11.1 6.58 6.11

Outliers:b Table4 No. 12 12 12 12 12 12 12 None None

a n/s,Not significantat the0.95level.
b Retained.
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constant, k, in the model for harmonic oscillator
frequency,� = (2pc)ÿ1 pk/m (wavenumbers).This sug-
geststhephysicallyreasonablenatureof theseequations.
Thepolarizabilitiesalsoplay a role in the interactionsas
indicatedby the statisticalsignificanceof polarizability
parametersin those sets which feature polarizability

related parameters(ETn, P, MR, p*, Vmc and pI).
However, the frequencydecreaseswith ETn, P and p*
whereasit increaseswith MR, Vmc andpI.

There are severalmeasuresby which the parameter
setsmaybecompared.Basedon theaverageR valuefor
the nine solutes,the sequenceis LSER > TLSER >

Table 13. TLSER parameter (Vmc, pI, "B, q ÿ, "A, q �) correlation equations (reduced VIF)

��C�O� � ��C�O�0 � a Vmc� b �I � c "B � d qÿ � e "A � fq�

Parameter PY MP IPP CHP HEP OBT OOBT DMA CH

N 30 30 30 30 28 29 29 29 29
SD 8.9 6.8 6.6 6.8 6.2 8.1 4.9 7.4 4.0
F 43.2 68.0 88.4 88.3 72.1 20.3 87.0 37.3 33.1
R 0.913 0.942 0.954 0.963 0.949 0.787 0.955 0.904 0.894
�(C=O)0 1716.2 1705.0 1690.6 1686.2 1696.1 1699.2 1699.5 1674.4 1730.5

105 138 140 175 146 276 192 124 239
a n/sa n/s n/s n/s n/s 17.57 n/s n/s n/s
VIF 1.20
t-stat 3.15
b 1071.4 847.0 954.0 985.8 865.6 n/s 785.0 1001.4 485.4

2.70 2.70 2.70 2.70 2.98 2.98 2.98 2.98
5.36 5.56 6.42 6.42 5.90 6.82 5.72 5.16

c n/s n/s n/s n/s n/s n/s n/s n/s n/s
d n/s n/s n/s n/s n/s n/s n/s n/s n/s
e ÿ715.9 ÿ570.4 ÿ591.0 ÿ594.2 ÿ566.0 n/s ÿ555.8 ÿ740.0 ÿ405.6

2.53 2.53 2.53 2.53 2.75 2.73 2.73 2.73
4.95 5.18 5.51 5.39 5.31 6.75 5.90 6.02

f ÿ218.4 ÿ224.5 ÿ245.9 ÿ253.2 ÿ211.2 ÿ96.00 ÿ146.1 ÿ150.9 ÿ77.92
1.14 1.14 1.14 1.14 1.18 1.20 1.17 1.17 1.17
8.30 11.2 12.6 12.5 11.0 3.78 11.9 6.76 6.50

Outliers:b Table1. No. None 12 12 12 12 None 12 30 None

a n/s,Not significantat the0.95level.
b Retained.

Table 14. TLSER parameter (Vmc, pI, "B, qÿ, "A, q�) correlation equations (best VIF)

��C�O� � ��C�O�0 � a Vmc� b �I � c "B � d qÿ � e "A � fq�

Parameter PY MP IPP CHP HEP OBT OOBT DMA CH

N 30 30 30 30 28 29 29 29 29
SD 9.1 5.6 5.6 6.1 5.9 8.1 4.8 6.8 3.8
F 61.7 153 193 172 121 20.3 134 67.2 56.3
R 0.906 0.959 0.967 0.963 0.952 0.787 0.955 0.915 0.901
�(C=O)0 1684.0 1675.2 1667.1 1665.5 1672.0 1699.2 1670.5 1630.5 1700.2

265 423 428 393 388 276 477 327 618
a 30.30 27.45 29.50 29.71 25.35 17.57 22.66 30.72 16.03
VIF 1.23 1.23 1.23 1.23 1.22 1.20 1.27 1.27 1.27
t-stat 5.26 7.65 8.35 7.73 6.47 3.15 7.27 6.92 6.55
b n/sa n/s n/s n/s n/s n/s n/s n/s n/s
c n/s n/s n/s n/s n/s n/s n/s n/s n/s
d n/s n/s n/s n/s n/s n/s n/s n/s n/s
e n/s n/s n/s n/s n/s n/s n/s n/s
f ÿ182.2 ÿ188.3 ÿ211.6 ÿ220.5 ÿ185.9 ÿ96.00 ÿ146.1 ÿ109.3 ÿ52.12

1.23 1.23 1.23 1.23 1.22 1.20 1.27 1.27 1.27
6.56 10.9 12.4 11.9 10.1 3.78 9.71 5.09 4.41

Outliers:b Table4 No. 6 None None None None None None None None

a n/s,Not significantat the0.95level.
b retained.
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Fundamental> ExtendedTLSER> Gutmann> Reich-
ardt.Basedon theaverageSD value,theorderis LSER,
Gutmann> TLSER> Fundamental> ExtendedTLSER
> Reichardt.Usingtheaveragevalueof the t-statfor the
parameterwith the highest t-stat (most statistically
significant), the order becomesGutmann> LSER >
Reichardt> TLSER > ExtendedTLSER > Funda-
mental. Basedon the numberof outliers, the order is
Reichardt(2)> Fundamental,LSER(4) > Gutmann,
TLSER(5) > ExtendedTLSER(7). Finally, using the
averageof the highestand lowestVIF valuesresultsin
Gutmann, Reichardt > LSER > Fundamental>
ExtendedTLSER> TLSER. Assigningnumbersbased
on rank order and giving equal importance to each
statistical parameter,the sequencebecomesLSER >
Gutmann> Reichardt> TLSER > Fundamental>
ExtendedTLSER.

The previous paragraph indicates that the LSER
parameter set provides the best overall correlation
equations.The Gutmannequationsare close in quality
to thosefor LSER; however,therewereparametersfor
only 26 compounds. The Gutmann and Reichardt
equationshad the advantageof no cross correlation
(small VIF) becausethey have only one statistically
significant parameter.The disadvantageof the Funda-
mental,TLSER and ExtendedTLSER equationsis the
largerparametercrosscorrelation.This is often thecase
with amulti-parameterset;thewell designedLSERsetis
an exception.For the TLSER set, p1 has VIF values
around5 and"A hasvaluesnear4; thesearelargerthan
those for any empirical parameter.Reduction of the
numberof parametersgives equationswith lower VIF
values; Tables 13 and 14 show the resulting TLSER
correlation equations.Table 14 equationsrank third,
along with the Reichardtequations,in overall quality
order. They do rank aheadof the Reichardtequations
with regardto averageR, SDandnumberof outliers,but
rankbehindin VIF andmaximumparametert-statvalues.

As noted, previously OBT has the least significant
correlationequationsfor all descriptors.This suggests
thatOBT is not typical of theothereightsolutes,despite
its structuralsimilarity to PY andOOBT. OBT is more
similar to PY (Table3) thantheothersolutes;eachhasan
unsubstitutedamide moiety. Moreover, the aromatic
structureandsulfuratomin OBT couldprovideextensive
conjugationwhich could enhancethe hydrogenacidity.
TheTLSERparameters(Table6) supportthis idea;OBT
has the largest values for the polarizability index, pI,
covalentacidity,"A, and(by far) theelectrostaticacidity,
q�. Empirical data(Table4) showsthatOBT hashigher
C=O frequenciesthan does PY, thus, suggestinga
stronger C=O bond. Strong hydrogen bonding could
accountfor this; furthermore,OBT dimercomplexesare
possible.

In arelatednote,exceptfor theLSERcase,CH hasthe
next leastsignificantcorrelationequations.However,the
CH correlationequationsmakegoodphysicalsense.The

coefficientsin its equationshavethesmallestmagnitude;
this is especially true for the polarizability related
parameters,ETn, p*, Vmc and pI, in their respective
parametersets.Comparisonof the molecularstructures
indicatesthatCH is expectedto havetheleastpolarizable
molecule in this solute set. This suggeststhat the
coefficientsof the solventpolarizability terms,expected
to berelatedto thepolarizabilityof thesolutes,shouldbe
smaller than those for the other solutes. In short,
dispersioninteractionswould be smaller for the CH/
solventcase.In this connection,theReichardtparameter
equationcoefficients,a, correlatesomewhatwith solute
polarizability. The cyclic amides(PY, MP, IPP, CHP,
HEP,OBT,andOOBT)andnon-cyclicamidehavelarger
coefficients,a, thandoesthe lesspolarizablenon-amide
CH.

Similarly, since the TLSER solvent acidity terms,
thosewith "A andq�, aresignificant,onemight expect
their coefficients,eandf, to berelatedto complementary
solute basicity parameters,"B and qÿ. The correlation
equationsbetweensolutee and"B valuesandalso f and
"A valueswerenot significant.

As notedearlier,themaindisadvantagefor theTLSER
relationshipsis thelargerVIF values(lessorthogonality).
Only four equationshaveoutliers; bis(2-methoxyethyl)
etheris an outlier in two equationsanddeuteriumoxide
occursalonein anotherandwith cyanobenzenefor CH.
Theincreasein frequencywith increasingsolventacidity
suggeststhe physical reasonablenessof the TLSER
correlations through decreasedC=O bond strength
throughhydrogenbonding.Similarly increasedsolvent
polarizability can suggestan increasein C=O bond
strengththroughp interactions.This mayaccountfor the
effect of Vmc since greater molecular mass (volume)
accompaniesincreasedpolarizability. A convenienceof
the TLSER parametersis their easeof calculationand
chemicalinterpretation.

The lower quality of the ExtendedTLSER parameter
equationshowsthatthereis noadvantagein replacingthe
volumeby theHildebrandsolubility parameter.Although
thereis moreorthogonalitythanin theTLSERequations,
therearemoreequationswith outliersthanin anyof the
other sets. Bis(2-methoxyethyl) ether is an outlier in
sevenof the nine equations.The reasonfor it being an
outlier is not readily apparent.None of its parameters
seemto beunusualwhencomparedwith thosefor other
solvents.Datafor similar solventswould help in under-
standingwhy this etheris anoutlier.

The number of outlier compoundsis reasonable;it
averagesless than one compoundout of 30 for any
equation. Outliers commonly occur in correlation
analysesand their presenceoften can be accountedfor
in severalways. The compoundmight be different in
structurefrom other compoundsin the set, leading to
different parametervaluesand/ora different interaction
mechanism.Also, themodelequationbeing‘fit’ mightbe
inadequateor, lastly, theexperimentalvaluemight be in
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error.FortheLSERparameterset,bestin overallquality,
propanoneis anoutlier in four cases.Otherthanethanoic
acid, it is theonly carbonyl-containingsolvent.

At this point, it is naturalto askaboutmultiple solute–
single solvent correlation equations and correlations
amongthe five parametersets.This data set has only
nine solutesfor each solvent while 18 are neededto
ensurestatisticalsignificance.Nevertheless,somemulti-
ple solute–singlesolvent correlationswere performed;
somesolventequationshadacceptableR andSD values
but showedtoo muchcrosscorrelation.Studieson more
solutesare neededin order to examinemultiple solute
equations adequately. Correlations between sets of
parametersare not included here since they would
constituteanotherstudy.

CONCLUSION

The five parametersetsprovide physically and statisti-
cally reasonablecorrelationequationsfor the carbonyl
stretching frequenciesin terms of solvent molecular
structural features for this particular system, which
consists of five 1-substituted 2-pyrrolidinones, two
oxobenzothiazoles, dimethylacetamideand cyclohexa-
nonein 30 commonsolvents.Increasingsolventhydro-
gen bond donor (capacity) acidity is associatedwith
decreasingfrequencywhile increasingsolvent polariz-
ability is associatedwith increasing frequency. The
TLSER parameterset providesstatistically and physi-
cally significant correlation equations. The ease in
obtaining theseTLSER parametervaluesand the ease
in chemically interpreting their correlation equations
along with their successin correlatingmany properties
suggesttheir continueduse.
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