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A.INTRODUCTION

The considerable variations observed in chemical reactivity have long been
known to be influenced by the solvent medium. As early as 1890,
Menschutkin stated that a reaction cannot be separated from the medium in
which it takes place [1]. In addition, he postulated a relationship between the
rate of reaction and the structure of the solvent. However, it was another
fifty years before the effect of single-component solvents on reaction rates
was studied in any detail. Correlations were attempted with functions of bulk
{or macroscopic) properties of the solvent. More recently, the widespread use
of spectroscopic techniques has resulted in a wealth of empirical scales of sol-
vent polarity, and an examination of intimate molecular interactions.

The last general reviews on solvent polarity scales were written in the mid-
1960’s and were not extensive [2—4]. In 1976 Dack [5] considered the influ-
ence of solvent on chemical reactivity and included a reasonably detailed up
to date discussion on the main original scales. Many books and reviews in
recent years on solvent sensitive phenomena usually contain mention of two
or three of the most well known and oldest solvent polarity scales, but little
on the more recent scales. References [6]—[27] contain a representative selec-
tion of such articles. Many articles report a linear relationship between the
two most popular scales, Z values [28] and E; values [29], but are reluctant
to give or use values obtainable from this relationship. One of the purposes of
this review is to examine critically and statistically linear relationships among
the various scales so that predicted values may be reported and used with con-
fidence. The authors of most solvent polarity scales have generally not
extended substantially the list of solvents contained in their original publica-
tion, and there is little incentive for others to do so. However, in this review
we include the experimental values for the Z values of over 40 new solvents,
and these are compared with their predicted values.

This review will be arranged into three main components. First, the various
attempts at solvent classification will be examined, and a summary of the vari-
ous solvent polarity scales given (including those based on nmr-measurements,
which have not previously been reviewed); second, inter-correlations between



131

the scales will be investigated; and third, the relationships with bulk solvent
properties and the value and applications of solvent polarity scales will be con-
sidered. Solvent polarity parameters for mixed solvent systems will not in
general be covered. We should add here that attempts are now being made to
separate electrostatic and specific contributions to the overall solvent effects
in reactions by employing multiparameter equations, and with some success
[30]. However, results have been limited by the use of only measured para-
meters. In general the more parameters involved in an equation then the fewer
solvents there are that can he considered regarding the reliability of the pro-
posed equation. This arises hecause in establishing a scale the solvents for
which the data are measured are generally limited, rather than exhaustive,
because solvents have to be suitable for the phenomenon studied, and avail-
able at the time of the measurements. It is thus our hope and aim that confi-
dently predicted data, and our discussion, will encourage more attempts at
the multiple-correlation method of separating solvent effects, and make

easier the evaluation of the best solvent for a desired chemical reaction.

B. SOLVENT CLASSIFICATION
(i) Bulk properties

Bulk properties are most frequently used as a basis for solvent classifica-
tion. The more obvious bulk solvent properties considered include dielectric
constant, dipole moment, acidity or basicity and hydrogen bonding ability.

One of the earliest schemes for solvent classification was suggested by
Bronsted [31] in 1928. He considered the acidic and basic properties of a sol-
vent, as well as its dielectric constant, and proposed a division of solvents into
eight groups (Table 1). Solvents belonging to group 1 (e.g. water and metha-
nol) were ‘completely active protolytically’, being both proton donors and
acceptors. At the other end of the scale, group 8 solvents (e.g., benzene and
carbon tetrachloride) were referred to as aprotic, to indicate that they were
‘completely indifferent protolytically’. The terms ‘protic’ and ‘aprotic’ have
since passed into common usage, and they are probably the best general dis-
tinction between the two main classes of solvent [25].

Parker [32] later reviewed the effects of solvation on the properties of
anions in dipolar aprotic solvents. These he defined as solvents with dielectric
constant ¢ > 15, and which, although they may contain hydrogen atoms,
cannot donate suitably labile hydrogen atoms to form strong hydrogen bonds
with an appropriate species. Solvents which fall into this category include ace-
tonitrile, dimethyl sulphoxide and nitrobenzene.

In a review of the conductance of hydrogen halides in anhydrous polar
organic solvents Janz and Danyluck [33] distinguished two groups of solvents:
(1) levelling solvents in which members of a series of electrolytes are of approx-
imately the same strength, e.g. hydrogen halides in methanol; and (2) differ-
entiating solvents in which the members possess markedly different strengths,
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TABLE 1

Bronsted’s scheme for solvent classification

Group Dielectric Relative Relative
number constant acidity basicity
1 < + -+

2 + + —_

3 + — +

4 + — —

5 — + +

6 - + -

7 — . +

8 - _ —

Positive and negative signs indicate a comparatively high or low value, respectively, for
the property under consideration. The dividing line between high and low dielectric con-
stant was arbitrarily set at 20.

e.g., hydrogen halides in acetonitrile, dimethyl sulphoxide and nitrobenzene.
Parker [32] suggested that differentiating solvents possess this property
because, being dipolar aprotic, they do not efficiently solvate small anions,
but are slightly more efficient for large anions. The levelling (protic) solvents
strongly solvate small anions because of hydrogen bonding solvent—anion
interactions.

(ii) Initial approach to electrostatic solvation

In general, the static dielectric constant ¢ is the bulk property first con-
sidered, since it often parallels the dissolving power of the solvent, the higher
the dielectric constant the better the solvent often is at dissolving polar and
ionic compounds. However this generalisation is modified on consideration
of another parameter, usually relating to specific interactions between solvent
and solute molecules. For example, Dack [5] has extended the observation that
solvents of similar dielectric constant usually have similar dipole moments u
by considering, for the common solvents used in organic reaction systems,
their electrostatic factor EF, defined as the product of € and u, and which is
considered to take into account the influence of both properties on the elec-
trostatic solvation of solutes. From these EF values he proposed four classes
of solvent, as follows.

¢ EF
Class I Hydrocarbon solvents 0 — 25 0— 2
Class I1 Electron-donor solvents 3.5— 10 2—20
Class 1 Hydroxylic solvents 10 — 35 15—50
Class IV Dipolar aprotic solvents 17 —>100 =50

These divisions arose from a consideration of the role of the solvent, for
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classes I1 to IV, in the electrostatic solvation of polar molecules and ions and
it was concluded that ‘a solvent chosen on the grounds of solute solubility
will probably give a good reaction rate as well’. Internal pressure effects were
considered to govern the role of solvents in electroneutral reactions.

Berman and Stengle {34] have considered dielectric constant coupled with
Gutmann’s donor number [35] as an indicator of contact ion pair association.
Generally a low dielectric constant is taken to indicate that ion pairing will
predominate for solutions of ionic solutes, but more than one type of ion
pair is now known to occur in solution [24]. The electrostatic factor approach
does not take into consideration the nature of the solute species when in solu-
tion before any reaction takes place.

Consider, for example, an ionic halide, such as iodide. In order that it be
soluble in a wide range of solvents an appropriate counter ion would be tetra-
n-butylammonium (Bu;N%). In reactions involving iodide the extent of its
solvation or the nature of the iodide—solvent interactions are not necessarily
the sole or main considerations: the counter ion may have a part to play. In
other words, the nature and extent of ion-pairing must be evaluated.

It is of course recognised that in solution molecules must travel through a
solvent to their reaction partner before reacting, and need to present a suffi-
ciently or momentarily unsolvated site for collision. But then to conciude that
a several million-fold rate change on changing the solvent is due only to the
solvent governing the movement and energy of the reacting species [5] neg-
lects the role of the solvent, largely through its dielectric constant, in affect-
ing the interactions between ions and ions or polarizable molecules before
reaction.

(iii} Dielectric constant and ion pairing

Griffiths and Wijayanayake [36] have studied the charge-transfer-to-solvent
(ctts) spectrum of iodide in some 40 solvents and concluded, against their
original expectations, that the nature of the various ion pairs arising was
dependent upon the dielectric constant of the medium. They found, for alkali
metal and quaternary ammonium iodides, four divisions, based on dielectric
constant values: (a) € > 23, free ions and solvent separated ion pairs are pre-
sent in solution; (b) 23 < € > 11, solvent separated and solvent shared ion
pairs predominate; (¢) 11 < ¢ > 5, solvent shared ion pairs are present, and
(d) € < 5, only contact ion pairs are expected.

Contact ion pairs are defined as anion and cation in contact, with essenti-
ally no covalent bonding, the stability of the species being due to electro-
static interaction only; solvent shared ion pairs have anion and cation linked
electrostatically through a single (oriented) solvent molecule, which is part of
the primary solvation shell of both ions; solvent separated ion pairs are
separated by more than one solvent molecule; and free ions are solvated and
essentially independent of all other ions. Later work [37,38] added support
to this dielectric constant classification. There are apparent similarities with
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the classes I—IV of Dack [5] but the main differences here are that the dielec-
tric constant divisions are abrupt at the values noted above, and hence in the
critical region 23 < € > 11 both protic and dipolar aprotic solvents show simi-
lar behaviour. Hoiwvever, it will be established later that when the same species
is made to occur in a wide range of solvents, then the solvents divide into essen-
tially two classes, protic and aprotic: it is sometimes useful to recognise a sub-
division of the latter into dipolar aprotic and non-polar aprotic.

(iv} Other approaches

Pimental and McClellan [39] have reviewed solute—solvent hydrogen bond-
ing and divided the hydrogen bonding solvents into four classes.

(a) Proton donors Chloroform

{(b) Proton acceptors Ketones, aldehydes, esters, ethers,
t-amines, olefins and some aromatic hy-
drocarbons

{¢) Proton donors and acceptors Water, alcohols, carboxylic acids and
primary and secondary amines

(d) Non-hydrogen bonding Paraffins, carbon disulphide and carbon
tetrachloride

Classes (a) and (b) are essentially dipolar aprotic, class (d) non-polar aprotic

and class (¢) protic. Other accounts and reviews on solvent classification,

written around 1970, have discussed electrostatic and specific solvation

effects [40,41]. boiling, freezing and flash points, ignition temperature and

chemical structure [42], and electrostatic factor, viscosity and solvent struc-

ture on dipole—dipole reactions {43].

The most recent account we have seen [44] of an examination of solute—
solvent interactions, by electrochemical transport studies, takes the approach
that ions are moving through a bulk medium, and specific effects of solvating
ions are not considered, because they cannot be. Ion association is discussed
as dependent on the dielectric constant and the ion size. Polar solvents are
classified into four groups, on the basis of association patterns, viz., (a) basic
solvents — which interact effectively with cations through their lone pairs but
have no sharply defined positive sites for interaction with anions; (b) strongly
acidic solvents — that have well-defined positive sites for solvation of anions
but no distinct negative sites available; (c) hydrogen bonded liquids — which
have both acidic and basic sites, and thereby effectively solvate both cations
and anions; and (d) neutral solvents — which appear not to interact strongly
with either cations or anions.

Kay et al. [44] then point out that adjustments of continuum theory are
unlikely to explain the facts, and turn to specific solvent effects. However,
they decided that the best theory was that of Bjerrum as a base for consider-
ing the magnitude of association constants because although ion pairs of the
contact and solvent separated type can occur, such species do not contribute
to the conductivity of a solution: they did not, however, consider triple ions
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and other ion aggregates with a net charge. They state that the ‘main faciors
affecting ionic mobilities are the ionic size and charge and the solvent size,
viscosity and dielectric constant’, and they conclude that ion—solvent interac-
tion can be evaluated by using transport measurements; association constants
are useful in this endeavour, but ionic mobilities are not yet reliable as useful
probes.

Rao et al. [45] have recently reviewed non-specific solute—solvent interac-
tions through changes in spectra and concentrated on solvent shifts correlated
with functions of dipole moment, refractive index and dielectric constant,
particularly functions involving (n? — 1)/(n* + 2). (n” — 1}{(2n° + 1), (¢ — 1)/
(e + 2) and (e — 1){2¢ + 1). However, no plots were given of the various corre-
lations, or any correlation coefficients, and such functions are examined in a
later section. They conclude that in the absence of specific interactions
between solute and solvent molecules it is possible to correlate solvent-induced
spectral shifts with bulk properties of solvents. However, among the examples
they give specific solute—solvent interactions can be considered to take place.
Very recently Symons and co-workers [46] have advanced spectroscopic evi-
dence in favour of the concept of continuous hydrogen-bonding from anions
into bulk solvent with no intervention of an intermediate structureless region.

The concept that bulk properties and specific solute—solvent interactions
together will be the way to understand electrolyte solutions and predict
chemical reactivity is thus the current approach. We, therefore, now investi-
gate specific solute—solvent interactious by examining the various solvent
polarity scales, as a prelude to examining their relationships with bulk proper-
ties.

C. EAPIRICAL MEASURES OF SOLVENT POLARITY

The term ‘solvent polarity’ lacks an exact definition, but it is generally
used, and used here, to encompass all the intermolecular interactions of which
the solvent is capable [2]. We have seen that a simplistic application of sol-
vent dielectric constant fails to represent electrostatic solute—solvent interac-
tions, or provide a reliable guide for predicting suitable solvent media for
chemical reactions. Naturally, alternative measures of these interactions. and
specific solute—solvent interactions, have appeared, and there is now a wide
variety of solvent polarity scales based on empirical parameters.

In developing these scales a model system is chosen, and changes in one of
its parameters are recorded when the solvent is changed. At the present time,
all parameters used to describe solvents arise from experimental results. The
parameters are generally rate constants for a reaction, or spectral shifts in
spectroscopic studies, which have recently been augmented by several scales
based on nmr chemical shifts.

The mode!l process must be chosen with care, and represent properly the
interactions of the system, yet no one scale can be universal and useful for all
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kinds of reactions. Indeed, it is our contention that only by comparing these
‘incomplete’ parameters can one ascertain the better model processes. On
more theoretical considerations, the best model processes maximize solvent
effects. One which converts an ion pair (maximum interaction with the sol-
vent) into a neutral species (zero interaction with solvent) achieves this result.
This, or its reverse, can be found in some chemical processes: an electronic
transition in an ion pair to produce a neutral species is another example (but
not its reverse, due to the Franck-—Condon principle) [4].

Another approach to solute—solvent interactions would be to identify the
energy of interaction between a standard solute and a variety of (single) sol-
vent molecules, by monitoring their reaction in an inert medium. Such a scale
would be expected to correlate only with other similar scales, yet they should
be able to assist in decomposing a solvent polarity parameter into its compo-
nent parts. Further, these scales should be valuable when setting up multi-
parameter equations, and some attempts have been successfully made [47].

Probably the first attempt in this field was in 1965, when Drago and
Wayland [78] proposed a two-parameter equation, and though reasonably
successful, the E and C parameters derived have not so far been incorporated
into multiparameter equations.

One of the most publicized scales of this type is that of donor number,
devised by Gutmann and Wychera [35], but probably because it has mainly
been concerned with its applicability to inorganic reactions in rather exotic
non-aqueous media it has not yet been incorporated in the multiparameter
equations of organic chemists. We shall discuss their and similar scales shortly,
and therefrom predict many donor numbers for solvents of interest to organic
chemists.

Historically the first empirical scales were from the rate constant studies of
Grunwald and Winstein [48] in 1948 but such scales are now out-numbered
by scales based on spectroscopic measurements. It is interesting that many
scales are associated with letters of the alphabet. The first important scale
was the Y values of Grunwald and Winstein [48], soon followed by Kosower’s
Z values [28], then X values [49], R and S values [3], @ values [50,51], P
values [52,53], G values [54] and F values [55], in generally reverse alpha-
betical order. The early rate constant scales rarely reached double figures for
the number of solvents that could be studied. It was the first reported linear
relationship between a spectroscopic measurement, for a static system, viz.,
Kosower's Z values, and a dynamic system, Winstein’s Y values, that opened
the door to the search for many more spectroscopic scales, since the values ob-
tained are generally measured quickly and with more precision and ease than
rate constants. Also, spectroscopic scales cover a much wider range of solvents.
We have therefore chosen to discuss first these scales, which are based on a
shift in the absorption band maximum with solvent change, then those based
on enthalpy measurements, on basicities, on nmr chemical shifts, and finally
on rate constant determinations.
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D. POLARITY SCALES FROM SPECTROSCOPIC MEASUREMENTS

(i) Z values of Kosower

It has long been known that dissoliition of an absorbing species results in a
change in the position, intensity and shape of absorption bands relative to
those of the species in the gas phase. Early work in this area has been
reviewed by Sheppard [56]. The solvent effect is due to the difference in
stabilization of the ground and excited states, which leads to a change in the
excitation energies, and depends primarily on the nature of the elecironic
transition. This phenomenon was termed solvatochromism by Hantzsch [57].

The first suggestion that solvatochromic dyes could be used as a measure
of solvent polarity was made by Brooker et al. [58] but Kosower [28] was

the firvet tn octahlizh a camnrahoncive nalavitvu crala 1icing ciioh cnocioe Ho
FANS AERA OV LS \,UO“VI&J&& (=9 \JU“AXJ‘\J“"“ LIV yv&ubqu O AR \.‘»ql‘lb LA A O Uy\—\/l\/kl‘ A AN

found that concentrated solutions of 1-alkylpyridinium iodides exhibited a
pronounced solvatochromism {59,601, and used 1-ethyl-4-carbomethoxypyri-
dinium iodide (chosen because of its solubility in a wide variety of solvents)
to establish a solvent polarity scale [28,61,62]. He monitored the ultraviolet
and visible absorption spectrum of this solute in a variety of solvents, and
termed the transition energy (in kcal mol™') of the longest wavelength absorp-
tion band the Z value.

The explanation of the solvent dependence was as follows. The electronic
transition monitored was assumed to be that of the ion pair, involving the
transfer of an electron from the iodide ion to the pyridinium ring Accompany-

e R T R T

ing this transition would be a ‘dipole flip’. In the ground state the iodide ion

O O

cu:p-oc—lmn N” fj-CHCH, T CH0-0C—~lI N__M~CHLH,
———

is proposed situated above the pyridine ring in the neighbourhood of the posi-
tive nitrogen centre, and thus the dipole is perpendicular to the plane of the
ring. Strong interaction of this dipole with the surrounding solvent molecules
leads to their orientation, and thus to a stabilization of the ground state. On
excitation, the electron is transferred to the pyridine ring, causing the dipole
to ‘flip’ into the plane of the ring. The dipole moment of the species is thus
decreased considerably, but not necessarily to zero (as required by the best
model). According to the Franck—Condon principle, the excitation time is
too short to allow for solvent rearrangement. Thus the dipole of the excited
state is perpendicular to that created by the oriented solvent molecules. As
mutually perpendicular dipoles do not interact, the excited state becomes
destabilized. Combination of the two factors, stabilization of the ground state

and dactohilizatinn af thae aveitad ctatn raricos o lavge ineveacae in the +rang
and GESRCLIIZAVI0N O LWL SREICA 5.4, Caubis a 1adi gl inlidast In ot LYansi-

tion energies with increasing solvent polarity. The stronger the stabilizing
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effect of the solvent on the ion pair in the ground state relative to that in the
less polar excited state the lower the wavelength of the charge transfer band,
and thus the higher the transition energy, and the Z value.

The experimental Z values are therefore considered a direct empirical mea-
sure of solvent behaviour. However, some of the basic assumptions concerning
the nature of the electronic transition can be questioned. It is not always
macde clear that the Z value transition only appears in concentrated solutions.
The spectrum of a dilute (10™* M) solution of the pyridinium iodide in com-
mon solvents [ 38] contains no visible band but only, in the ultraviolet, absorp-
tion due to the pyridinium ring and the ctts spectrum of iodide, the latter
shifted in the expected manner, and by the expected amount, with tempera-
ture increase. Concentrations of around 107" M are required to produce the
ion pair band, and on dilution its position was found, for several solvents, to
be concentration dependent. The reported Z values were those obtained on
extrapolation to infinite dilution. In the remaining solvents the band intensity
obeyed Beer’s law over most of the concentration range in which it was ob-
servable. It was also reported that Z values vary with temperature [28], but
this was only described for chloroform, the solvent that was most concentra-
tion dependent. Qur individual studies have shown no temperature effect in
the alcohols and acetonitrile [ 38] and in the alkyl phosphates [63]. Thus to
attribute every measured Z value to the contact ion pair charge transfer tran-
sition cannot be correct: a solvent molecule may at times be intimately
involved [G4] (e.g., in a solvent shared ion pair), or, because of the high con-
centrations required, nearby ions and ion pairs may participate in the ground
state by dipolar interactions, or may aggregate to form clusters. It is there-
fore perhaps surprising that the measured Z values correlate as well as they do
with other scales: that they do must mean that the orientation and interac-
tions of solvent molecules around an ion pair are not particularly sensitive to
the magnitude of the dipole on the ion pair.

Z values range from 54.0 in benzene to 94.6 in water. However, Z values
above 86.4 may not be measured directly, as the (low intensity) charge trans-
fer band is masked by the intense absorption of the pyridinium cation. The
value of 86.4 refers to a 70% solution of ethanol in water, and to date only
two substances (water and silica gel) have been found with a greater Z value.
The value for water (94.6) was obtained by extrapolating from the correla-
tion with Y values [48] of binary solvent mixtures. That for silica gel (88)
refers to a slurry of silica gel in chloroform, and no attempt was made to
extrapolate to zero chloroform concentration [65]. This value must therefore
be treated with caution.

1-Ethyl-4-carbomethoxypyridinium iodide is insufficiently soluble in cer-
tain non-polar solvents (e.g., hexane) for direct measurement of the Z value.
This problem can be overcome in all but the most non-polar solvents by care-
ful use of 1-ethyl-d-carbo-f-butoxypyridinium iodide [4], which has greater
solubility in non-polar solvents than its methoxy analogue. A good linear
correlation is obtained between the transition energies for the ion pair band
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for these two solutes. An alternative solute is pyridine-l-oxide, but the corre-
lation between the transition energy for this solute and the Z value is only
moderately good. Thus this solute was used but sparingly by Kosower to ob-
tain Z values.

The correlations reported were not obtained by a least squares best fit, nor
are the predicted Z values, or concentration dependent values, subsequently
identified; they are all attributed, by implication and common usage, the
same precision,

Some 45 individual Z values are now known, excluding binary solvent mix-
tures: later in this review we report 40 more.

(ii) Eq values of Dimroth et al.

To date, the most comprehensive solvent polarity scale is almost certainly
that given by the E¢ values of Dimroth et al. {29]. This scale is based on the
solvatochromic band of the pyridinium-N-phenolbetaines (I} and (II). The E

R
() R=H
(II)R = CH;
N
R R
L

value is the transition energy (again in kcal mol™") of the intramolecular
charge transfer band of (I). The solvatochromic shift of this band is the
largest for any compound yet investigated, ranging from 63.1 (equivalent to
453 nm) in water to 35.3 (810 nm) in diphenyl ether. Compound (1) is insolu-
ble in aliphatic and aromatic hydrocarbons, but the scale may be extended
using the more soluble compound (II). An excellent correlation exists [2]
between the transition energies of (I) and (II), and the Ey scale has thus been
extended to include the value of 30.9 for n-hexane.

No E; value may be measured for acidic solvents, as these protonate the oxy-
gen atom of (1) and (1I), and the long-wave band disappears. Since the solvato-
chromic band lies in the visible region of the spectrum, it is even possible to
make a visual estimation of solvent polarity, e.g., in highly polar methanol (1)
appears red, while in the less polar acetone it is green. E1 values are tempera-
ture sensitive and decrease with increasing temperature, owing to the pro-
nounced thermochromism of the pyridinium-N-phenolbetaines [66].
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To date E; values have been reported [2,29] for some 62 solvents. A plot

of E4 vs. Z value is well known and linear, no solvent being more than 2 kcal
mol™! from the line.

(iii) Xg and Xy values of Brooker et al.

We remarked earlier that the first suggestion that solvatochromic dyes
could be used as a measure of solvent polarity was made in 1951 by Brooker
et al. [58]. Since then they [67] have proposed two solvent polarity scales,

Xg and Xz , based on the shifts of the merocyanines (I1I) and (IV). The mero-
cyanine dyes they originally [67] considered were of limited usefulness
because of their insolubility in solvents of low polarity. This problem also
arises in (II1), but not with (IV). However (I1V) is insoluble in strongly stabiliz-

o]
C CH3

CzH
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C H
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N CH==Cf ~xy, C CcsS
e
o] Et
v

Q@CH_CH Q

ing solvents, such as those which are highly aqueous. Compound (1I1) exhibits
blue shifts, and (IV) red shifts, and thus Brooker et al. [67] proposed that the
transition energies in kcal mol™' of (III) and (IV) be designated Xg and Xp,
respectively, and used as criteria of gross solvent polarity. The maximum ob-
served shift in the Xz and Xg values (AXg = 27.2 kcal mol™! and AXg = 17.3
kcal mol™') is less than that for the E; values (AEy = 32.2 kcal mol™!) and the

Oo/n§n/ O
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Z values (AZ = 48.0 kcal mol™!"), but even so they are useful indicators of sol-
vent polarity.

The Xy values do not correlate well with the Xi values, the correlation
coefficient for all the solvents common to both scales being only 0.620 [67].
They suggest that it is not unreasonable to associate this behaviour with the
complex nature of solvent stabilization, where the separate factors of hydro-
gen bonding and of solute—solvent dipole interaction may be distinguished,
as well as solute—solvent polarizability interaction (dispersion forces) [68].

In spite of this poor correlation, the two scales independently correlate well
with other solvent polarity scales, e.g., Xg with Z and E; values, and Xg with
the rate data (log k values) of Pincock [69] on the influence of non-polar sol-
vents on the base-catalysed decomposition of t-butyl peroxyformate. These,
and other correlations, will be discussed later.

Xg values have been reported for 12 solvents, and Xg values for 58 sclvents
[67]. Suprisingly, although the ten common Xg values correlate well with Z (Cor-
relation coefficient = 0.989) [67], Kosower does not consider Xg values of gen-
eral applicability, because of ‘uncertainty about the nature and solvation of
the Franck—Condon state’ [4].

(iv) F values of Dubois et al.

Dubois et al. [55] have examined the effect of solvents on the n -~ 7™ tran-
sition of saturated ketones, and found that the absorption maxima in the
33,000—38,000 cm™! region were dependent on both the solvent and the
structure of the ketone. MacRae’s formula [70] (relating the spectral band
shift to various macroscopic properties of the solute and solvent) was not
directly applicable to the experimental data, without first introducing serious
restrictions as to its generality (a point omitted by Rao et al. [45]).

Their study was based on the specific properties of a ketone series for a
solvent (8 aliphatic ketones in 14 solvents) linked with a linear free energy
postulate and resulted in the development of an excellent description of the
absorption maxima in terms of the nature of the solvent and the structure of
the ketone. The correlations between the behaviour of the ketone series in
various solvents and that in hexane result in a meaningful generalized descrip-
tion of the solute—solvent system.

Hexane was chosen as the reference solvent as it is non-polar and not
polarizable, and thus solute—solvent interactions are reduced to a minimum.
All of the solvents used could be described by an expression of the form

Vs = ASvH + BS )

where 15 is the absorption frequency of a ketone in the solvent under con-
sideration, ¥ the absorption frequency of the same ketone in hexane, and A®
and BS are parameters characteristic of the solvent.

A more refined treatment made it possible to isolate the influence of the
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solvent on the n — #* transition of the ketones by
ps — il = Pt —ly, (2)

where »!' = 33,374 cm™'. This value for ¢! is the frequency below which sol-
vent effects are no longer discernible. It was obtained by extrapolation of the
correlations between v® and v to a common point of intersection. The corre-
lations for all solvents, except water, pass within 100 cm™' of this point. The
F value is thus a measure of the solvent effect on the n -» 7* transition of
saturated ketones. and to date has been measured for 13 solvents. No value is
obtained for water, due to the above mentioned poor correlation.

(v) Avp and Av, values of Kagiva et al.

Kagiya et al. [ 71] made a quantitative study of the electron-donating and
electron-accepting nature of more than 90 liquid organic compounds using
infrared techniques. The relative magnitude of the electron-donating or -accept-
ing power of a compound (solvent) was compared by measurement of the
perturbation it produced on the O—D vibrational band of methanol-d or the
C=0 vibrational band of acetophenone. This power was defined as the rela-
tive difference, in wavenumbers, of the O—D or C=0 absorption frequency
absorbed in the compound from that in benzene, i.e.,

Electron-donating power: Ay = vp(benzene) — vp(solvent) (3)
Electron-accepting power: Av, = v,(benzene) — v (solvent) 4)

Thus for benzene both Avp and Av, are zero.

Arp is much more sensitive than Ay, to the solvent environment, as may
be seen from the relative magnitudes of these two parameters: App varies
from --21 in carbon tetrachloride to 242 in di-n-propylamine, while Ay, varies
from —5.9 in tetrahydropyran to 9.0 in nitrobenzene. However, much higher
values are observed for Ar, in inorganic halides, such as antimony pentachlor-
ide (Ar, = 125.2).

Within a homologous series the electron-donating power decreases with an
increase in the ionization potential in the gas phase, or with an increase in
the pK,, in the liquid phase. Similarly, the electron-accepting power increases
with an increase in the electron affinity in the gas phase, and decreases with
increase in the pK, value in the liquid phase.

Not surprisingly the Avpy and Av, values do not correlate with each other,
(but they do correlate, independently, with other polarity scales, see later).
However, Kagiya et al. [71] have used this non-correlation to give a some-
what dubious classification of solvents into four groups: (1) amphoteric; (2)
nucleophilic; (3) electrophilic and (4) non-philic. They plotted Avp against
Av, and arbitrarily chose a ‘standard point’, where Ay, = 35 cm™ and Av, =
3 cm™!. Amphoteric liquids have both larger Avy and Av, values than the
standard point, while in non-philic liquids both are smaller; nucleophilic
liquids have larger Apy, and smaller Ay, , while the reverse applies for elec-
trophilic liquids. They suggest that this quantitative (our italics) classification
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is useful as a unifying interpretation for many kinds of experimental results,
but we have used their data in a later section another way.

(vi} G values of Allerhand and Schleyer

Another solvent polarity scale based on infrared measurements is the G
scale of Allerhand and Schleyer [54]. These workers studied the effect of
solvents on the stretching vibrations of hydrogen bonded systems and found,
contrary to previously held ideas, that the frequencies of hydrogen bonded
bands were very solvent sensitive for many intra- and intermolecular hydrogen
bonds. The solvent shifts of OH---O bonds were found to be proportional to
C=0 and other X=0 solvent shifts, indicating a possible similarity of mode of
interaction of solvents with these chromophores. As existing theories [72,73]
of solvent shifts did not explain this behaviour, they proposed an empirical
linear free energy equation,

G = (v° — v*)/ar®, (5)

for the accurate prediction of the positions of a large number of solvent sensi-
tive infrared bands. v and v® are the stretching vibration frequencies in the

gas phase and in solution, respectively; a is a function of the particular infrared
vibration of a given molecule and is a measure of its solvent sensitivity: and G
is a function of the solvent only. Values of G were determined from the best
fit of solvent shifts given in the literature by Bellamy et al. for the carbonyl
bands of dimethylformamide and benzophenone [74], and the sulphonyl

band of dimethyl sulphoxide [75]. An arbitrary value of 100 was assigned to
dichloromethane to fix the scale, the other fixed point being zero for the gas
phase.

The accuracy of these G values could, however, now be improved. While
Bellamy and his group were reporting the most accurate infrared data avail-
able in 1959, far better than the broad bands of Gordy and Stanford (1940)
[76], recent advances in infrared spectrophotometers mean that the bands
they measured can now be recorded as even narrower bands, and hence with
more precision in the peak maximum. It is therefore now an appropriate time
to recalculate and extend G values, but we have not yet done so.

E. POLARITY SCALES FROM ENTHALPY DATA

The first discussion of the constituent thermodynamic steps involved in the
enthalpy of a donor—acceptor reaction, where the donor was the solvent, was
presented by Drago and Wayland [78], who formulated their coordination
model for non-aqueous solvents. A two-parameter equation was proposed to
correlate enthalpies of adduct formation in the gas phase and poor solvating
solvents, viz., —AH = E,Eg + C,Cg where the subscripts A and B refer to
acceptor and donor, respectively, and F and C are two empirically derived
parameters assigned to each.
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Originally E and C parameters were determined mainly from the enthalpy
data of iodine and phenol. The above equation was solved using experimental
enthalpies for iodine interacting with a series of alkyl amines, and empirical
values obtained for the amine E and C parameters by setting C, = E5 = 1.00
for iodine and Cy = aRp and Ey = bu for the amines. Ry, was the total distor-
tion polarisation and u the ground state dipole moment. With sufficient
enthalpy data all the unknowns could be determined, and checks made on the
entire procedure. Subsequently the best set of £ and C parameters was deter-
mined, by computer program, using the available enthalpy data, and a least
squares fit analysis, yielding values for 33 acids and 48 bases {126].

E and C were initially interpreted as being related to the electrostatic and
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r iodine. Drago [126] now states that they “‘are very complicated quanti-
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illumine certain reactions there are a significant number of interactions where
the observed and predicted enthalpies do not agree, and for which the investi-
gators have no explanation. £ and C values are not polarity scales and there-
fore have not been included in subsequent correlations. They are an attempt
to redefine the term ‘solvent polarity’ (Section C) as two effects, coordina-
tion and non-specific solvation. We do not accept this as a necessarily reason-
able and feasible subdivision of all experimentally determined values which
relate to enthalpy, and other solvent dependent data, particularly in the light
of the successes of multi-parameter equations [30] to separate electrostatic
and specific contributions to the overall solvent effects in chemical reactions,
though we recognise the two systems are not identicai. We therefore have in
this review stressed experimen tal values, and have included the above for com-
pleteness, because the measured enthalpy values determined by Gutmann and
Wychera [35], originally termed donor numbers, are interpreted and used
differently, and consequently their approach has been criticised by Drago
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[126].
(i} Donor numbers of Gutmann

The concept of donor numbers (or donicity, as it is often now termed)
was proposed by Gutmann and Wychera [35] to express, in at least a semi-
quantitative manner, the donor-strength of a solvent. Donor number was
defined as the absolute value of the enthalpy (in kcal mol™!) of the reaction,

SbCls(dissolved) + D(dissolved) = D - SbCl ;(dissolved) (6)

= L7

measured calorimetrically for dilute solutions in an inert medium such as 1,2-
dichloroethane. Since SbCl; is such a strong electron pair acceptor (see for
example ref. 71), it is considered that the equilibrium is displaced essentially
mmrn el b Aaler 4 i wrrlad Mo
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DNSbCIs AHD SbCls (kcal mol™ !) (7)

where D represents the electron pair donor molecule.
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The majority of the 16 donor solvents used in the original study were of a
somewhat exotic nature, and would not normally be considered as media for
organic reactions, but more for inorganic and organo-metallic preparations.
Since then, the donor numbers of more common solvents have been measured,
and 45 values recently reported, including some obtained indirectly [16,77].

Gutmann [16] has also examined the approximately linear relationship
between donor number and —AHp . 5 values of various acceptors (A) as an
empirical method of predicting —AHp . o values. On inspection, however, the
average difference between observed and calculated values was +3 kcal mol™'.

(ii) @, values of Marvel, and also Searles

Another empirical scale based on enthalpies in 1,2-dichloroethane was
commenced by Marvel et al. [50], continued by Searles and Tamres [51], and
compiled and reviewed by Arnett [79]. @,, is the heat of mixing of the solvent
with 50 mol % chloroform at 25°C. These values, because the interaction
between a solvent and a chloroform molecule is not expected to be strong,
are low, ranging from 0.1 to 1 kcal mol™'. The directly comparable Gutmann
donor numbers [35] generally range between 10 and 40 kcal mol™'. There is a
good linear relationship between @, and DNg¢,,, and also Avp, which will
be discussed in Section I.

F. POLARITY SCALES FROM BASICITY MEASUREMENTS
(i) Proton affinity (PA) values of Long and Munseon

Proton-affinity values (in kcal mol™') were calculated by Long and Munseon
[80] from equilibrium constants, from mass spectroscopy experiments, for
various gaseous proton-transfer reactions with various solvents. The results
reflect the effect of solvent structure on the intrinsic basicity of the solvents
[5]- PA values increase steadily down a homologous series, but viewed overall
the order is surprising, e.g., benzene comes between methanol and formic
acid which is above the lowest member, water. Obviously deviations must be
expected from the gas-phase values in liquid solvents containing hydrogen
bonding and other solvent—solvent interactions.

(ii) HCl | values of Gerrard et al.

Another scale that appears to be a direct measure of solvent basicity comes
from solubility measurements of hydrogen chloride in various solvents at
10°C by Gerrard et al. [81]. Arnett [79] has also examined these values. On
comparing HCl,,, values with PA values, where one might expect a correla-
tion, the only linear correlation found was for solvents with the same func-
tional group, viz., the alcohols. HCl,,; values are perhaps better related to the
conductance studies of HCI in anhydrous polar organic solvents by Janz and
Danyluck [33].
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G. POLARITY SCALES FROM NMR CHEMICAL SHIFTS

Recently several polarity scales have been developed from the solvent effects
on certain nuclei, as measured by nmr techniques. The magnitude, direction
and concentration dependence of the chemical shifts of these nuclei are
strongly influenced by the solvating ability (or donicity) of the solvents.

Numerous studies of ionic solvation have used proton chemical shifts in
the elucidation of the structures of electrolyte solutions. The information ob-
tained is somewhat limited since the measurements are usually performed on
the resonance of either the solvent protons or on protons of solvating species
dissolved in an *‘inert’” solvent, and, for the early work, usually at quite high
concentrations. The observed protons are often several atoms removed from
the interaction site, as in studies of oxygen—solute interactions in dimethyl
sulphoxide [82]. As a vonsequence, the chemical shifts are only weakly
affected by solvation. Thus much better information may be obtained if the
resonance of the solvated ions is observed directly. We divide this section
according to the resonating nuclei.

(i) Protons

The AR scale of Anderson and Symons [64] is based on a very carefully
chosen cation. They studied the proton nmr spectra of some 1,4-diethylpyri-
dinium halides, and in addition to considering the individual proton shifts
they measured the difference between the 2,6- and 3,5-ring proton shifts.
They assumed that the anion was held electrostatically above the positively
charged nitrogen atom of the cation in an ion pair structure {(cf. the solutes
used by Kosower [28]), the tightness of which decreased with increasing sol-
vent polarity and anion size. Thus the proton shifts will be directly affected
by solvation, and the difference between ring proton shifts, designated AR,
will be independent of any solvent effects that are mutual to both pairs of pro-
tons. Thus AR values are a direct measure of solvating ability, i.e., solvent
polarity.

This study necessitated relatively high solute concentrations to permit the
formation of the contact ion-pair being studied, but even so, AR values were
markedly concentration dependent, in general increasing by about 10% on
increasing the concentration from 0.2 to 10% mol fraction of solute. Although
the data were found to correlate well with Kosower’s Z values we note that,
at the maximum concentration employed, AR values were not constant, and
a AR value at 1% mol fraction was generally used: the measured Z values were
either concentration independent, or obtained from extrapolation to infinite
dilution.

The other nmr studies, particularly those involving ions, required dilute
solutions to avoid ion-pairing or clustering influencing chemical shifts, and
normally were extrapolated to infinite dilution. There is therefore some im-
precision in the data in the literature, but recent developments in instrumen-
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tation now make possible measurements, in high dielectric constant solvents.
at sufficiently low concentrations so that ion-pairing is not statistically
significant.

(ii}) Alkali metal nuclei

A nucleus particularly well suited to the direct observation of the resonance
of solvated ions is **Na. The relative sensitivity of 0.1 with respect to 'H facili-
tates measurements in fairly dilute solutions. Also, the large quadrupole mo-
ment results in the sodium nucleus being a sensitive probe of the neighboux-
ing electronic environment.

An early study of ionic solvation using the **Na nucleus was performed by
Bloor and Kidd [83], using various concentrations of Nal in a series of oxy-
gen- or nitrogen-Jonor organic solvents. The chemical shifts were concentra-
tion dependent, and when extrapolated to infinite solution, Bloor and Kidd
suggested a scale (5§, ppm) relative to infinitely dilute aqueous Nal, for which
8, was assigned the value zero ppm. This work was extended by Popov and
co-workers [84,85] to include the shifts of sodium tetraphenylborate, per-
chlorate, iodide and thiocyanate. For the first two salts the shift was concen-
tration independent.

More recently Popov and co-workers {86] have measured the chemical
shifts of the “Li nucleus for a series of lithium salts in a variety of non-aque-
ous solvents. The shifts (§ ppm) relative to aqueous lithium perchlorate did
not correlate with the &, values {83] for “*Na. This was explained in terms of
the relative magnitudes of the paramagnetic and diamagnetic screening con-
stants of the two nuclei. However, they found |85] an excellent correlation
between the “*Na chemical shifts and Guitmann’s donor numbers {35].

(iii) Halogen nuclei

Halogen nuclei, especially '’F, have also been used in the study of the sol-
vating ability of solvents. Taft et al. have examined the solvent effects on the
fluorine resonance in meta- [ 52] and para-substituted [53] fluorobenzenes.
and have defined the P value of a solvent as the chemical shift of p-nitroso-
fluorobenzene in that solvent relative to the shift in the standard solvent
cyclohexane. Gurka and Taft [87] have further used the '’F nucleus to study
hydrogen bond complex formation between p-fluorophenot in that solvent
(i.e., the shift of the completely formed complex) relative to that in carbon
tetrachloride (i.e., the shift of the uncomplexed p-fluorophenol}, termed A
ppm.

Spaziante and Gutmann [88] measured the '"F chemical shift of CF;I in a
series of electron pair donor solvents relative to CCL,F as an external standard.
A linear correlation was obtained between the shifts at infinite dilution and
the donicity [35] of the solvent.

Langford and co-workers [S9] have measured the chemical shifts of the
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35C1, "Br and '27I nuclei in a series of solvents relative to aqueous solution and
reported a close correlation between the shifts and the ctts absorption band

energies [90]. The data covered five pure solvents and two binary solvent mix-
tures.

(iv) 3'P nucleus

Gutmann and co-workers [91] have very recently introduced the acceptor
number (AN) as a quantitative measure of the electrophilic properties of sol-
vents. This is analogous to the donor number [35], which attempts to quantify
the nucleophilic properties of solvents. The acceptor number of a solvent is
defined as the chemical shift of the *'P nucleus of triethylphosphine oxide
relative to dipheny! phosphinic chloride as an external standard. However,
the probe nucleus of this solute is remote from the actual place of solute—
solvent interaction, viz., the basic oxygen atom. Gutmann and co-workers
[91] suggested this was an important factor, as “‘theoretically ill-definable con-
tact contributions to the chemical shift values are thus eliminated”. It also
results in the solvation effects on the chemical shift being reduced.

All the above solvent polarity scales from nmr measurements are summar-
ised in Table 2.

H. POLARITY SCALES FROM RATE CONSTANT DETERMINATIONS
(i) General

A basic reason in the search for solvent polarity parameters has been the
predictive potential a suitable scale, embracing many solvents, would have
upon the most appropriate solvent for a reaction. Thus the earliest studies on
this topic were investigations into the effect of solvent on various organic
reactions, hoping to find an appropriate, and versatile, reaction. We have left
this group of polarity scales until now because the number of solvents that
can be used in rate constant determinations are usually few and in single
figures, and because we shall shortly show how the data for this range can be
confidently and vastly extended.

Dack [5] has recently published a review on the influence of solvent on
chemical reactivity. We shall therefore confine our remarks to the nature and
scope of these scales.

(ii) Y and log k;,, values of Winstein

An investigation of the solvolyses of aliphatic compounds proceeding by
an Sy1 mechanism led Grunwald and Winstein [48] to derive Y valuesas a
quantitative measure of the ionising power of a solvent. The relationship
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between Y and the rate of solvolysis is given by
log(kalky) =m(Y\ — Yg) (8)

where i, and kg are the rate constants of an Sy1 solvolysis in solvents A and
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this equation is concerned only with the difference in Y values, the absolute
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Y values can be arbitrarily fixed by reference to a standard reaction. This was

chosen as the solvolysis of £-butyl chloride at 25°C, and Y was defined as

Y = iOg kt-BuCi

— Iog k {-BuCl (9)
where £ and i, are the rate constants of the solvolysis in a given solvent and a
standard solvent, respectively The standard solvent selected was 80% aque-

— ¥ o %Y

ous ethanol, for which Y, by definition, is zero. Equation (9) thus reduces to
logth/R,)y=mY (1M

By definition, m for ¢-butyl chloride is 1.0. Y values range from 3.493 in
water to —2.033 in ethanol: the larger the Y value, the greater is the ionizing
power of the solvent. Due to experimental difficulties. Y values were mea-
sured for only 6 pure solvents and a series of binary mixtures. However, the
scale can be extended, provided values for m for other reactions are obtain-
able. In this way Y values for iso-propanol and i-butanol were obtained via
the solvolysis of ¢-butyl bromide [92].

There is an obvious analogy between eqgn. (10) and the Hammett equation
[93]
log{le/R,) = po (11)

with m and Y corresponding to p and g, where p is the reaction constant and
o the substituent constant. The I—Idmmett equation was proposed as an em-
pirical relation suggested by the parallelism of the effects of substituents in
many different side-chain reactions of benzene derivatives.

Later Winstein and co-workers [94] introduced another standard reaction
for characterizing the polarity of solvents, the ionization of p-methoxyneo-
phyl-p-toluenesulphonate. The rate of this reaction at 75°C was termed the
log i, value and was determined for a series of non-hydroxylic solvents and
solvent mixtures. The log k,,,, values provided a measire of the solvating
power of non-hydroxylic solvents as good as that provided by the Y values
for hydroxylic solvents.

(iii) X values of Gielen and Nuasielski
It is possible, using eqn. (8), to measure the ionizing power of a solvent

towards electrophilic aliphatic substitutions at a saturated carbon atom. Gielen
and Nasielski [49] showed this for the reaction of halogen with tetraalkyl tin
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compounds, which proceeds by an S;2 mechanism. They formulated this as
log(k/ky)=p - X (12)

where k and k, are the rate constants of an electrophilic aliphatic substitution
on an organo-metallic compound in, respectively, the solvent under considera-
tion and the reference solvent (in this case glacial acetic acid), p is a constant
dependent on the electrophile and the organometallic compound and X is a
measure of the solvent polarity. Again there is an obvious analogy with the
Hammett equation (11).

Gielen and Nasielski chose as standard reaction that between bromine and
tetramethyltin, for which p was assigned a value of unity, and the reference
solvent a value of zero for X. To date, however, X values are known for only
7 solvents (excluding the reference solvent).

(iv) € values o, Berson et al.

Berson et al. [95] have proposed a polarity scale based on the slight solvent
dependence of the rate of Diels—Alder addition reactions, since in the addition
of cyclopentadiene to methyl acrylate, the ratio of the endo product (N) to
the exo product (X) is solvent dependent. Since the reaction is kinetically
controlled, the product ratio is equal to that of the specific rate constants.
Thus

log(lxlhy) = log(N/X) = Q2 {(13)

where Q is the proposed empirical parameter of solvent polarity. This scale is
limited by the low solubility of the reactants in polar media.

The Q value is directly proportional to the free energy difference between
the endo and exo transition states. The dipole moment of the former is grea-
ter than that of the latter. Hence an increase in the polarity of the solvent
will result in a better solvation of the endo transition state, thus lowering the
free energy to a greater extent (i.e., a greater stabilization of the endo transi-
tion state) and leading to preferential endo addition. The {2 value therefore
increases with increasing solvent polarity. Eleven solvents have been assigned
€2 values, and these give reasonable correlations with Z and F..

(v) Rate constants k of Pincock

Pincock [69] has measured the effects of non-polar solvents on the ionic
decomposition of t-butylperoxy formate. In chlorobenzene this compound
undergoes relatively slow unimolecular thermal decomposition and generates
formyloxy and t-butoxy radicals by simple cleavage of the peroxide bond,
while in n-butyl ether a first-order induced decomposition occurs which
involves attack by radicals on the peroxide oxygen atoms. However, in the
presence of pyridine a bimolecular ionic elimination reaction proceeds, with
the formation of t-butanol and carbon dioxide. The rate £ of this reaction in
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non-hydroxylic solvents depends extensively on the solvent. Values for k& (at
90°C) vary by a factor of 140 (from 0.00152 in n-heptane to 0.212 in nitro-
benzene), and are related to the dielectric constant and polarizability of the
solvents. The solvent dependence of the reaction rate is interpreted in terms
of a system in which a dipolar transition state is formed from relatively non-
polar initial states. The reaction rate has been measured for 20 solvents.

(vi) S and R values of Brownstein

The final polarity scale to be considered in this section is that of Brownstein
[31. which he designated S values. The m parameter in the Y value scheme of
Grunwald and Winstein relates the susceptibility of a given reaction to changes
in Y. Since spectroscopically derived polarity scales measure a static rather
than a dynamic feature no equivalent parameter can be associated with such
scales. Brownstein endeavoured to overcome this by defining a general scale,
by formal analogy with Hammett’s linear free energy relationship (egn. 11},
which correlated the effect of solvents on a wide variety of equilibria, reac-
tion rates and spectral shifts,

log(hgoe/Rrion) = SR (14)

where k. is the appropriate parameter in a given solvent, and ky, oy the cor-
responding parameter in absolute alcohol, chosen as standard as it was a
widely used solvent of medium dielectric constant and polarity. S is a con-
stant, characteristic of a given solvent (by definition, S = 0.00 for absolute
cthanol) or solvent mixture, and R a constant reflecting the sensitivity of a
given system to solvent effects. Brownstein assigned an R value of 1.00 to
Kosower’s spectroscopic Z value system, because at that time it was the sys-
tem covering the widest range of solvents, the E values of Dimroth et al.
{29] had yet to be proposed.

From Kosower’s data [28] 58 S values were calculated and used to deter-
mine R values for 9 systems, which in turn were used to calculate further S
values. Altogether, Brownstein caleulated 158 S values and 78 R values.

A large number of experimental data correlated quite well, but, as with all
the empirically derived solvent parameters, eqn. (14) is inadequate when the
specific solute—solvent interactions differ between the reference solvent and
the solvent under consideration. Little use has been made of these values since
they were proposed, partly because they seemed less precise than measured
values. Further, Kosower [4] was somewhat critical of S values because *‘they
cannot be related to a specific model process’. More recently it has been
suggested [96] that S and R values have been little used because Z and Ep
values, although fewer in number, have been quite adequate, and that smooth-
ing correlations of this type can cause some loss of mechanistic information
gleanable from individual solvent polarity scales [5]. We now examine inter-
correlations between scales to extend individual seales, and consider the reli-
ability of predicted solvent polarity values.
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1. INTERCORRELATION OF SOLVENT POLARITY PARAMETERS
(i) General

In order to allow further development of the above relationships between
solvent polarity data and bulk solvent properties, and of the multiple-correla-
tion method of separating solvent effects, we need to extend the number of
solvents for which there are measured solvent polarity parameters on the vari-
ous scales. Once a scale has been published the likelihood that the number of
solvents covered will be extended by other workers is low (the exception is
Kosower’s Z values). We now consider interrelationships between the various
empirical solvent polarity scales, and the validity and justification for predict-
ing solvent polarity parameters.

Several good linear correlations between parameters for pure solvents have
been noted, but only four groups of workers [2,67,94,95] have formulated
the correlations in terms of the equation of a straight line, i.e.,

ordinate(parameter 1) = gradient x abscissa(parameter 2) + intercept (17)

The gradient and intercept are usually determined by least squares analysis.
Suggestions are sometimes made that additional parameters can thereby be
obtained but the point has not been further developed, except once [95]
when one predicted value was confirmed by direct measurement.

Kosower obtained some of his Z values from linear (but not least squares)
correlations between various pyridinium iodides. where direct relationships
are to be expected. A linear relationship observed by Erlich and Popov [85].
with only a small amount of scatter, between *’Na nmr chemical shifts and
Gutmann’s donor numbers, enabled them to suggest donor numbers for metha-
nol, ethanol and formamide, which have now been generally accepted. How-
ever this correlation excluded Gutmann’s measured value for water (18): to
be on the line the value would have to be 33. Herlem and Popov [97] later
extrapolated this correlation, above the highest measured value, stating that
should there be a continuance of linearity, then they could predict donor
numbers for seven amines. Gutmann and co-workers have not yet incorpor-
ated these solvents into their writings.

We have assembled a comprehensive listing of the available measured para-
meters and calculated the correlation constants for as many linear correla-
tions as possible. They are listed in Table 3, together with their correlation
coefficients (r).

Inspection of Table 3 shows 7 linear correlations between Ey values and
other empirical scales. As one of these is the Z value scale linear correlations
are expected between Z values and the remaining 6 scales. This is indced the
case for 5 of the scales (viz., Xz [58]; 2 [95]); log kip, [94): F [656] and S [3]),
but it was not originally possible to establish a correlation with the sixth scale
(log k [69]) as there were only three solvents common to both scales. This is
not surprising as log z values were determined for non-hydroxylic solvents of
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TABLE 3
Correlation of empirical solvent polarity parameters
Ordinate  Abscissa Number Gradient Intercept Correlation Ref.
of points coefficient
Z Er — 1.259 13.76 - 2
zZ Ep 15 1.330 1047 0.998 a
fog Rion Et - 0.179 ~—12.35 - 2
tog kign Et 14 0.205 13.58 0.966 a
{2 oy — 0.0154 —0.0389 ~ 2
S Ev — 0.0134 —0.704 - 2
zZ Xg 10 145 —6.34 0.989 67
VA Xg il i.368 —2.032 0.993 a
1og Bion  Xp 7 0.179 —13.8 0.982 67
log Bign Xg 7 0.185 —14.15 0.983 a
Ey Xg 12 1.03 —8.86 0.991 67
Ey Xg 12 1.04 -—9 .60 0.991 a
i Xg 6 —08.0108 10.9 0.232 67
Xg Xr 38 —1.14 118.4 0.620 67
z X 17 ~-1.94 159.8 0.524 67
r Yg 19 —0.189 18.7 0.812 67
log & Xp 16 —0.236 12.4 0.958 67
A Q o T1.7 221 0.972 as
Z Q g 76.0 20.25 0.955 2
fou Fiyn Q 8 10.8 —10.5 0.936 95
A fog Run 10 8.11 104.2 0.971 94
Z log ki 14 5.979 96.84 0.965 a
DN Avp 15 0.20 3.03 0.984 38
Y A 8 0.304 ~~25.60 0.959 a
1og Rign Y 5 0.362 —2.45 0.998 a
fog & Erp 3 8.0063 —0.200 0.8973 a
tog & G T 0.00077 —0.010 0.964 a
G Apy S 1.8337 80.00 0951 a
S G 15 0.00398 —0.525 0.995 a
r G 5 0.00314 —0.147 0.965 a
Fa Zz 9 0.0126 —0.734 0.883 a
F Er 11 00124 —0.391 0.953 a
F S i0 0.812 0.256 0.967 a
PA FHClgg 5 0.0160 ~—2.05 0.998 a
DN DL 5 10.11 —12.17 0.995 a
Q"p &Y DN 9 0.0809 —1.694 0.969 a
Aula[ ] Appm 9 0.00732 0.116 0.887 a
@m Arp 16 0.134 —8.83 0.947 a
_‘\Vpg P ‘—:\"D ii 6.403 --15.3 0.984 a
Qm DN 5 2.63 3.18 0.977 a
AN Avy 9 0.547 —1.63 0777 a
AN Es 27 0.574 325 0.918 a
ARDP z 8 —0.197 81.0 0.911 a
ARc pA 18 -—0.846 1310 $.968 b
AR 9 ¥4 7 —@(.189 79.0 0.927 a
AR € Z 10 —0.873 131.3 0.962 2

i
|
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TABLE 3 (continued)

Ordinate  Abscissa Number Gradient Intercept Correlation Ref.
of points coefficient
VA &h 13 3.60 32.3 0912 98
Ept 5h 21 2.135 20.0 0.920 98
Ere 5h 18 3.13 5.98 0.948 98
Q Sh 7 0471 0.133 0.952 98
S éh 34 0.046 —0.624 0.919 a8
Y $h 5 0.524 —8.75 0.9998 98
Apom DN 11 12.3 —5.85 0.903 a
bo1l DN 8 —0.780 22.156 0.598 a
o1 DN 9 —2.65 2018 0.433 4
Sk DN 10 —1.80 32.11 0.966 a
51 DN 10 —1.89 33.71 0.939 a
pm log k 12 0.676 3.51 0.932 a
pm Ey 27 5.19 30.54 0.914 a

a This work. P 1% mole fraction for dipolar aprotic solvents. € 1% mole fraction for protic
solvents. 4 Extrapolated to infinite dilution for dipolar aprotic solvents. ¢ Extrapolated to
infinite dilutjion for protic solvents. f E¢ values at 30°C. # E values at 26”C. P Hildebrand's
solubility parameter [99]. ! Chemical shifts for **Na [83].  Chemical shifts for “Li [86].

K Chemical shifts for **Na (0.5 M NaBPhj solns.) [85]. ! Chemical shifts for *3Na (0.5 M
NaClO, solns.} [85]. ™ Dipolar aprotic and non-polar solvents only.

low or zero polarity, whereas Z values relate to more polar solvents, hydroxylic
solvents and solvent mixtures.

Herbrandson and Neufeld [98] have proposed that §, the solubility para-
meter of Hildebrand [99], provides a measure of the effect of solvent on
organic reactions, and thus a measure of solvent polarity. It is derived from
the cohesive energy density, a direct measure of the total molecular cohesion
per cc of liquid, and is measured by the molal energy of vapourization to a
gas at zero pressure, —E, per molal volume of liquid, V': §*>= —E/V'. The
square root of the cohesive energy density is termed the solubility parameter,
§, because of its value in correlating and predicting solubility behaviour of
non-electrolytes [99]. Herbrandson and Neufeld calculated a fair correlation
between & and Z, Et, §2 and S, and their results are included in Table 3. They
found an excellent correlation with Y, r = 0.9998, but only four alcohols and
water were used in the calculation. In the light of our comments in Section
C (iii) it is not surprising that a poor relationship between § and Xg has been
found, and that the correlations with Xy separated solvents into essentially
protic and dipolar aprotic groups [100].

A linear relationship between § and the Arrhenius activation energy for the
isomerization of cis-azobenzene to the trans isomer has been reported [101]
for 15 solvents. However, the rate of racemization of 1,1 -binaphthyl did not
increase regularly with § [102]. Some 150 § values have been determined,
many at more than one temperature [103—107].
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We have indicated earlier that Gutmann’s donor numbers, because they
represent a 1 : 1 solute—solvent interaction, do not correlate with the solvat-
ing scales such as Z and Ey. Table 3 does show, however, that similar specific
scales do inter-correlate, and with donor numbers. However donor numbers
do correlate well with the spectroscopic scale Avp. Donor numbers do not
correlate with acceptor numbers so it is not surprising that acceptor numbers
have only a poor correlation with the corresponding Ay, values, and interest-
ingly quite a good correlation is obtained between AN and Er values. The best
correlation with donor numbers is obtained with @,, values, a scale also based
on enthalpy measurements in 1,2-dichloroethane.

Gutmann [16] has also noted a linear relationship between his donor num-
bers and the spectrophotometric measurements of Selbin and Ortolano [108],
who estimated the degree of interaction between various solvents and vanadyl-
bisacetylacetonate { VO(acac).], which has one ligand site available. Selbin
[109] has since reviewed the electronic spectrum changes on addition of donor
band I moves to higher energies and band II to lower. From the energy differ-
ence, D(IL,I), the degree of interaction of the solvent (and donor) with VO-
(acac). is estimated. Gutmann elected to take two solvents, propanediol-1,2-
carbonate and dimethyl sulphoxide, for which donor numbers are known and,
assuming a linear relationship between these reference points, has compared
calculated with known donor numbers, and predicted others, for non-hydro-
gen bonding solvents. Unfortunately, in his Fig. 7 (ref. 16) half his data points
are incorrect or incorrectly plotted. Figure 1 shows a least squares fit for all
the mutually common data points reported, except the nitrocompounds, and
ris 0.995.

It is obviously inappropriate to comment in detail on each correlation ob-
tained. In generating the data in Table 3, unless otherwise subsequently stated,
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Fig. 1. Correlation between donor number (DN) and D(ILI) for various solvents. Least
squares calculated line given by the equation DN = 10.11 (D(II,1)) —12.17.
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all available data were incorporated in the least squares analyses. Occasionally,
if two disparate values for a solvent were available then judgement was exer-
cised, and either the solvent was dropped from the analysis. or the value ob-
tained by the authors of the scale was used.

(ii) Reliability of predicted solvent polarity parameters

Kosower [28] originally measured Z values for 21 pure solvents and 35
binary solvent mixtures. This scale has since been extended [65,95,100,110—
1147 to include 45 pure solvents, but only 5 of these also have a value for
log k. (The E values for 42 pure solvents [29] have since been extended by
one of the originators [2] to 62 solvents.) We have measured [63] Z values
for a further 43 pure solvents (Table 4). However, due to solubility problems
with low polarity solvents, Z values could only be measured for two more sol-
vents for which Pincock [69] had measured log % values. This brought the
number of solvents common to both scales to 7, but the correlation observed
was poor (r = 0.152). Better correlations were found, following Pincock’s
suggestions, for log & with S and G values (r = 0.738 and 0.964, respectively).

The correlation between Z and E; values has been known for some time
[29], and Reichardt has published [2] the constants for the correlation (Table
3). Unfortunately he never stated the number of solvents used, or the correla-
tion coefficient obtained. We have therefore re-examined this relationship.
For any solvent for which there was doubt, one or both of the parameters was
not included in the correlation. For example, the Z value of dimethyl sulphox-
ide has been quoted as 71.1 [28] and 70.4 [29], while the E; value for t-buta-
nol was measured [29] at 30°C, and E values are temperature dependent and
normally measured at 25°C. This left a total of 15 solvents commeon to hoth
scales, and these are plotted in Fig. 2. The correlation parameters, obtained
by least squares analysis, are given in Table 3, including the excellent correla-
tion coefficient r = 0.998.

From this correlation were calculated Z values for 27 solvents and Et values
for 13 solvents. Subsequently, Z values have been measured for 16 of these
solvents [63]. The observed and calculated Z values are given in Table 5,
together with the percentage error of the calculated relative to the observed
value. For 10 of the 16 solvents the calculated Z value is within 2% of the ob-
served value, and for only three solvents (benzene, 1,4-dioxan and pentan-1-
ol) is the error greater than 5%.

Berson et al. [95] observed a linear relationship between their £2 values and
Z values, from which they predicted a Z value for 1,2-dimethoxyethane of
61.7 kcal mol™}. The spectrophotometric value was subsequently measured as
62.1 kcal mol™!, thus the predicted Z value was within 1% of the observed
value. They suggested the advantage that Z values could be obtained for sol-
vents which absorb in the region of the charge transfer band, and predicted a
Z value of 71.2 kcal mol™! for nitromethane. This compares favourably with
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TABLE 4

New Z values measured at 25°C

Solvent Amax{nm) Z(kcal mol™!)
1,2-Dibromoecthane 476.3 60.0
Tri-n-butyl phosphate 466.4 61.3
Dimethyl digol 461.7 61.5
Di-n-butyl sulphoxide # 464.1 61.6
Dibromomethane 455.0 62.8
Pentane nitrile 452.7 63.2
Methyl-n-propyl! ketone 151.9 63.3
2-Methyleyclohexanone 451.4 63.3
Methyl ethyl ketone 446.9 64.0
Di-n-butyl ether 446.6 64.0
Ethyl acetate 146.6 64.0
Triethyl phosphate 443.2 64.5
1,4-Dioxan 442.9 64.6
Diethyl carbonate 442.3 64.6
Dimethyl carbonate b 141.7 64.7
Methyl-n-pentyl ketone 438.4 65.2
Methyl chloroacetate 430.8 66.4
Di-n-butyl sulphone ¢ 424.1 67.4
n-Propylamine 421.9 67.8
n-Butyronitrile 421.5 67.8
Dimethyl sulphoxide 407.2 70.2
Trimethyl phosphate 406.2 704
Sulpholane 404.9 70.6
t-Pentanol 404.2 70.7
Triethyl phosphite 402.3 71.1
2-Methyleyclohexanol 387.2 73.8
Dimethyl sulphone @ 384.5 74.4
Butyl digol 381.2 75.0
sec-Butanol 379.2 754
4-Chlorobutyronitrile 378.5 75.5
3,5,5-Trimethylhexan-1-ol 377.5 75.7
1-Hexanol 373.8 76.5
2-Methylpentan-2,4-diol 372.7 76.7
Dipropylene glycol 3724 76.8
2-Ethoxyethanol 370.9 77.1
1-Pentanol 368.4 77.6
i-Butanol 368.0 77.7
2-Methoxyethanol 364.2 78.5
Pentan-1,5-diol 363.1 78.7
1-Bromo-2-propanol 362.4 78.9
3-Chloropropionitrile 358.1 79.8
Propan-1,2-diol 356.1 80.3
Glycerol 345.6 82.7

2 39.1°C. b Concentration dependent — extrapolated to infinite dilution. € 59.0°C.
d125.0°C.
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Fig. 2. Correlation between Z values and E values: 1, water; 2, 1,2-cthane diol; 8, metha-
nol; 4, ethanol; 5, acetic acid; 6, propan-1-ol; 7, butan-1-ol; 8, propan-2-ol; 9, acetonitrile;
10, dimethylformamide; 11, acetone; 12, dichloromethane; 13, pyridine; 14, chlorolform:
15, 1,2-dimethoxyethane.

TABLE &

Ohserved and calculated Z values

Solvent Z(obs) Z{calc) Percentage Ref.
difference 2

Benzene 54.0 63.2 15.4 4
Chlorobenzene 58.0 60.4 4.1 110
Bromobenzene 59.2 60.4 2.0 110
Fluorobenzene 60.2 61.2 1.7 110
1,2-Dichloroethane 63.4 66.5 4.9 111
cis-Dichloroethylene 63.9 61.5 —3.8 110
Ethyl acetate 64.0 63.8 —0.3 b
1,4-Dioxan 64.5 58.4 —9.5 b
Benzonitrile 65.0 66.3 2.0 110
Dimethyl sulphoxide 70.2 704 0.3 b
Sulpholane 70.6 69.3 —1.8 b
2-Methylcyclohexan-1-ol 738 73.0 —1.1 b
1-Pentanol 77.86 73.0 —5.9 b
2-Methyl-1-propanol 77.7 76.5 —1.5 b
Benzyl alcohol 78.4 T8.1 —0.4 112
2-Methoxyethanol 78.5 80.0 1.9 b

a Calculated from [(Z(calc) — Z(obs))/Z(obs)] 100. ® This work.
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the value of 72.0 keal mol™! we have predicted from the correlation between
Z and E values.

It is therefore concluded that the prediction of non-measured and unmea-
surable parameters from linear correlations with Z values is validated. Accord-
ingly, the new Z values here reported (Table 4) were used to predict E¢
values and values for the five other parameters for which linear correlations
with Z values were obtained. The 6 predicted values for each of the 43 solvents
are included in Table 5, except for Y values, which are only valid for protic
solvents, and they have been predicted accordingly.

(iii}) Determination of polarily values for water

The values declared for water on various scales do not always, as we have
already seen, correlate well between scales. This is no doubt due to the anom-
alous nature of liquid water compared with all other solvents, and that it
experiences dielectric saturation in the first solvent shell about an ion. In addi-
tion, the value for water cannot always be measured directly, so it may then
be extrapolated from binary aqueous mixtures. The measured parameter is
plotted against the mole fraction or similar ratio, of water, but any preferen-
tial solvation of the solute is ignored.

For example, the correlation between Y and Z values was early used to
predict {287 the Z value for water. It is not possible to measure this directly
as the charge-transfer band, from which the Z value is calculated, is hidden
beneath the intense absorption band of the pyridinium cation. Accordingly,
Kosower [28] measured Z values for three binary solvent mixtures, and com-
pared them graphically with the Y values for solvent mixtures of the same
compositions. In the plot of Y against Z the three sets of data converged,
within experimental error, at the independently determined [48] Y value for
water, but only two sets were linear over the range studied. The convergent
point corresponded to a Z value of 94.6 kcal mol™!, but the measured Y value
[48] had previously been obtained with difficulty and with considerably less
precision than the other Y values. Further, the maximum water content of the
three binary mixtures was 40 volume %, and thus the lines were extrapolated
a considerable distance. A plot of Z value against mole fraction of water (Fig.
3) does not indicate a common point of convergence.

Brownstein’s scale of S values {3] was based on the original Kosower Z
values {281, and thus a linear correlation would be expected between the two
scales. This is indeed the case for most solvents (Fig. 4), but not for water.
The S value for water corresponds to a Z value of 91.8 kcal mol™ ', i.e., 2.8
kcal mol™! less than that obtained by Kosower. Inspection of the other corre-
lations (Table 3) involving Z values leads us to favour this value of 91.8 kcal
mol~! for water. Figure 5 shows the correlation between Xy [67] and Z, with
both values for Z being plotted. The ‘best’ line, by least squares criteria,
passes much closer to the new lower Z value. This is also reflected in the corre-
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Fig. 3. Variation of Z value with mole fraction of water: {(a) methanol—water: (b)) ethanol—
water; (c) acetone—water.

lation coefficient, which increases from 0.990 to 0.993 on geing from 94.6
to 91.8 for the Z value of water.

(iv) Relationships with nmr chemical shift scales

Correlations between polarity scales derived from nmr measurements and
other polarity scales have but rarely been reported. Anderson and Symons
[64] observed a linear relationship between their AR values and Z values, for
most of the solvents studied. However, they did not differentiate between
protic and aprotic solvents. On replotting their data (Fig. 6), and making this
distinction, we now find all the data fall close to two lines. Anderson and
Symons had suggested that the deviations were probably due, in part, to
incomplete ion pairing, but this is unlikely since their three main deviators,
dimethyl sulphoxide, acetonitrile and tetramethylene sulphone, all have rela-
tively high dielectric constants.

Using our classification we find protic solvents correlate with Z with a
correlation coefficient of 0.968, and dipolar aprotic with 0.911 (Table 3).
However, these values were obtained using AR values at 1% mol fraction
solute, the concentration arbitarily chosen by Anderson and Symons. Using
AR values at other concentrations, or after extrapolation to infinite dilution
alters these values, slightly for protic, but increasing significantly for dipolar
aprotic (0.962 and 0.927, respectively).

Water was omitted in performing the protic solvent correlation, but it is
interesting to note that predicting Z for water from this correlation favours a
lower Z value.

Popov and co-workers [84,97], we remarked earlier, have observed a reason-
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Fig. 4. Correlation between Z values and S values: 1, 1,2-ethane diol; 2, methanol; 3, form-
amide; 4, ethanol: 5, acetie acid; 6, propan-1-ol; 7, butan-1-ol; 8, propan-2-ol; 9, acetoni-
trile; 10, 2-methylpropan-2-ol; 11, nitromethane; 12, dimethylformamide; 13, 1,2-dichloro-
ethane; 14, acetone; 15, cyclopropyl methy! ketone; 16, 1,4-dioxan; 17, dichloromethane;
18, pyridine; 19, chloroform; 20, ethyl acetate; 21, diethyl ether; 22, n-hexane.

able correlation between the *?Na chemical shifts for solutions of tetraphenyl-
borate and donor numbers [35], from which they tentatively proposed donor
numbers for a series of amines. These proposals may now be partially
checked since a good correlation is here reported between donor numbers
and the Avp values of Kagiya et al. [71]. This is shown in Fig. 7. Here
again, to obtain high donor numbers a continuance of linearity has to be
assumed, but in this case there is additional evidence. A least squares correla-
tion between log (Avp) and log (DN) has a slope of 1.187, indicating a first
order relationship and an insignificant amount of curvature. Also, the Avp
value for hexamethylphosphoramide, the solvent for which the highest donor
number, 38.8, has been measured, was estimated as 179 cm™' and measured
[38] as 180 cm™}. For the mutually common amine solvents the predicted
donor numbers (of around 50) were acceptably close, and those from Avp
were always the lower. Thus predicted high donor numbers, especially from
Avp measurements, may be viewed with reasonable confidence.

Spaziante and Gutmann[88] have reported a linear correlation between the
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Fig. 5. Correlation between Xg values and Z values: 1, water (see Section I(iii)); 2, metha-
nol: 3, ethanol; 1, buian-1-ol; 5, propan-2-ol; 6, acetonitrile; 7, dimethylformamide; 8,
acetone; 9, pyridine; 10, dichloromethane; 11, toluene.

"F chemical shift of CF;I with donor number, and we have applied a least
squares analysis and found r = 0.903 (Table 3). If chemical shifts were mea-
sured in amines, then this would provide another test of the above predicted
high donor numbers.

The P scale of Taft et al. [52,53], also based on '"F, has been compared by
Brooker et al. [67] with their Xz and Xy values. Other emipirical scales corre-
lated well, but not the P scale (Table 3). However, since most nmyr measure-
ments are taken at high solute concentrations the observed chemical shifts
may contain a significant contribution of other influences, such as variation
in the amount of ion pairing in different solvents. Popov and co-workers are
currently seeking to eliminate these problems.

(v) Predicted donor numbers

We have remarked above on the correlation between donor number and
Avp, and earlier that with D(I1,I) [Section I(i)]. Table 6 gives the observed
and calculated donor numbers obtainable from these correlations. The origi-
nal 37 measured donor numbers are now extended to 132 solvents. Some
interesting points now arise between certain predicted donor numbers.

Donor numbers have not been measured for hydrocarbon compounds but
the values predicted from Avp and D(I1,I) measurements are remarkably simi-
lar. Both correlations place carbon tetrachloride as the solvent with the least
donor ability, with a negative donor number, but they are at variance over
the donor ability of chloroform. Possibly steric reasons may affect the coor-
dination of this molecule in the sixth site on VO(acac),. However we do have
one reservation or warning. Advocates of donor numbers are now tending



m

ORIny

o

&
e

1
Az

I
[}

Zragal o’
Fig. 6. Correlation between AR values and Z values: (a) original correlation, (b) protic sol-
vents, (¢) aprotic solvents; 1, water; 2, formic acid; 3, 1,2-ethane dio!l; 1, methanol: 5,
cthanot: 6, acetic acid; 7, propan-1-ol; 8, butan-1-ot; 9, propan-2-ol; 10, 2-methylipropan-2-
ol; 11, chloroform; 12, 1,2-dichloroethane; 13, dichloromethane; 14, acetone; 15, dime-
thyl sulphoxide; 16, acetonitrile; 17, sulpholane.

s
*
Pyridine
e ‘o)
Fe)
£
felie =
kN
by
a
R
3
&
a o
® MenNO
2
O 2 i 1
e} S0 100 150 200
AN rcmt

Fig. 7. Correlation hetween donor numbers and Ayp values.



165

8%'c POt a6l L Io &L o'l ' DDZUB(OAIN £7
Q 07 LIHIEBIOREITN] A
LT 090G o 9 L0l ¢'r L's AUBHIOWONIN 1%
spunodue0d 0NN
r A 90 auryocdog-1°1 0%
7L 19 £al aydns ouoiyyy 61
1571 Gl 4 (AN 1’0 APLOIYY dudALI7 81
o= 90 PO dUDAIO[Y L1
G671 161 Ll L b WIOJOL0(D 91
0% LAV 1~ I 1-- ¢ - MHOYatnD] HoqLey 41
Gl 841 ge aprydnstp uoqae) i
' 0 0t auvjdag-u el
{ o6 OUUNDL-U ol
8201)DaLOP puD sU0QLDI04p Y dnnydyy
¢l— 00 OUDZUDL OO It (1
[~ 30 AUIZUIOIO[I(-0 01
— Q7 auazZudOoIg 6
gl - 9% ABLUDYOIO[YD g
3 e susafsiAON-d A
I 8% ouol ks AYIaIN-0 9
z g IS Y
04’1l 0¢ ouojAY-w P
F g oudzudq Ay e
gu1 4 y'e g auanjol, ¢
4Rt 181 §u'1 Gl{— 0 9'f 0'¢ ] oudzZUdY 1
sappauap pun suoqanaoap Ly an ooy
Nd (801 Na (1. qU'ma Uag (LL
wodg)y ) woa) ]ad) wod| O *jod)
2 SG0 ke ®GO WD 1tle} oD 511t SO
') Uy aogunu souo(g 1UdA)0g ‘ON

sanea (1D pur Uag soguuni Jotuop pawnoed pue paatdsyQ

9 ATEVL



166

94 g1 auojay [Ay3a1 LY
LY g1l U012y (K410 |AyPN o
e 68'¢ 0L 19 64t 0Lt 0Y Sv
sat070)]
R 4'61 auo1dE|nIdE)-3 27
99 201 auoporoIAINg-A ey
e 8'6 auojoejoidosd-g AL
$2U0JODT
Le 101 a7ujA1onLow [AYIP 1
gt 9'6 nejhoe [Apg - oy
0¢€ 0’6 ae(kioe [Ay1ajy 66
1% tAIA 01u109e [AUIA Qe
o8 ¢] o Andost (A0 LE
44 I'6 meuotdodd |A1g  9¢
ge 9'p apeuoidoud (Aytop ge
% 9L D]E10dRIONOIP (A8 PE
1% ] 21210001012 {A1D]N ee
06¢ 0L 6¢ 801 'Lt oje1008 |AYlg 28
¥8'0 LY 9¢ At 6oL 0)e190u (Ao 1€
549187
0L'2 09 1'g1 apruotanefAuatyd 0g
8€'% (44 8¢ 901 611 s{lajiuozuag 67
gL'? (4 e ajunolfing-ost 8%
48'c 89 9'01 oprnuosAing-u L2
LE ol oAy 9%
08'C g9 (4 Vet ot aptuordoag 114
9% 09% 09'c g4 6\ 1 83! I'#t dlapuogaoy 74
S$OIMIN
Nd (801 Nd (te qr'ma Y (LL
wodj ‘Jou) wod) ‘o) wod| wody ‘Jo4)
v 'S40 ey "$10 h1lte] $40 o) SIte) SO
{(rma v AR foun( HUAAOg "'ON

(panuijuo)) 9 A19V.L



167

v'e

sT'E

01T'€

18

EAY
96
19
8¢
0

i3

8L

16
gr
6%
42
9%
1L
99
£
ge
Ie
LL
SL
gL
8L

96
99
68

96'61

gel
061
6T
08
'8
LA
€01
0'6
9'6
0’6
§'81
'8t
LUl
L8t

gl
£91
6°0%

apAyapluzudg 08
apAyopeuol0L) 6L
Uty gL
apAyapjesing-u LL
apAyopeuoidosg 94,
apAyoappnooy sl
sapKyapv

auexolg-#'1 vl
urAdoapAyeno, gL

auzjoxolp
-g‘1-ikyrawoioy -y oL
auejoxolp-g* 1-{Auayd-g 1L
oucjoxolp-g* I-IANPIN-Y - 0L
auvjoxolp-g* 1-[AYI9N-5 69
ouvjoxolg-g'1 89
002 ueanfospAyedtag, L9
uanyg 99

auriaxo
-Kawioloosig-¢'e €9
apixo suosif1g 73S}
utapAyoropordyg €0
op1xo auajhdorg 29
ajorauatyg 19
ojostuy 09
auepakxoound-g' 1 69
o [Ajei 89
aayga 1Auta (A ncos] LS
Joy1o (AU jAmng-u 0g
Tuio [Auia 1A 49
Yo Ang-u fAng bg
sy (Adoadost-ig £C
aayjo jAdoad-u1q s
¢6l 1ype (A 18

EIEI |

auouatdoraoy 0%
suoueLxayodL) 3%

auoey (A (Ao

8v



9¢ 10y 6Lt 081 168 8'8¢ opruy
-toydsoydiAyjowexagy 901
6e'V ol A4 aprueiaRANAA-NN ao1
9%t 6l 608 opruBULIOJ I A-NN 01
86’ vel g1t L'ge 8.3 oprwedLAyIBwWI-N'N g01
195 I8¢ 16'¢ Q11 L01 L'LT g1 9'9%  opiwewo)[AgPWIq-NN 701
gl'g 668 OpPILULULIO,] 101
moﬁ.::<
981 gor awwiualAppaiAuayd- N 001
LE% 404 owwua] £y 66
saunuy
06’8 151 £'LE ouoptjoaakd-z-|SIDN-N 86
ww.m Omﬁ ._”.N.m Es,_on_ohamo.m._zﬁ_aoE.Z bm
1'% 08 aufjoutnd 96
€61l LTy aupLAdIAWIA-F ¢6
{12 0ve g'qg 119 awpriadig ¥6
g1t 1'% auIpIn|oJ,-0 £6
a2 6L1 6'88 outprAdiAyd-f 26
gy 091 1'6g auljoald-A 16
oF €81 L'68 U091~ 06
@ g 68 081 891 g'ee L'9¢ g awpLsg 68
81t L'z sutuBAyWIg-NN 88
161 ¢ee oul[Iue[AYIdN-N L8
£'¢ 8u1 Lye autjluy 98
885 L'0% MHETHINERIRN g
g Iy auueyAdoad-u-1q e
ep 0£% 118 I'gv aupeiAdoag-u £8
gy sL'y £83 968 L6k ounueiAyg 28
'y 9V g vjLowuty 18
mu::ua.raﬁ v:u muz.::<
Nd (801 Na (1. qUia Aay (LL
Eo.& ..T.Z » Ec.& jad \ wot ] Eo..._ ) .ﬁ v._v
v .m:O .UEO .mno .OEO .mn_O .c_zO .Q:“O .mco
orw S.:VQ c:ﬂ .32:.5: ..O:OQ .Euicw .OZ
ot

(panupuo)) 9 A749vV.L



169

“Kjuo gOT *Jo4 wody wiep Busn g

10e1] s1u0a[08 snOKTA UL DJEUOIOIL[KID0R [APTURA JO [] PUE | SPUEY 91} JO BWIXEW 2Yf) JO sanjea patodas Wody pawmiqQ »

w

=0

b

30°C
660

-
W

oKt
Pl
L't

FT'T

OO

8t
TV
9’1
(A4
616

69'¢
Gg'e

81V

L6

LL

L9

e

ot

01—

¢l

£01

00!

09

(1~

1

L9
2'9%
£'6%
608

08 ¢'ge

gL gek

n..!

ﬂ.-...l

Gl

LS
T
L'0%

6¢

et 1 108 £'1e

'ee

¢'81

061
0'81

0'6
€%
L0
401

Bt
8'6%

opLiojyo
sroydsoydLuaydig Zer
OPLIO[OIP

atoydsoydjfudtyg 181
opLIonyip
atuotdsoydAuatyg 0¢eL
apuojyadxo snxoydsotyd 631
IPLIOIYIAXO WNID]IG 221
apLofyD [Auoy, Lel

oplo [Amding 0971
sapioy o1uofiouy

apeydsoyd (A gty A
muydsoyd jAyatuig, Pzl

saroydsoyyy

ojeuoqLed-z* 1-joipouedolg XA
eLoqRd

UD|ALI00IO| LI T, Al
ajeuoqiu

ausjAyrvotolydig 131
euogIen audjAyg 0Z1
$270110Q.100)

jotode [Awy-u 61T
jouwing-u 81T

[ousliyy L1l

[ouEIN 911

19EM g1t

§101/0210 puw 1270

apuionyy [Aozuag P11
aplolyd (fozusg 211
apuojy A190% [48!
apupAyue anddy 111
ploe o100y 011

ploe diuto g 60T
saanpanap pup spray
ouotdns susAippwenag, 801
apixoydins |[Ayjoung Lol
sauoydins pup sapixoyding



170

towards quantitative applications. Donor numbers (enthalpy determinations
at infinite dilution) are not easy to measure, and since they were originally
determined more accurate and sensitive calorimeters have been marketed.
Enthalpy measurements by other groups of workers [128,129] have not
always vielded values within (the claimed) experimental error of the original
workers [35]. Thus before this tendency is continued we consider it impor-
tant that donor numbers should be remeasured, and the linear relationship
with Avp redetermined, before our predicted donor numbers are used exten-
sively. Differences also appear in the predicted values for certain amines. We
have just demonstrated that the DN—Awvy, relationship may be used to pre-
dict with confidence high donor numbers. In this relationship we did not use
the nitro-compounds (Fig. 1). All the solvents used had only one possible
donor site on the molecule, usually an oxygen atom: the nitro-compounds
have two neighbouring oxygen atoms containing lone pairs. Thus these com-
pounds will have slightly different effects on bands I and II. The measured
donor numbers of nitromethane and nitrobenzene are therefore the more
appropriate to use, but they should be used with some circumspection since
although they were employed in obtaining the DN—Avp relationship (Table
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Fig. 8. Variation of Y values with dielectric constant.
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3) the line obtained (Fig. 8) does not pass through their datum points.

The acetate esters were omitted in this relationship for chemical reasons.
Deuteron transfer from CH,;OD can occur on to the ester molecule via keto—
enol tautomerism. The value obtained for Avy may be related to the O—D
vibration of the deuterated enol form. It is unfortunate that donor numbers
for formates, in which this tautomerism cannot occur, have not been reported.
Thus the measured and calculated donor number values for esters in Table 6
should be treated with caution.

We also note that the D(IL,1) values reported by Selbin and Ortolano [108]
do not agree, with the one exception of acetonitrile, with those that may be
derived from the data of Symons and co-workers [130]. In most cases the
difference is quite marked (Table 6). A plot of these values against donor
number produces a plot of greater scatter to that in Fig. 1, and slightly differ-
ent slope. We therefore again advise caution for donor numbers predicted
from D{11,1) data, but emphasise that, with our earlier proviso that donor
numbers need to be redetermined on modern equipment, the measurement of
Avp values is currently recommended as a rapid and reliable method for deriv-
ing further donor numbers.

J. CORRELATIONS BETWEEN SOLVENT POLARITY DATA AND BULK SOLVENT
PROPERTIES

We can now return to a consideration of the relationships between solute—
solvent interactions and bulk solvent properties. Many attempts have been
made to correlate rate constants () for reactions with macroscopic solvent
parameters representing various aspects of solvation, the most widely used
being the solvent dielectric consiant €. Scatchard, in an early review [115],
considered the effect of dielectric constant on ion—ion reactions in terms of
the Debye—Hiickel theory, and predicted In k to be inversely dependent upon
€. Amis [116] and Laidler and Landskroener [117] later deduced the same
relationship, but both reasoning from different viewpoints.

Kirkwood [72] derived an expression for the change in free enthalpy when
a molecule with dipole moment g and radius r passes from a medium of
dielectric constant unity to one of dielectric constant €.

AG = —u?(e —1)/r3(2e + 1) (15)

This equation can be extended, via transition state theory to include %, yield-
ing

Ink=Inko— Ule —1)/(2¢ + 1) (16)

where R, is the rate constant in a medium where € = 1, and U is a constant
independent of the medium. A linear relationship is thus expected between
In k and (¢ — 1)/(2¢ + 1). This has been found in many reactions between
polar molecules in binary solvent mixtures {118]. However, both the
Scatchard and the Kirkwood relationships usually break down when applied
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to a series of one-component solvents [119], or to binary mixtures of low
dielectric constant [120]. Dack [5] has suggested that correlations of this type
appear to be useful only for reactions such as ion—ion, ion—dipole and dipole—
dipole reactions, where general electrostatic interactions are dominant. He
also notes [5] that those who have used multiparameter equations to separate
electrostatic and specific coniributions to the overall solvent effects in reac-
tions have generally employed such functions of dielectric constant, viz., €,
1/e, (¢ — 1)/(2¢ + 1) and (¢ — 1)/(e + 2). We note that the latter two func-
tions have an exaggerating effect on low dielectric constants and a levelling
effect on high dielectric constants. For example, for the expression (¢ — 1}/
{(2¢ + 1), for low ¢ values, from 2 to 7, this function changes from 0.2 to 0.4,
but for e > 20 it is essentially constant, tending rapidly to 0.5, and only
changing by 0.02 between € values of 20 and 40. Plots of these two func-
tions against a reaction or solvent sensitive parameter (are often said to) give

a linear correlation [451.

Ito et al. [121] have plotted the experimental wavenumber shift of the
n—w™ transition of various carbonyls in several non-hydrogen bonding solvents
against (e — 1)/{(e + 2). A straight line was fitted to the data, but in each case
a curve would have produced a better fit. Nicol [12] has reviewed solvent
effects on spectra, maintaining this linear approach. In our view, his linear
correlations have too much scatter for large numbers of data points, or would
fit a curve better for few points, to encourage continuing this approach. We
have therefore used the unadorned dielectric constant in seeking correlations,
not necessarily linear, with solvent polarity scales.

A good linear correlation between dielectric constant and the Y values of
Grunwald and Winstein has however been noted [122] (Fig. 8). The devia-
tions from linearity for formamide and acetic acid may be rationalised in terms
of internal hydrogen bonding effects, resulting, in the latter case, in dimerisa-
tion of the solvent.

Since it is well established that Y and Z values correlate well, it is not sur-
prising that Z values also correlate reasonably well with dielectric constant,
contrary to the claims of Reichardt [2]. Early criticisms of Z values are inade-
quate {127] and are therefore now shown to have been premature. But to un-
derstand the plot (Fig. 9) it is necessary to recognise the division of solvents
into protic and aprotic (Section B. (iii)). Thus any scale that correlates with
Z values, e.g., E values, also relates to dielectric constants in the same protic—
aprotic way: Y values, with the exception of formamide, relate to protic sol-
vents.

The increasing curvature of the Z vs. € plot for dipolar aprotic solvents,
compared with that for protic solvents (Fig. 9), reflects the inclusion of non-
polar solvents in the former category. If they are omitted the curves are
almost identical, in this and similar plots. It is interesting to note that for all
polarity scales where the parameters are measured in keal mol™! the separa-
tion between the lines describing the two classes of solvent gradually increases,
from around 10 kcal mol™! at low dielectric constant to around 14 kcal mol™*
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Fig. 9. Variation of Z values with dielectric constant: 1, formamide; 2, dimethyl sulphoxide;
3, sulpholane; 4, acetonitrile; 5, dimethyl formamide; 6, dimethyl acetamide; 7, hexameth-
viphosphoramide; 8, acetone; 8, pyridine; 10, 1,2-dimethoxyethane; 11, phenetole; 12,
benzene; 13, water; 14, formic acid; 15, 1,2-ethane diol; 16, methanol; 17, ethanol; 18,
propan-1-ol; 19, 2-methylpropan-1-ol; 20, butan-1-ol; 21, propan-2-ol; 22, cyclohexanol; 23,
2-methvicyclohexan-1-ol; 24, 2-methyipropan-2-ol; 25, 2-methylbutan-2-ol; 26, acetic acid.

at high values. This separation approximates closely the energy of hydrogen
bonding. Using several plots of € vs. a solvent polarity parameter, and classify-
ing a solvent as protic or aprotic, it has been possible to predict with reason-
able accuracy the dielectric constant of several solvents, which were later mea-
sured [38].

A related correlation is that of Griffiths and Wijayanayake [37] of the
energy difference between the first ultraviolet absorption maximum of sodium
iodide and tetra-n-hexylammonium iodide in a given solvent with the recipro-
cal of the dielectric constant of that solvent (Fig. 10). In the range 11 < €> 5,
in which only solvent shared ion pairs were found (Section B. (iii)) the anion—
cation separation was confirmed by calcuiations that used the bulk dielectric
constant for the intervening solvent molecule.

It is still being suggested [5] that the microscopic dielectric constant of the
solvent molecules contiguous to the solute should be of relevance. This is
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Fig. 10. Partitioning of AE, ;. values as a function of the reciprocal of the dielectric con-
stant: 1, 2-methyvibutan-2-ol; 2, ethyl acetate; 3, tri-n-butyl phosphate; 4, 1-chlorobutane;
5, tetrahydrofuran; 6, methyl formate; 7, 2-methylpropan-2-ol; 8, 2-methvleyclohexan-1-ol;
9, pentan-2-one; 10, cyclopentanol; 11, cyclohexanol; 12, triethylphosphate; 13, 2-methyl-
propan-1-ol; 14, butan-1-ol; 15, propan-2-ol; 16, acetone; 17, trimethyl phosphate; 18,
methanol; 19, acetonitrile; 20, water.

based on the calculations of Hasted et al. [123,124], for a number of models,
which showed that the microscopic dielectric constant of water within 1.5 A
of an ion is about 5, but this rises rapidly to the bulk value, 80, around 4 A
from the ion [125]. Similar results for other solvents can be expected, but the
microscopic dielectric constant should not fall as low as for water. What has
not been recognised is that water is the exception rather than the rule. Most
solvent molecules have a molecular diameter of 6 A or greater and a much
lower bulk dielectric constant, and thus non-aqueous solvent molecules con-
tiguous to ions have a dielectric constant essentially that of the bulk value,
thereby further confirming the above calculation identifying solvent shared
ion pairs. The absence of a zone of disorder around solvated anions in protic
solvents, but continuous hydrogen bonding from anions into the bulk solvent,
is now proposed [46].

In the solvation of dipoles hardly any reduction in bulk value must apply
to the solvating molecules. Thus in our view the concept of a microscopic
dielectric constant for a solvent is not relevant, and should not be adduced in
explaining chemical reactions. Differences in reactivity between two solvents
of the same dielectric constant, but where one is protic and the other aprotic,
should be considered in terms of the contribution of the hydrogen bonding
energy.

A much greater differentiation between protic and (dipolar) aprotic sol-
vents is observed [122] if solvent polarity parameters are plotted against
dipole moment u. From Fig. 11 we can also conclude a marked difference in
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Fig. 11. Variation of Z values with dipole moments: (a) protic solvents, (b) aprotic solvents;
1, hexamethylphosphoramide; 2, sulpholane; 3, dimethyl sulphoxide; 4, dimethylformamide:
5, dimethylacetamide; 6, acetonitrile; 7, hexadeuteroacetone; 8, cyclopropyl methyl

ketone; 9, acetone; 10, pyridine; 11, ethyl acetate; 12, tetrahydrofuran; 13, 1,2-dimethoxy-
ethane; 14, dichloromethane; 15, chloroform; 16, deuterochloroform; 17, 2-methylbutan-
2-0l; 18, 2-methylpropan-2-ol; 19, 2-methylcyclohexan-1-ol; 20, cyclohexanol; 21, propan-
2-o0l; 22, 2-methylpropan-1-ol; 23, butan-1-ol; 24, propan-1-ol; 25, acetic acid; 26, ethanol;
27, methanol; 28, 1,2-ethane diol; 29, formic acid; 30, water.

the solvation of the dipolar contact pyridinium iodide ion pair, from which
Kosower’s Z values are derived. For the protic solvents, largely alcohols, and
for which u is approximately 1.7—1.8, Z decreases as the solvent molecules
get larger and the hydroxyl group becomes more sterically restricted. Thus Z
decreases as the intermolecular hydrogen bonding decreases. Such a trend
would not be expected if there was a structureless region between the solvated
dipole and the bulk solvent. Dipolar aprotic solvents, with a small increase in
Z (from 64 to 70) with u increasing from 1 to 5 D, demonstrate clearly the
minimal nature of their intermolecular interactions. Dipole—dipole interac-
tions are therefore the major component for the solvation of the contact ion
pair. The results of Anderson and Symons [64] suggest that the ion pair
formed in each solvent does not necessarily have the iodide ion sited always
on the 2,6-protons of the pyridine ring; “above’ the nitrogen atom is a possi-
bly more favoured site. We suggest that the scatter around line (b) for dipolar
aprotic solvents (Fig. 11) could reflect different positions for iodide in the
contact ion pair between these two extreme sites, the position also being influ-
enced by the differing stereochemistries of the solvent molecules.

The nearly vertical and horizontal nature of the correlations in the solvent
polarity—dipole moment plot means they can only be used in an indicative,
rather than a predictive manner, and they do lend support to our objections
to microscopic dielectric constants.
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We finally note in this section that those solvent polarity scales which are
based on a specific 1 : 1 solute—solvent interaction, e.g., Avp and Gutmann’s
donor numbers, do not correlate when plotted against dielectric constant.
This is not really surprising, and neither do these scales correlate with the
more general Z, Y and Eg scales.

K. SUMMARY AND APPLICATIONS

We have listed in Table 7 all the published solvent polarity data of which
we are aware, plus some of our own unpublished measurements, for some 273
solvents and 29 scales. If, therefore, information is required regarding a particu-
lar compound the extent and values of the measured polarity data are readily
determined. If information concerning a particular scale is desired, say its Z
value, then reference to Table 3 reveals those scales which have a linear rela-
tionship with the Z scale, and generally on one or more of these scales the
value has been measured for the solvent in question. The accompanying corre-
lation coefficient indicates the precision of the Z value subsequently calculated.

Alternatively, if the identity was required of a solvent having a solvent
polarity value close to a particular value, say a Z value of 60, then scanning
the Z scale column vertically will ascertain those solvents. In addition, if hori-
zontal scanning is also employed for these solvents, then the equivalent values
on other scales can be obtained, and scanning these scales vertically will in
principle identify many more such solvents.

We could have filled in the majority of the blanks in Table 7 using the equa-
tions of the correlations in Table 3, and giving mean values where several
values are determinable. However we judged it better not to do so, to avoid
uncritical use of Table 7. We therefore hope that our readers will calculate
those values they require (and enter them into the compilation) while also
having due regard for the footnotes in Table 7 and the above discussion on the
various solvent polarity scales they employ.

We welcome any information on solvent polarity scales we may have over-
looked, and being informed of new scales as they are published.

ACKNOWLEDGEMENTS

We thank the Science Research Council for the provision of an Applied
Physics Cary 14H spectrophotometer and the University of Leeds for a Uni-
versity Demonstratorship to D.C.P. Valued discussions with Dr. R.H.
Wijayanayake and Professor M.C.R.. Symons are also acknowledged.

REFERENCES

1 N. Menschutkin, Z. Physik. Chem., 5 (1890) 589; 6 (1890) 41.

2 C. Reichardt, Angew. Chem. Int. Ed. Eng., 4 (1965) 29.

3 S. Brownstein, Can. J. Chem., 38 (18960) 1590.

4 E.M. Kosower, Physical Organic Chemistry, Wiley, New York, 1968.



0~ S]]

[{o]

10

11

12

13
14

15

209

M.R.J. Dack, in M.R.J. Dack (Ed.), Solutions and Solubilities, Part 2, Techniques of
Chemistry, A. Weissbherger (Ed.), Vol. 8, Wiley, New York, 1976, Chap. 11.

M.J. Blandamer and M.F. Fox, Chem. Rev., 70 (1970) 59.

P.C. Dwivedi and C.N.R. Rao, Spcctrochim. Acta Part A, 26 (1970) 1535.

L. Kevan and B.C. Webster {Eds.), Electron—solvent and Anion—solvent Interactions,
Elsevier, Amsterdam, 1976.

E.S. Amis and J.F. Hinton, Solvent Eifects on Chemical Phenomena, Vol. 1, Academic
Press, New York, 1973.

d. Griffiths, Colour and Constitution of Organic Molecules, Academic Press, London,
1976.

A K. Covington and T. Dickinson (Eds.), Physical Chemistry of Organic Solvent Sys-
tems, Plenum, Londoen, 1973.

M.F. Nicol, Appl. Spectrosc. Rev., 8B (1974) 183.

R.D. Green, Hydrogen Bonding by C—H Groups, Macmillan, London, 1974.

J.F. Coetzee and C.D. Ritchie (Eds.), Solute—Solvent Interactions, Dekker, New York,
1969.

J4.F. Coetzee and C.D. Ritchie (Eds.), Solute—Solvent Interactions, Vol. 2, Dekker,
New York, 1976.

V. Gutmann, Coordination Chemistry in Non-Aqueous Solutions, Springer-Verlag,
Vienna, 1968.

T.C. Waddington (Ed.), Non-Aqueous Solvent Systems, Academic Press, London, 19635.
A.lL Popov, Pure Appl. Chem., 41 (1975) 275.

U. Mayer, Pure Appl. Chem., 41 (1975) 291.

H. Strehlow and H. Schneider, Pure Appl. Chem., 25 (1971) 327.

A Jd. Parker, Pure Appl. Chem., 25 (1971) 345.

B.H. Robinson, in E. Caldin and V. Gold (Eds.}), Proton-Transfer Reactions, Chapman
and Hall, L.ondon, 1975, p. 121.

I.A. Koppel and V.A. Palm, Reakts. Sposobn. Org. Soedin. Engl. ed. Organic Reactivity,
11 (1974) 121. '

M. Szwarce (Ed.), Ions and lon Pairs in Organic Reactions, Vol. 1, Wiley, New York,
1972.

M.R.J. Dack, Chem. Brit., 6 {1870) 347.

R.S. Drago, Chem. Brit., 3 (1967) 516.

V. Gutmann, Chem. Brit., 7 (1971) 102.

E.M. Kosower, J. Am. Chem. Soc., 80 (1958) 3253.

K. Dimroth, C. Reichardt, T. Siepmann and F. Bohlmann, Liebigs Ann. Chem., 661
(1963) 1.

I.A. Koppel and V.A. Palm, in N.B. Chapman and J. Shorter (Eds.), Linear Free
Energy Relationships, Plenum, London, 1972.

J.N. Bronsted, Ber. Deutsch. Chem. Ges., 61 (1928) 2049.

AJ. Parker, Quart. Rev_, 16 (1962) 1G63.

G.J. Janz and S.S. Danyluck, Chem. Rev., 60 (1960) 209.

H.A. Berman and T.R. Stengle, J. Phys. Chem., 79 (1975) 1001.

V. Gutmann and E. Wychera, Inorg. Nucl. Chem. Lett., 2 (1966) 257.

T.R. Griffiths and R.H. Wijayanayake, Trans. Faraday Soc., 66 (1970) 1563.

T.R. Griffiths and R.H. Wijayanayake, J. Chem. Soc. Faraday Trans. I, 69 (1973) 1899.
T.R. Griffiths, unpublished resuits.

G.C. Pimental and A.L. McClellan, The Hydrogen Bond, Freeman, San Francisco, 1960.
N. Tokura, Kagaku To Kogyo (Osaka), 44 (1970) 64.

C. Reichardt, Losungsmittel-Effekte in der organischen Chemie, Verlag, Weinheim,
1969.

C. Ziolkowsky, Die. Chem.-Techn. Ind., 96 (1970) 801.

1.G. Murgulescu and I. Demetrescu, Stud. Cercet. Chim., 18 (1970) 545.

R.L. Kay, D.F. Evans and M. Matesich, in J.F. Coetzee and C.D. Ritchie (Eds.), Solute—
Solvent Interactions, Vol. 2, Dekker, New York, 1976, Chap. 10.



210

45
46

47
48
49
50
51
52

53

54
55
56
57
58
59
60
61
62
63
64
65

66
67

68

69
70
71
72
73
74
75

76

—

7T
78
79
80
81
82
83
84
85
86
87
88
89
g0

C.N.R. Rao, S. Singh and V.P. Senthilnathan, Chem. Soc. Rev., 5 (1976) 297.

S.E. Jackson, I.M. Strauss and M.C.R. Symons, J. Chem. Soc. Chem. Commun., (1977)
174.

N.B. Chapman, M.R.J. Dack and J. Shorter, J. Chem. Soc. (B), (1971) 834.

E. Grunwald and S. Winstein, J. Am. Chem. Soc., 70 (1948) 846.

M. Gielen and J. Nasielski, J. Organometal. Chem., 1 {(1964) 173.

C.S. Marvel, M.J. Copley and E. Ginsberg, J. Am. Chem. Soc., 62 (1940) 3109.

S. Searles and M. Tamres, J. Am. Chem. Soc., 73 (1951) 3704.

R.W. Taft, E. Price, I.R. Fox, 1.C. Lewis, K.K. Anderson and G.T. Davis, J. Am. Chem.
Soc., 85 (1963) 709.

R.W. Taft, E. Price, I.R. Fox, L.C. Lewis, K.K. Anderson and G.T. Davis, J. Am. Chem.
Soc., 85 (1963) 3146.

A. Allerhand and P.R. Schieyer, J. Am. Chem. Soc., 85 (1963) 371.

J.E. Dubois, E. Goetz and A. Bienvenue, Spectrochim. Acta, 20 (1964) 1815.

S.E. Sheppard, Rev. Mod. Phys., 14 (1942) 303.

A. Hantzsch, Ber. Deutsch. Chem. Ges., 55 (1922) 953.

L.G.8. Brooker, G.H. Keyes and D.W. Heseltine, J. Am. Chem. Soc., 73 (1951) 5350.
E.M. Kosower and P.E. Klinedinst, J. Am. Chem. Soc., 78 (1956) 3493.

E.M. Kosower and J.C. Burbach, J. Am. Chem. Soc., 78 (1956) 5838.

E.M. Kosower, J. Am. Chem. Soc., 80 (1958) 3261.

E.M. Kosower, J. Am. Chem. Soc., 80 (1958) 3267.

D.C. Pugh, Ph.D. Thesis, Leeds University, 1976.

R.G. Anderson and M.C.R. Symons, Trans. Faraday Soc., 65 (1969) 2537.

P.A. Leermakers, H.T. Thomas, L.D. Weis and F.C. James, J. Am. Chem. Soc., 88
(1966) 5075.

K. Dimroth, C. Reichardt and A. Schweig, Leibigs Ann. Chem., 669 (1963) 95.
L.G.S. Brooker, A.C. Craig, D.W. Heseltine, P.W_ Jenkins and L.L. Lincoln, J. Am.
Chem. Soc., 87 (1965) 2413.

M.A. Mostoslavskii, V.A. Izmailskii and M.M. Shapkina, Zh. Obshch. Khim., 32
(1962) 1746.

R.E. Pincock, J. Am. Chem. Soc., 86 (1964) 1820.

E.G. MacRae, J. Chem. Phys., 61 (1957) 562.

T. Kagiya, Y. Sumida and T. Inoue, Bull. Chem. Soc. Jpn., 41 (1968) 767.

J.G. Kirkwood, J. Chem. Phys., 2 (1934) 351.

N.S. Bayliss and E.G. McRae, J. Phys. Chem., 58 (1954) 1002.

L.J. Bellamy and R.L. Williams, Trans. Faraday Soc., 55 (1959) 14.

L.J. Bellamy, C.P. Conduit, R.J. Pace and R.L. Williams, Trans. Faraday Soc., 55
(1959) 1677.

W. Gordy and S.C. Stanford, 4. Chem. Phys., 8 (1940) 170.

V. Gutmann and R. Schmid, Coord. Chem. Rev., 12 (18974} 263.

R.S. Drago and B.B. Wayland, J. Am. Chem. Soc., 87 (1865)3571.

E.M. Arnett, Progr. Phys. Org. Chem., 1 (1963) 223.

J. Long and B. Munseon, J. Am. Chem. Soc., 95 (1973) 2427.

W. Gerrard, A.M.A. Mincer and P.L. Wyvill, J. Appl. Chem., 10 (1960) 115.

B.W. Maxey and A.l. Popov, J. Am. Chem. Soc., 90 (1968) 4470.

E.G. Bloor and R.G. Kidd, Can. J. Chem., 46 (1968) 3425.

R.H. Erlich, E.T. Roach and A.l. Popov, J. Am. Chem. Soc., 92 (1970) 4989.

R.H. Erlich and A.lL Popov, J. Am. Chem. Soc., 93 (1971) 5620.

Y .M. Cahen, P.R. Hardy, E.T. Roach and A.l. Popov, J. Phys. Chem., 79 (1975) 80.
D. Gurka and R.W. Taft, J. Am. Chem. Soc., 91 (1969) 4794.

P.M. Spaziante and V. Gutmann, Inorg. Chim. Acta, 5 (1971) 273.

T.R. Stengle, Y.E. Pan and C.H. Langford, J. Am. Chem. Soc., 94 (1972) 9037.
M.J. Blandamer, T.R. Griffiths, L. Shields and M.C.R. Symons, Trans. Faraday Soc.,
60 (1964) 1524.



91 U. Mayer, V. Guitmann and W. Gerger, Monatsh. Chem., 106 (1975) 1235.

92 A.R. Fainberg and S. Winstein, J. Am. Chem. Soc., 78 (1956) 2770.

93 L.P. Hammett, J. Am. Chem. Soc., 59 (1937) 96.

94 S.G. Smith, A_H. Fainberg and S. Winstein, J. Am. Chem. Soc., 83 (1961) 618.

95 J.A. Berson, Z. Hamlet and W.A. Mueller, J. Am. Chem. Soc., 84 {1962) 297.

96 W.J. Bland, J. Burgess and R.D.W. Kemmitt, J. Organometal. Chem., 18 (1969) 199.

97 M. Herlem and A.lL. Popov, J. Am. Chem. Soc., 94 (1972) 1431.

98 H.F. Herbrandson and F.R. Neufeld, J. Org. Chem., 31 (1966) 11-0.

99 J.H. Hildebrand and R.L. Scott, Regular Solutions, Prentice-Hall, Englewood Cliffs,

N.J., 1962, pp. 88—103.

100 J.E. Gordon, J. Phys. Chem., 70 (1966) 2413.

101 J. Halpern, G.W. Brady and C.A. Winker, Can. J. Res., 288 (1950) 140.

102 A.K. Colter and L.M. Clemens, J. Phys. Chem., 68 (1964) 651.

103 J.H. Hildebrand and R.L. Scott, Regular Solutions, Prentice-Hall, Englewood Cliffs,
N.J., 1962, pp 171—173.

104 G.M. Bristow and W.F. Watson, Trans. Faraday Soc., 54 (1958) 1731.

105 G. Allen, G. Gee and G.J. Wilson, Polymer, 1 (1960) -156.

106 J.H. Hildebrand and R.L. Scott, The Solubility of Non-Electrolytes, 3rd ed.,
Reinhold, New York, 1950, pp. 435—139.

107 H. Burrell, Interchem. Rev., 14 (1955) 31.

108 J. Selbin and T.R. Ortolano, J. Inorg. Nucl. Chem., 26 (1964) 37.

109 J. Selbin, Chem. Rev., 65 (1965) 168.

110 C. Walling and P.J. Wagner, J. Am. Chem. Soc., 86 (1964) 3368.

111 P.H. Emslie and R. Foster, Rec. Trav. Chim. Pays-Bas Belg., 84 (1965) 255.

112 R. Foster, Organic Charge-Transfer Complexes, Academic Press, London, 1369, p.
382.

113 R.S. Drago and K.F. Purcell, in T.C. Waddington (Ed.), Non-Aqueous Solvent
Systems, Academic Press, London, 1965, Chap. 5.

114 J.F. King and R.G. Pews, Can. J. Chem., 43 (1965) 847.

115 G. Scatchard, Chem. Rev., 10 (1952) 229,

116 E.S. Amis, J. Chem. Educ., 29 (1952) 337.

117 K.J. Laidler and P.A. Landskroener, Trans. Faraday Soc., 52 {1856) 200.

118 K.J. Laidler and H. Eyring, Ann. N.Y. Acad. Sci., 39 (1940) 303.

119 I. Koppel and V. Palm, Reakts. Sposohn. Org. Soedin., 4 (1967) 862.

120 E.S. Amis and V.K. LaMer, J. Am. Chem. Soc., 61 (1939) 905.

121 M. Ito, K. Inuzuka and 8. Imanishi, J. Am. Chem. Soc., 82 (1960) 1317.

122 R.H. Wijayanayake, Ph.D. Thesis, Leeds University, 1968.

123 J.B. Hasted, D.M. Ritson and C.H. Collie, J. Chem. Phys., 16 (19.18) 1.

124 J.B. Hasted, Aqueous Dielectrics, Chapman and Hall, London, 1973.

125 G. Schwarzenbach, Pure Appl. Chem., 24 (1970) 307.

126 R.S. Drago, Struct. Bond., 15 (1973) 73.

127 R.S. Drago and K.F. Purcell, Prog. Inorg. Chem., 6 (196-}) 271.

128 Y.Y. Lim and R.S. Drago, Inorg. Chem., 11 (1972) 202.

129 G. Olafsson, Acta Chem. Scand., 22 (1968) 377.

130 C.M. Guzy, J.B. Raynor and M.C.R. Symons, J. Chem. Soc., (1969) 2791.



