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Abstract: Intermolecular interactions form the basis of the properties of solvents, such as their
polarity, and are of central importance for chemistry; such interactions are widely discussed. Solvent
effects were reported on the basis of various polarity probes with the E1(30) polarity scale of Dimroth
and Reichardt being of special interest because of its sensitivity, precise measurability and other
advantages, and has been used for the investigation of solvent interactions. A two-parameter equation
for the concentration dependence of medium effects has been developed, providing insights into
structural changes in liquid phases. Moving from condensed gases to binary solvent mixtures,
where the property of one solvent can be continuously transformed to the other, it was shown how
the polarity of a solvent can be composed from the effect of polar functional groups and other
structural elements that form the matrix. Thermochromism was discussed as well as the effect of very
long-range interactions. Practical applications were demonstrated.
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1. Introduction

Most chemical syntheses were carried out in the liquid phases [1] where the average
distances between molecules are small [2]. Noncovalent intermolecular interactions [3] are
important in such condensed phases; they dominate the properties of chemical materials,
and will subsequently be analyzed below. Adjusting the pressure of gases is a useful
method for setting intermolecular distances and allows the systematic study of such effects.

2. General Intermolecular Interactions

The impact of a molecular chemical material such as the pressure p of gases depends
on the numbers of particles in a volume, more conveniently indicated by the molar con-
centration c. Starting from highly diluted gases with essentially independent particles,
the impact p is expected to be proportional to the concentration ¢ giving the differential
Equation (1).

dp = const -dc 1

As the concentration increases, the impact is changed more and more due to inter-

actions of the particles, and the changes are expected to increase with the concentration

of particles. Inverse proportionality implies a basic approach leading to the differential
Equation (2), where the constant E stands for the energetic effect of c on p.

dp=E/cdc )
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Multiplying Equation (2) by c and dividing by the scaling factor ¢* for the discrimina-
tion between the two extrema of Equations (1) and (2) and adjusting the dimensions yields
Equation (3), where ¢ = 0 can be included (E/c* = consty).

c/c*-dp = consty-dc 3)

The differential Equation (4) results from the addition of Equations (1) and (3) and the
subsequent separation [4] of the variables p and c.

dp — consty de @)

(&+1)
Finally, Equation (5) is obtained by the integration of Equation (4) with the integration
constant p,; the latter is zero for diluted gases because the pressure p vanishes for infinite
dilution of gases.

p:E-ln(Ci*H) + po )

Equation (5) ends up in the ideal gas equation for diluted gases by a Taylor series
expansion and truncation after the linear term forming Equation (6), where c << c* and the
concentration ¢ is the number of moles 7 over the volume V.

~ L CN£ c= En (6)
P (c+cx) cx  cx V

Thus, the ideal gas equation (7) is obtained with R-T = E/c*.
Van E_ n-R-T 7)
Prs=t =

Equation (5) is an exact description [5] of the concentration dependence of the pressure
of gases such as is shown for the precisely measured isotherms by Michels and Michels [6].
A typical linear correlation (performance of target to actual comparison) according to
Equation (5) is shown in Figure 1 (a high accuracy of the linear correlation is achieved
where deviations from experimental data are within 10 to about 20 ppm).
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Figure 1. Typical linear correlation between p and In (c/c* + 1) according to Equation (5): CO; at
75.260 °C, ¢ < 3.1 mol-L™1; E = 133.4 at, ¢* = 4.5 mol-L ™1, » = 0.999 998, n = 10; deviations in the
correlation from experimental data of 10 until 20 ppm.
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When the CO, concentration ¢ exceeds a threshold value c(I-I) of 3.1 mol-L~!, the
dependence on the pressure in the low concentration region I changes abruptly to reach
the concentration region Il (see Figure 2). Equation (5) is also valid for region II, but with
different parameters E and c*, and p, is different from 0.
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Figure 2. Diagram of state of CO,: Discontinuous measurements were taken from Refs. [6-8], and
curves were calculated [5] by means of Equations (5) and (8) and the application of the method of
least squares to fit the experimental data. Measurements at very high pressure were included, but
not shown in the right-hand diagram for graphical clarity. Temperatures (rounded): 25, 32, 40, 50,
75,100, and 140 °C (see Ref. [9]) c;(I-1I) = 3.1 mol-L~! (concentration for the change from solvent
structure I to II), ¢ (II-III) 22 10 mol-L~! (concentration for the change from solvent structure II to III).
(a) Enlarged region I (c < 3.1 mol-L ™). (b) Complete region I, II, and II; filled circles for region I and
III, squares for region II, triangles for the biphasic region.

At even higher pressure, when ¢ exceeds cx(II-IT) of 10 mol-L~! the region III is
reached. There, an exponential increase in p with concentration ¢ was found and can be
described by Equation (8) where p* means a base pressure.

This more generally observed behavior of gases was interpreted in terms of structural
changes in the medium; such effects are also considered to be fundamentally important for
non-covalent interactions in solvent effects and will be more differentiated. The concentra-
tion ci(I-I) for the transition from region I to region II of about 3.1 mol-L~! corresponds to
an edge length of 8.1 A of a cube for one molecule, with mean intermolecular distance of
4.5 A because of the statistical molecular movement [2]. This means about twice the molec-
ular length between the nuclei of oxygen of 2.3 A [10]. The concentration ci(II-III) for the
transition from region II to region IIT of about 10 mol-L~! corresponds cube lengths of 5.5 A
and a mean intermolecular distance of 3.0 A, not far away from the molecular dimensions
and the intermolecular distance of 2.76 A between the oxygen atoms in solid CO,. There is
a minimal restriction of the molecular motion in the region I, with a comparably abrupt
change to permanent molecular contacts in region II. Finally, when c(II-11I) is exceeded,
the molecules are essentially densely packed, with further increases in concentration and
density, respectively, is restricted by the prevailing effects of molecular compressibility,
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causing an exponential increase in pressure. The formation of the liquid phase is observed
in region II. This may be due to limited miscibility of densely packed molecular aggregates
with loosely packed assemblies. The surface tension between such structures is responsible
for the formation of two phases, becomes smaller with an increasing temperature, and with
lowering the range of two phases, and finally vanishes at the critical point [11] at 31.0 °C
for carbon dioxide.

Further information can be obtained from the temperature dependence of the parame-
ters of Equation (5). The values of E and c* in region I increase monotonically and smoothly
with temperature T (see Figure 3), while in region II a slight increase is observed at lower
temperatures, rising rapidly between 70 and 120 °C and increasing again slightly when
this range is exceeded (this behavior is clearly observed, even being appreciable above
the critical point of 31.0 °C). The influence of the temperature is interpreted in terms of
region I essentially being dominated by isolated molecules, whereas region II has a complex
dynamic arrangement of isolated molecules and aggregates. As a result, two phases formed
at low temperatures due to their limited miscibility which at higher temperatures cause the
rapid change in parameters shown in the inset of Figure 3, for which thermally induced
dissociation of such aggregates is held responsible; the latter resembles the melting of
clusters. Such assemblies are important for solvent effects and will be further discussed
below.
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Figure 3. Temperature dependence (T) of the parameters E (solid curve and filled circles) and c*

(dashed curves and open diamonds) of Equation (5) for CO, and region I. Inset: parameters for
region II.

3. General Solvent Effects

Condensed phases are widely used as media in chemistry and technology. Liquid
phases are not only obviously used as solvents for an easier and more efficient handling
of dissolved solids and to disperse them until the molecular level, but are also capable of
interacting with substrates and imparting new properties through solvation. For example,
the handling of the ethyl anion is very difficult in the gas phase because of the strongly
exothermic tendency to lose one electron to form the ethyl radical [12,13]; on the other
hand, a complexed and solvated ethyl anion such as the ethyl Grignard reagent [14] in
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ether is fully stable and applied in routine preparative chemistry. Moreover, an appreciable
influence of solvents on the rate of chemical reactions was found, documented early on
by Berthelot [15] in esterification reactions. More extended investigations [16] were made
by Menschutkin, who studied the quarternization [17,18] of triethylamine [19]; he not
only found a considerable influence of the solvent on the reaction rate, but also noted
strong effects due to the ions involved. The polarity of a medium seemed to be of central
importance. Menschutkin’s system was not ideal for the general study of solvent effects
on chemical reaction rates because the effects involve both the electrophilic substrate for
nucleophilic substitution reactions and the nucleophile itself; the separation of individual
effects becomes difficult. Clausius Mossotti [20] and Kirkwood [21,22] took a physical
approach to solvent effects using the relative dielectric permittivity (dielectric constant &)
as the fundamental physical property of a medium in which the solute occupies a spherical
or more ellipsoidal volume in the homogenous solvent. The local electric field of the
solute causes a polarization of the medium with pronounced effects of charged particles.
Debye [23,24] described two extrema of polarization, the orientation polarization where
the positions of atomic nuclei are altered, and the shift polarization when charge separation
is induced by displacement of electrons only. Orientation polarization dominates in media
consisting of sufficiently large dipoles and can be determined using the static permittivity
or at low frequencies compared with the correlation time of molecular orientation; the
Clausius-Mossotti function (Figure 4) was derived (solute occupies a spherical volume)
to describe the effect proportional to (e — 1)/ (e + 2). Higher frequencies as in the optical
range are useful for determining shift polarization because the comparably heavy atomic
nuclei can no more follow an external field; the index of refraction is a measure of this
because it is quadratic with permittivity at such high frequencies [25]. However, the index
of refraction is a complex number where the imaginary part concerns the optical absorption
of the material. In general, solvents are colorless and thus transparent in the visible range,
with absorption bands only in the UV and NIR causing anomalous dispersion there. As
a consequence, the center of the visible range is far away from such interference and
particular suitable for obtaining the real part of the index of refraction. The sodium D
emission line at 589 nm was a versatile light source for the determination of the refractive
index and proved to be a good choice because it is located approximately in the middle
of the visible range, far from the absorption bands mentioned above. The polarization
polarity is calculated from the index of refraction n at the wavelengths of the D line by the
Lorentz-Lorenz function [25] (n? — 1)/(n® + 2).
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Figure 4. (Left) Kirkwood function (vertical axis) as a function of the relative dielectric permittivity
&r. The dashed vertical line corresponds to 90% of the maximal value of the Kirkwood function [22].
The &, values of methanol (33) and water (78) are indicated by vertical lines. (Right) The index of
refraction np as a measure of the polarizability of solvents. The region of np of solvents essential for
preparative chemistry extends between the values for water (1.33) and diiodomethane (1.74). The
values of the highly polarizable carbon disulfide (1.62) as versatile solvent and N-methylacetamide
(1.43) with high &, are marked by vertical lines.
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According to the Debye function, solvent polarity by orientation (named dipolarity for
short) and by displacement polarization (named polarizability for short) were discussed
individually. The use of the relative dielectric permittivity (dielectric constant &; see
Figure 4, left) to describe the dipolarity of solvents [26] is not consistent with general
chemical experience because of the rapid saturation at which 90% of the effect is achieved for
&r = 28 (this is even worse in models for ellipsoidal occupancies). Moreover, the appreciable
and chemically important difference in chemical solvent polarity between methanol and
water is barely reflected in the model, and solvents such as N-methylformamide (e, = 182)
and N-methylacetamide (e = 191) would be incorrectly estimated to be even appreciably
more polar than water (g, = 78). The Lorentz—Lorenz [27] function [28] in Figure 4, right,
indicates a comparably narrow range of np values relevant for solvents most commonly
used in preparative chemistry, between the lower limit given by polar water (np = 1.33)
and the highly polarizable carbon disulfide (np = 1.62). The upper limit is given by the
rarely used solvent diiodomethane (np = 1.74). Again, water is estimated to be less polar
than N-methylacetamide (np = 1.43). Linear combinations between functions of &, and np
did not yield substantial improvement [29-33]. Finally, a theory of dipole swarms was
developed [34] but is limited to minor polar solvents. The mentioned discrepancies may
be caused by the fact that a macroscopic volume property of a medium is characterization
by permittivity, while chemical reactions and solvation are determined by microscopic,
molecular effects.

(0] (o]
ch/
HsC \
mc%—m |
=
HsC NQ 1 S

Ig (k/kgop) = m-Y )

Significant progress was made by using the solvolysis of tert-butyl chloride, com-
pound 1, as a molecular polarity probe by Grunwald, Winstein, and Jones [35-37]. The
logarithm of the rate constant k of the unimolecular ionization (Sx1 reaction) of an alkyl
halide over the rate constant kggg of the reference reaction of solvolysis of tert-butylchloride,
compound 1, in 80% ethanol/water (80E) was set to the product of m as the reaction-
characterizing parameter and Y as the solvent-characterizing parameter in Equation (9).
This linear free energy relationship (LFE) [38] is equivalent to Hammett’s equation [39] for
substituent effects. By definition, m becomes one for the solvolysis of tert-butylchloride (1)
and Y becomes zero for the reference 80% ethanol/water (80E). The Y values for solvent
polarity correspond well to chemical experience, but the polarity scale is not universal being
limited to sufficiently strong ionizing solvents such as alcohols and mixtures of alcohols
and water. Substrates more complex than 1 can lead to deviations [40].

7 = 28,591 [nm-kcal-mol ]/ Amax (10)

Kosower introduced [41] the more universal solvatochromic polarity probe 2 in which
ionization to generate charge was replaced by the reverse process, the loss of charge by an
optically induced charge transfer (see Figure 5). Solvation affects the polar ground state
of salt 2 and lowers its energy, while the electrically neutral electronically excited state
is only slightly affected by solvent effects, due to the lost charge. The molar energy of
electronic excitation of the maximum (Amax) of the CT band of 2 is obtained by Equation
(10) and was defined as the Z polarity scale; the dimension is not given in SI units because
of the more convenient kcal/mol at the period of publications and is also retained here for
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polarity scales to avoid confusion (the energy has to be multiplied by 4.184 k]-kcal ! to
obtain SI units).

hv

+ — hv'

S~ R

low solvent polarity  high solvent polarity

Figure 5. Schematic representation of the solvent effect on the energetic position (E) of dye 2 in the
electronic ground and excited states: The energy difference is related to the wavelengths A of the
absorbed light in the CT transition AE = hv = h-c/A.

The Z scale exhibits a linear correlation with the Y scale for various solvents (see inset
of Figure 6). This LFE indicates that the same effect is described. The Z-scale brought about
an appreciable progress because it is not limited to strongly ionizing solvents (see open
circles in Figure 6), but can be extended to solvents with lower polarity (see filled circles
in Figure 6). However, polarity probe 2 is still not optimal because (i) the solubility in
low-polarity solvents such as hydrocarbons is very low and impedes experimental work,
(ii) the CT band is in the hypsochromic visible region and is shifted to the next absorption
band for highly polar solvents so that spectral overlap interferes, (iii) the molar absorptivity
of 1is comparably low and requires appreciable concentrations for UV /Vis measurements
with standard equipment, and this addition may alter the polarity of the solvent since it is
a polar salt.
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Figure 6. Linear correlation (diamonds) for solvent effects (LFE) between the Y scale (t-BuCl 1) and
the Et(30) scale (compound 3, right ordinate, correlation number 0.97 with 5 solvents, coefficient
of determination 0.94, standard deviation 0.66, slope 0.46, intercept —26; solvents from right to left:
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H,0, HCONH,, CH3CO,H, CH30H, C;HsOH). Linear correlation for the Z scale (compound 2)
and the ET(30) scale (compound 3, left ordinate, correlation number 0.995 for 18 solvents, coefficient
of determination 0.991, standard deviation 1.0, slope 1.33, intercept 11.0; solvents from right to left:
(hydrogen-bonding solvents: hollow circles) H,O, HOCH,CH,OH, CH30H, C,H;0H, 2-CsH;OH, n-
C4Ho-1-OH, 1-C3H7OH; (non-hydrogen-bonding solvents: Filled circles) CH3CN, DMSO, t-C4H9OH,
DMF, (CH3),CO, CH,Clp, pyridine, CHCl3, CH;0OCH,CH,OCH3;, THF, 1,4-dioxane. Inset: Linear
correlation between the Y scale (+-C4HyCl 1) and the Z scale (compound 2, correlation number 0.96 for
5 solvents, coefficient of determination 0.91, standard deviation 2.1, slope 2.6, intercept 84; solvents
from right to left: H,O, HCONH,, CH3CO,H, CH30H, C,Hs;0H).

4. Pyridinium Phenolate Betaines

Covalent bonding of a negatively charged structural element to the positively charged
pyridinium structure in 3 to form a zwitterionic betaine enabled an intramolecular light-
induced charge transfer. As a result, substantial improvement was achieved not only
by increasing the molar absorptivity, but also by further extending the polarity scales to
low-polarity media due to the application of an electrically neutral polarity probe. The
dipole moment of a structure with a single bond of an iminium anion to the pyridinium
nitrogen atom was still small and resulted in moderate solvatochromism [42] (see further
discussion in Refs. [43,44]), whereas with a 4-oxyphenyl anion [45] as the N-substituent, the
charges were further separated, inducing strong solvatochromism [46]. Dimroth, Reichardt,
and coworkers investigated [47] various N-4-oxyaryl derivatives for solvatochromism and
found optimal properties of the betaine 30 (3, B30, CAS RN 10081-39-7), which provided a
significant advance.

5

3 4

Dye 3 is remarkably strongly solvatochromic, so that solutions are yellow in water, red
in methanol, violet in ethanol, blue in 1-butanol, green in acetone, and absorb in 1,4-dioxane
in the NIR. The molar energy of light absorption at the maximum is called E1(30) value of a
solvent (transfer energy of betaine No. 30 in the first publication) is calculated analogously
to Z in Equation (11) and are meanwhile determined for almost 400 solvents [48].

E1(30) = 28,591 [nm-kcal-mol ™11/ Amax (11)

The E1(30) values correlate linearly with the Y and Z values for various solvents (see
Figure 6) and thus describe the same dipolarity effect of solvents. The linear correlation
with Z values includes lipophilic solvents (filled circles) and polar protic solvents (open
circles). The correlation with the Z values is of special importance for solvent effects
because hydrogen bonds, as strong non-covalent interactions, are unimportant for the
ion pair 2 (HI's remarkably low boiling point of —35.4 °C, in spite of its high molecular
weight, can be seen as an indicator of the absence of hydrogen bonds to I (see also the
related discussion in ref. [49])). As a consequence, hydrogen bonds for 3 are estimated to be
insignificant. Apparently, the five peripheral phenyl groups in 3 shield the betaine to such
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an extent that specific solvent effects play a minor role, but still allow the exceptionally
strong solvatochromism. Dye 3 is a highly sensitive optical probe for other solvent effects
as will be discussed later.

The tert-butyl derivative 4 (No. 26 in the first publication [47]) also exhibits very
pronounced solvatochromism (Et(26) values); however, the phenolate oxygen atom does
not appear to be as efficiently shielded as in 3. A good linear correlation is obtained between
Et1(30) and ET(26) values (performance of target to actual comparison) for lipophilic solvents,
shown as filled circles and the solid linear regression line in Figure 7. For hydrogen-bonding
solvents (open circles and the dashed linear regression line), deviations from this line are
observed forming a second linear regression. Obviously, the effect of hydrogen bonding
causes a much stronger influence of solvents on the solvatochromic chromophore. The
scattering of points within this second correlation is significantly larger than within the
first, indicating a stronger contribution of specific solvent effects; such effects were already
referred in the first reference to 4 [47].

E+(26)
50 -

40

|

30 T T T T T 1

30 40 50 E.(30) 60

Figure 7. Linear correlation between the Et(30) (dye 3) and Et(26) (dye 4) values for
pure solvents from Ref. [47] the standard deviations are indicated. Filled circles and
solid line: non-hydrogen-bonding solvents; slope: 0.64; intercept: 11.5 correlation num-
ber 0.993 for 15 solvents, standard deviation 0.30; coefficient of determination 0.987.
Open circles and dashed line: Hydrogen-bonding solvents; slope: 1.1; intercept: —12.1;
correlation number 0.960 for 13 solvents; standard deviation 1.31; coefficient of deter-
mination 0.924. Solvents with increasing Et(30) values: C¢HsCHj, CgHg, CeH50CqHs,
1,4-dioxane, 2,6-lutidine, (CH,);0, C¢H5Cl, CH30CH,CH,OCHj, CHCl3;, CsHsN, CH,Cl,,
CH3COCHj3, HCON((CHj3),, (CH3)3COH, C¢H5NH,, CH3SOCH3, CH3CN, (CH3),CHCH,CH,OH,
2,6-(CH3),C¢H3;0H, CH3;CHOHCHj;, CH3;CH,CH,CH,OH, CH3;CH,CH,0OH, C¢HsCH,OH,
CH3CH,OH, HOCH,CH,OCH3;, HCONHCHj3, CH30H, HOCH,CH,OH.

The solvatochromism of a derivative of 4 without peripheral phenyl groups was
studied by Sander and co-workers [50] and showed a linear correlation with ErN and E1(30)
values, respectively, for both hydrogen-bonding and non-hydrogen-bonding solvents. This
indicates the dominance of dipolarity concerning solvatochromism such as for 3. The
measurements of UV /Vis absorption spectra at low temperature in matrices of solid noble
gases at 3 K and slightly higher temperatures such as 25 K gave spectra similar to those
expected in the gas phase. The targeted addition of a small amount of water allowed the
investigation of its influence and the formation of hydrogen bonds at low temperatures.
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The limitations in the application of 3 could be overcome by slightly adapted deriva-
tives. Dye 3 could not applied for acidic solutions such as acetic acid because of the
protonation of the basic phenolate anion; Kessler and Wolfbeis [51] developed dye 5 in
which the electron depletion by the chlorine atoms lowers the basicity sufficiently to study
acidic media, while the solvatochromic behavior is similar to 3 so that extrapolations by
linear correlation are possible. Wolfbeis named the polarity values obtained with 5 E1(33)
in continuation of the initial publication by Dimroth, Reichardt, and co-workers. The mea-
surements of highly polar hydrogen bond-forming solvents and solution of salts becomes
problematic with 3 because of its low solubility and tendency to aggregate [52]. Reichardt
developed dye 6 with the more hydrophilic structure elements of pyridinyl [53] in the pe-
riphery of 3; the m-positions of the phenolic aryl substituents in 6 appear to cause minimal
interference with solvatochromism, presumably because of the non-conjugation of the phe-
nolate oxygen atom. As a result, the ET(30) values of many polar and electrolyte-containing
solvents can be estimated by extrapolation using 6.

7

The measurement of the ET(30) values of media with very low dipolarity such as
aliphatic hydrocarbons or tetramethylsilane is restricted due to the minimal solubility of the
dye. The solubility-increasing effect of tert-butyl groups in lipophilic media [54] was applied
to dye 7, whereby a substitution in the periphery allowed an increase in solubility in such
media without significantly affecting solvatochromism so that the corresponding E1(30)
values could be obtained by extrapolation by means of a linear free energy relationship [55].

Finally, the experimental E1(30) values were scaled for easier comparability, first
according to Reichardt as a relative polarity measure (RPM) [56] where the value for n-
hexane was set to 0.000 and RPM = [E1(30);;-hexane — ET(30)soivent]/ ET(30)n-hexane- INext,
the scaled ETN values were defined [57] where the value for tetramethylsilane was set to 0
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and for water set to 1, such that Ex™ = [ET(30)solvent — ET(30)tetrametylsilane]/ [ET(30)water —
Et(30)tetramethylsilane]- The experimental E(30) values were retained here, although scaling
is attractive, because all ETN values depend on only two references and their accuracy; if
their values might be altered, such as by more precise measurements, the entire set of values
would change. Moreover, the value for tetramethylsilane is less reliable because it was
obtained by extrapolation, and the value for water is at the limit of direct measurements
because of the low solubility of 3. On the other hand, each experimental E1(30) value has
obtained its individual accuracy, which is determined only by the particular experimental
procedure, and is considered to be more reliable.

The molar energy of excitation of dye 3 in various solvents as ET(30) values was taken
from the maximum of the solvatochromic band since an efficient and precise measurement
is possible. On the other hand, the band can be split [58] into more than a single Gaus-
sian [59] band, and the point of gravity may be of greater physical significance than the
maximum because it represents the thermal energy of chromophores. However, accurate
determination is more difficult and requires a clear cut between the most bathochromic
band and other partially overlapping bands of higher electronic energy, leading to uncer-
tainties. As a consequence, the molar energy of excitation is retained for the following
discussions, while trying to avoid over-interpretation.

5. Polarizability: Further Solvent Effects

The concept of estimating solvent polarity on the basis of solvatochromism was devel-
oped by Brooker [60] and co-workers based on the study of a large number of merocyanines
in early work. He found essentially two branches of solvent effects [61] that appear to
be orthogonal to each other, causing blue and red shifts in the absorption spectra as the
polarity of the solvent is increased.

8 9

The most pronounced blue shift was observed for 8 (RN 3210-95-5) where the polarity
scale based on the molar energy of electronic excitation was named xp, while a pronounced
red shift was found for 9 (RN 2913-22-6), giving the polarity scale xr. A linear correlation
between the xp scale and the Z scale was found for several pure solvents, and there is also
a linear correlation between xp scale and the Et(30) scale indicating that the same effect
is described, essentially the dipolarity of solvents. Further study of 8 and 9 is hampered
by their difficult synthesis; there is only one paper by Brooker (and a patent) referred to
for 8 by the Chem. Abstr. and six papers for 9. As a consequence, xp is replaced here by
a more accessible and similar E1(30) scale and further discussion is focused to xg. The
solvent effect in the xR scale correlates better [62] with a function of the refractive index of
a medium than with dielectric permittivity. As a result, xR is mainly better attributed to
the polarizability of a medium than its dipolarity. This was further confirmed by finding
the missing link [63] between the two polarity scales: xp (or, respectively, the ET(30) scale)
and xR.
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(a)
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The 4-aminophthalimide 10 is solvatochromic in fluorescence and is similar to N-
methyl-4-aminophthalimide, the fluorescent dye for Zelinski’s [64] universal polarity
scale S.

The molar energy of fluorescence of 10 was defined as the ) scale for solvent polarity
and correlates linearly with the ET(30) scale for pure solvents (see Figure 8a). The light
absorption of 10 is also solvatochromic and was defined as the ¢ scale for solvent polarity
and correlates linearly with the xr scale (see Figure 8b). As a consequence, all solvent
polarity scales can be interrelated.
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Figure 8. Linear correlation of polarity scales for the pure solvents water (1), methanol (2), ethanol
(3), dimethylformamide (DME, 4), dimethylphthalate (5), butyronitrile (6), acetonitrile (7), acetone
(8), chloroform (9), diethylphthalate (10), tetrahydrofurane (THEF, 11), ethylacetate (12), 1,4-dioxane
(13), dichloromethane (14), dimethylsulfoxide (DMSO, 15), bromobenzene (16), chlorobenzene (17),
m-xylene (18), toluene (19), formamide (20), and pyridine (21). (a) Molar energy of the fluorescence
of 10 (3 scale) versus the E1(30) scale; (b) molar energy of the optical excitation of 10 (¢ scale)
versus the xR scale. The larger scattering of points compared to previous plots is attributed to some
contributions of specific solvent interactions.

The correlation in Figure 8b between ¢ and xR is interpreted in terms of the dynamics
of light absorption of 10 with a low dipole moment electronic ground state and a much
larger dipole moment in the electronically excited state (see Figure 9). The energy of the
electronic ground state is only slightly affected by polar solvents. Light-induced electronic
excitation increases the dipole moment of 10; however, solvation by re-orientation of the
solvent molecules cannot follow this rapid, essentially vertical process. As a result, the
polarizability of the solvent remains important and characterizes the solvent effect on this
transition; the same effect is important for ygr and explains the linear correlation between
these two polarity scales shown in Figure 8b. The fluorescent lifetime of the electronically
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excited state of 10 in the order of nanoseconds is long enough for relaxation due to the
re-orientation of the solvent molecules, and this process is energetically strongly influenced
by the dipolarity of the solvent; consequently, a linear correlation of the molar energy of
fluorescence (Y scale) with the ET(30) scale can be explained because both scales are affected
by the same process of solvation. In summary, for the ET(30) scale, solvation by dipolar
re-orientation of the solvents is crucial, while the xR scale describes the polarizability of
solvents.

E | high dipole ______ ‘
charge
separation hv
-hv'
low dipole —— +——— T
moment  jight absorption fluorescence

Figure 9. Schematic representation of the solvent effect on the energetic position (E) of dye 10 in the
electronic ground and excited state (AE = hv = h-c/A). The electronic excitation of 10 causes a charge
separation, with subsequent solvent relaxation affecting the wavelength of fluorescence.

Strong solvatochromic effects of other similar merocyanines were reported [65].

The high dipolarity of water (solvent 1) and aliphatic alcohols is manifested in
Figure 8a and corresponds to chemical experience, while the polarizability of these solvents
shown in Figure 8b is only in the middle range and is clearly exceeded by solvents such as
formamide (20) and DMSO (15).

6. Various Solvent Effects: Multi-Parameter Equations

Two orthogonal solvent properties, the dipolarity and polarizability, have been de-
scribed above and are the microscopic, molecular counterpart to Debye’s equation [23,24] of
the linearly independent macroscopic orientation and shift polarization. This may stimulate
the search [66] for further types of microscopic solvent effects that are linear independent
from each other and thus should describe orthogonal molecular solvent properties. The
hydrogen-bonding ability of solvents has already been discussed here with dye 4. Other
solvent properties such as their Lewis acidity and basicity have been the subject of polar-
ity scales such as Gutmann’s [67,68] donor and acceptor numbers, hydrogen donor and
acceptor numbers, and more [69]. Different and specialized solvent scales are appropriate
for different problems. Consequently, the characterization of solvents with a universal
parameter set would be attractive. Various approaches were described in the literature,
such as those by Kamlet, Taft and Abboud [70], Catalan et al. [71,72], Koppel and Palm [73],
and Vitha et al. [74], two examples of which are detailed here.

XYZ =XYZy + smt* + an + bp (12)

Kamlet, Taft, and Abboud developed the solvatochromic comparison method as multi-
parameter fit in which solvent-dependent properties or processes denoted XYZ in Equation
(12), such as the ET(30) scale, depend on solvents for a linear set of parameter products;
XYZ is the intercept of such correlations, and s, a4, and b are parameters to be individual
to the solvent-dependent system. The parameters 7t*, «, and  describe characteristic
properties of the respective solvent and are tabulated.

The multi-parameter Equation (12) was applied to the ET(30) and Z polarity scales
where the optimal parameters s, 4, and b for a linear correlation were calculated by the
application of the least squares method (see Figure 10). Acceptable linear correlations
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were found; the interpretation of the parameter a as a hydrogen-bond-donating property
remains problematic, in particular for the Z scale. The value is comparably high, although
no hydrogen bonds to I~ of 2 are expected.

A =Ag + bSA + ¢SB + dSP + eSdP (13)
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Figure 10. Linear correlations between the ET(30) and the Z scale, respectively, as the abscissa and the
adjusted XYZ scale of Kamlet and Taft as ordinate. Slope 0.927 for E1(30) has a correlation number
of 0.96 (18 measurements; circles), a standard deviation of 2.0, and a coefficient of determination of
0.93, where the parameters are s = 16.9, a = 15.6, b = 4.5, and XYZj = 25.1. Slope 0.943 for Z has a
correlation number of 0.97 (18 measurements; diamonds), a standard deviation of 2.4, and a measure
of determination of 0.94, where the parameters are s = 20.8,4 =21.2, b = 7.0, and XYZ; = 44.6.

Catalan followed a similar multi-parameter approach with Equation (13), where A
describes a solvent-dependent process; b, ¢, d, and e are the process-dependent param-
eters and Ay is the intercept of a linear correlation, while the tabulated parameters SdP
(dipolarity), SP (polarizability), SA (acidity), and SB (basicity) characterize the medium.

The E1(30) and Z scale were approached by the multi-parameter Equation (13), where
the scale-dependent parameter b, ¢, d, and e were determined by the least squares method
for 18 solvents (see Figure 11). The correlations were slightly better than in Figure 10;
however, an additional parameter was required.

Several improvements to the multi-parameter concept have been developed [75],
such as those by Spange [75] and co-workers. Hunter and co-workers [76,77] investigated
competing hydrogen-bonding systems as polarity probes. Progress in correlations has been
made for individual descriptions of groups of selected solvents; a universal and precise
description of solvent effects is still lacking [78]. This may be caused by the interference of
residual specific solvent effects with the polarity probes used. Furthermore, the terms of
the applied multi-parameter fits might be not fully linearly independent so that cross terms
become significant; this may become increasingly important for stronger anisotropic, more
ellipsoidal-like solvent molecules where stronger solvent patterning is induced (this might
result in liquid crystals) (see also below). As a result, empirical solvent polarity scales
and their extension to multi-parameter equations are very useful for practical applications;
however, an over-interpretation should be avoided because of their limitations. The size of
solvent shells may be of further influence and will be the subject of the next chapter.
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Figure 11. Linear correlations between the E1(30) and the Z scale, respectively, as the abscissa and
the fitted Catalan’s A scale as the ordinate. Slope 0.985 for ET(30) with a correlation number of 0.98
(18 measurements, circles), a standard deviation of 1.6 and a coefficient of determination of 0.96,
with parameters are b = 21.4, c = 4.27,d = 5.05, ¢ = 12.7, and Ag = 25.1. Slope 0.984 for Z with a
correlation number of 0.98 (18 measurements. diamonds), a standard deviation of 2.1 and a measure
of determination of 0.96 where the parameters are b = 28.6, c = 7.40, d = 5.08, e = 16.6, and Ay = 44.6.

7. Solvent Shell

Solvated molecules are surrounded by directly molecular interacting solvent molecules;
the extension of such interactions into the solvent is of special interest for solvent effects.
This topic was investigated using the interaction of strong dipoles with various polar
solvent molecules. Betaine B30 (3), the solvatochromic probe of the E1(30) scale, exhibits
a comparably large dipole moment of about 12 D [79-82] with a negative charge on the
oxygen atom extending into the pyridinium ring with a positive charge. The interaction of
the solvent molecules with this dipole moment causes the solvatochromism of 3. The large
and extended electric dipole of 3 generates an electric field that extends into the solvent
and can be used as a probe to estimate the extension of a significant solvent shell. For such
an assay, two chromophores of 3 were combined [58] anti-colinearly to form the dyad 11.

1270 pm

! 1270 pm it 1270 pm i b 1270 pm
2690 pm 4t 3110 pm

11 12

The anti-colinearly dipoles in 11 compensate for large distances because no net dipole
moment remains so that solvent effects become weak, while at small distances, the effects
are still individual and strong so that the solvent effects of each chromophore remain
unaffected by the attached second chromophore. The molar energy of excitation of 11 is
calculated analogously to 3 and denoted Et(30dyad).
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The solvent effect on the UV /Vis spectra of 3 and 11 is very similar, as is indicated by
the linear correlation between Et1(30) and E1(30dyad) for various solvents (even benzyl
alcohol, although an exception, in many cases, is acceptably included) (see Figure 12). The
slope of such a correlation can be taken as a measure of the compensation of the dipoles
in 11 where a slope of zero should be obtained for complete compensation and a slope of
1 for the absence of any compensation. The slope found experimentally is close to unity,
indicating that there is no compensation of the anti-collinear dipoles; consequently, the
significant solvent shell must be very thin, being not much more than one molecular layer
of solvent thick. A possible artifact due to residual conjugation in 11 between the two
chromophores could be excluded by using an aliphatic cage in 12 as an isolator; however,
12 gave the same result as 11 [58].

OB O

13

Finally, the very rigid diamantane was used as a spacer in 13. Ep(30diam) as the molar
excitation energy of 13 was calculated analogously to 3.

551 CH;OH o
E(30dyad) C,HsOH/H,0 80:20
2-methoxyethanol ® ionic liqu.
50 ~ benzylalcohol. & CoHsOH
® 1-C,H,0H
°
1-C4HgOH
45 +
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Figure 12. Linear correlation between the ET(30) values of betaine 3 and Et(30dyad) values of
dyad 11 for various solvents [58] (ionic liqu.: 1-butyl-3-methylimidazolium-tetrafluoroborate). Slope
1.02, intercept —2.43, correlation number 0.993 for 20 points, standard deviation 0.7, coefficient of
determination 0.987.

The linear correlation between ET(30) and Et(30diam) for various pure solvents is
shown in Figure 13; the slope of this correlation of close to unity indicates identical solvent
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effects in the ET(30) and Et(30diam), thus ruling out significant compensation of the dipoles
in 13 with respect to the solvent shell.

CH;OH ®
55 +
E+(30diam)
(9
50 1 1-C3H,0H
45 A
CeHsCN
40 | 3-picoline CH,Cl,
THF

35 T T T T

35 40 45 50 55

E+(30)

Figure 13. Linear correlation between E1(30) values of betaine 3 and the ET(30diam) values of dyad
13 for various solvents [58]. Slope 1.008, intercept —1.33, correlation number 0.9989 for 12 points,
standard deviation 0.3, coefficient of determination 0.998.

As a consequence, the solvatochromism of the dyads (11, 12 and 13) based on pheno-
latebetaine 3 provides no evidence for compensation effects due to anti-colinear dipoles
and indicates a very thin solvent shell, not much more than one molecular layer thick.
The surprisingly thin solvent shell finds its counterpart in the thin surface of liquids such
as the phase boundary of water and the gas phase, where investigations [83] indicate an
essentially monomolecular active layer, with the hydrogen atoms directed toward the inte-
rior of the liquid phase, while the oxygen atoms were found to be in contact with the gas
phase. The extraordinarily thin active solvent shell may explain some unaccounted solvent
effects such as problems with the relative permittivity (dielectric constant) as a measure of
solvent polarity due to some appreciable exceeding of water (see above) although water
exhibits a higher polarity according to the chemical experience: The relative permittivity
is a three-dimensional property of the volume of a liquid as it is for the refractive index,
whereas solvent effects involve two-dimensional molecular surface effects. These can be
similar; however, they need not to be identical.

8. Liquid Mixtures

Liquid mixtures are of particular interest for chemists and physicist because the prop-
erties of one component can be continuously transformed into the other by changing the
composition. Polar molecules in a solvent are surrounded by solvent molecules in diluted
solutions and move free of forces in the solvent because the outer sphere corresponds
to the solvent. Energy and properties are independent from the positions of the polar
molecules such as molecules in the gas phase at low pressure. As a consequence, the same
formalism described in Section 2 for gases can be applied to polar additives to solvents: The
effect p of the polar component at low concentration is expected to be proportional to its
concentration c (dp = consty-dc) (see also Equation (1)). However, at higher concentrations,
this component is expected to interact with itself reducing the effect (dp = E/c-dc), where
the constant E is a measure of the energetic interaction (see also Equation (2)). The next
steps according to Section 2, combination and integration, result in Equation (5). Neither
the nature of interaction of the polar component with the solvent nor the interaction with
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itself was specified. As a consequence, Equation (5) is to be experimentally verified for
its application in binary liquid mixtures; p was set equal to ET(30) so that Equation (14)
is obtained where c* is the concentration of the polar component at which the interaction
of the polar component becomes important and Et(30)p is the E(30) value of the pure
component of lower polarity.

Er(30) = E-ln(ci* + 1) + Ex(30), (14)

Further approaches [84,85] to the polarity of binary mixtures were reported in the
literature.

The validity of Equation (14) for real systems was tested (performance of target to
actual comparison) with the mixture N-tert-butylformamide /benzene for the ET(30) polarity
scale; a fert-butyl group was attached to the formamide to increase the solubility [86] in
the aromatic hydrocarbon benzene and to be able to set a broad polarity range. A strongly
curved relationship was obtained between the E1(30) values and the concentration c of
the more polar N-fert-butylformamide as is shown in the inset of Figure 14. The entire
range of concentration ¢, spanning three decades, could be linearized by Equation (14) (see
Figure 14). The strong curvature in the inset is a consequence of the comparably low c*
value of 0.0167 mol-L~1.

In (c/lc*+1)

Figure 14. Linear correlation between the E7(30) values of the mixture N-tert-butylforma
mide/benzene [87] and In (c¢/c* +1) where ¢ is the molar concentration of the former and
¢*=0.0167 mol-L~1; slope E = 2.43 kcal-mol !, intercept E(30)g = 35.3 kcal-mol !, correlation number
r = 0.9993, coefficient of determination 2 = 0.999, standard deviation ¢ = 0.17 kcal-mol 1. Inset: E1(30)
values of the mixture N-tert-butylformamide/benzene as a function of the concentration c in mol-L~1 of
the former: Measured ET(30) values (filled circles) and the calculated with Equation (14) (solid curve).
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The description of real binary liquid systems using Equation (5) is not limited to the
Et1(30) polarity scale, but is more universal [87], as shown by its application to common
polarity scales in Figure 15. The validity of Equation (5) has been demonstrated for more
than 80 binary mixtures. On the other hand, Equation (5) and Equation (14), respectively,
can be used to investigate special properties of liquid mixtures. This will be shown in the
next chapter on hydrogen-bonding solvents.

1

2x

In(c/c*+1)

Figure 15. Linear relationship between P and In (c/c* + 1) for various polarity scales according to
Equation (5). Diamonds: P = ET(30) (methanol/acetone); x = 2. Circles: P =Y (water/methanol); x = 1.
Squares: P = Z (methanol/acetone); x = 2. Triangles: P = 711* (ethanol/n-heptane); x = 1, ordinate:
P—P +59.

9. Hydrogen-Bonding Solvents

Particular attention should be paid to hydrogen bond-forming solvents since hydrogen
bonds are strong and directed non-covalent molecular interactions. Therefore, patterning
of solvents can be performed by such bonds. On the other hand, the lifetime of hydrogen
bonds at room temperature is very short and is in the order of picoseconds [88]. However,
the bonds are re-formed in a similarly short period of time, so that molecular sticking
structures in the liquid are highly dynamic and enable fast exchange processes. Water, as
the most prominent strong hydrogen bond donor is studied here because its low molecular
weight allows it to reach the high molar concentration of 55.4 mol-L~!. Water is combined
with 1,4-dioxane as a moderate and low-polar hydrogen bond acceptor, where complete
miscibility is crucial.

The E1(30) values of water/1,4-dioxane mixtures as a function of the concentration c
of water are shown in Figure 16. Their linear correlation between In (c/c* + 1) is obtained
for concentrations ¢ below 26 mol-L~! as a critical concentration ¢, (Figure 16, left line);
this correlation corresponds to Figure 14. At higher concentrations, ¢ > 26 mol-L™! (c > ¢y),
a second steeper correlation results (the c* values are low and similar so that the two lines
can be combined in one diagram). This sudden change is already obvious in a simple
logarithmic plot because of the low values of c* in both correlations (I (c/c* + 1) ~ In ¢ for
¢ >> c*); see also the inset top left of Figure 16. The change in slope proceeds in a narrow
concentration range and is attributed to a change in solvent structure and corresponds to
such a condensation-like phase transition as described for carbon dioxide in Section 2. The
formation of the hydrogen-bonded structure requires a sufficiently high concentration to
overcome the dissociation at lower concentrations. On the other hand, one can extrapolate
the correlation on the left side to higher concentrations until the concentration of pure water
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E+(30)

(dashed line) and obtain an E1(30) value of 55.9. This value would be expected if water did
not form a hydrogen bonding structure, and the difference from the actual value of 61 out
of 5 units indicates the appreciable increase in solvent polarity due to the formation of the
hydrogen-bonded structure.

In (c/c*+1)

Figure 16. Linear correlation between In (c/c* + 1) and the ET(30) values of the mixture water/1.4-
dioxane [87] (c* = 0.48 mol-L~!; measured values as filled circles; linear correlations as lines) as a
function of the concentration c of water. Left correlation: E = 4.27, intercept 35.6, standard devia-
tion 0.2, correlation number r = 0.9992 for 27 measurements, measure of determination 2= 0.998,
extrapolation with the dashed line. Right correlation: E = 11.1, intercept 8.26, standard deviation 0.2,
correlation number r = 0.997 for 8 measurements, measure of determination 72 = 0.993. Inset top left:
E1(30) values of the water/1,4-dioxane mixture as a function of the water concentration c, curves
for calculated E1(30) values, dashed curve for extrapolation. Inset bottom right: ET(30) values of
water/1,4-dioxane as a function of In c; The two linear correlations are already obvious in a simple
logarithmic plot because of the low values of ¢*.

The formation of double linear correlations according to Equation (5) is neither lim-
ited to the ET(30) polarity scale nor to the mixture water/1,4-dioxane, as can be seen in
Figure 17 [89]. Remarkably, the critical concentrations cy for the transition from one linear
correlation to the second are independent of the applied polarity scale within the limits of
experimental error and are therefore attributed to a property of water (the kink appears at
different position in Figure 17 due to the different scales in the coordinate system). It can
surmise that water forms clathrate-like [90] structures at sufficiently high concentrations;
however, these structures are very dynamic, unlike the crystalline clathrates such as the
hydrate of methane.
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Figure 17. Double linear correlations according to Equation (5) for the water/ethanol mixture and
different polarity scales. Filled circles: P =Y (x = 2, y = 1); filled squares: P = ET(1) (x =1, y = 4); filled
triangles: P=m* = 7.7 (x =1,y =4).

10. Elevation of Polarity

As shown in the last chapter, hydrogen bonds can significantly increase the polarity of
the solvent. Consequently, a combination of a moderately polar hydrogen bond donor and
a less polar but strong acceptor should increase the solvent polarity.

Ways to increase solvent polarity were tested [91] using the E1(30) polarity scale
and the mixture 1-butanol as the more polar component and hydrogen bond donor and
nitromethane as the less polar component and hydrogen bond acceptor. The E1(30) values
of such mixtures as a function of the molar concentration ¢ of 1-butanol pass through
a maximum at ¢, = 3.3 mol-L~! and decrease again to reach the lower E1(30) value of
pure 1-butanol (see Figure 18). The polarity at ci exceeds the polarity of pure 1-butanol
by about 1.6 ET(30) units. Such an excess of the solvent polarity is interpreted by the
formation of a hydrogen-bridged association [91] between 1-butanol as the hydrogen
bond donor and nitromethane as the hydrogen bond acceptor, such an associate being
more polar than the individual components and means the polar component in Figure 18a
bottom right (of course, the molar concentration of this associate is identical with the
concentration of 1-butanol because of the 1:1 association). This means that all 1-butanol
is captured to form this associate until not enough residual nitromethane is present with
increasing concentrations of 1-butanol. Then, a mixture of this associate as the more polar
component is formed with 1-butanol so that the polarity of the mixture decreases again
because no further associate can be formed. The linear relation between E1(30) and ¢y,
the molar concentration of nitromethane, in Figure 18b top right, further supports this
interpretation because, according to Equation (5), the polarity increases by the formation of
the hydrogen-bonded associate in the medium 1-butanol until all nitromethane is captured
in the hydrogen-bonded associate and decreases again to finally reach the lower polarity of
pure 1-butanol.

Such mixtures of hydrogen bond donors and acceptors are of particular interest [92]
because they offer the possibility to preparing highly polar solvents from components of
lower polarity. On the other hand, such mixture exhibits many properties of polar alcohols
due to the possibility of rapid intermolecular proton exchange. A completely novel type of
polar protic media can be constructed by using chloroform [93] since this solvent exhibits
the tendency to form hydrogen bonds to strong hydrogen bond acceptors such as the
dipolar aprotic solvents; however, unlike the alcohols, chloroform does not exhibit the
tendency to exchange protons under neutral conditions. As a result, comparably polar
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protic solvents could be constructed without protons exchange. This might be of interest

for various reasons.
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Figure 18. ET(30) values of mixtures of 1-butanol/nitromethane [91]. (Left) ET(30) values of the
mixture nitromethane/1-butanol as a function of the molar concentration ¢p of 1-butanol; the maxi-
mum is exceeded at ¢, = 3.3 mol-L~1. (Bottom right (a)): Linear correlation between E1(30) and In
(cp/c* + 1) with ¢, as the molar concentration of 1-butanol as the solid line and deviations to lower
values after passing ¢, shown as dashed curve; (Top right (b)): Linear correlation between E1(30)
and In (cy/c* + 1) with ¢y as the molar concentration of nitromethane as solid line and deviations to

lower values after passing ¢, shown as dashed curve.

11. Polarity around Miscibility Gaps
Homogeneous binary mixtures of very different polar solvents are possible such as
1,4-dioxane (ET(30) of 36.0) and water (E1(30) of 63.1), and one solvent in such mixtures
can be used as a solubilizer for applications in complex mixtures. In most of such cases, the
solubility of each solvent in the other is limited with the miscibility gap determined by the
surface energy (surface tension) between both solvents.
The E1(30) values of methanol /water mixtures as a function of the molar concentration
cp of water can be described by Equation (5) and form two linear correlations as shown
in Figure 19 (squares above) [94]; a change in the solvent structure at high water content
forms a kink as shown in Figure 16. The same type of double correlation is found for
ethanol/water mixtures (triangles down) with a kink at about the same water concentra-
tion as for methanol /water (although at a different position on the abscissa because of the
different scaling). The mixture of 1-propanol/water (triangles up) is a further example of
this behavior starting with a lower E1(30) value due to the lower polarity of 1-propanol.
A miscibility gap is observed for 1-butanol/water (circles). However, similar linear corre-
lations are found [95] in both the low water content range and high water content range
where the expected kink is in the miscibility gap (biphasic region) and can be obtained by
extrapolation. The similarity between the mixtures of 1-butanol/water and mixtures of
lower alcohols indicate that the two types of solvent structure are miscible for the lower
alcohols, but no longer completely for 1-butanol. This behavior, dominated by the solvent

structure, seems to be more general.
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Figure 19. Et(30) values of binary mixtures between n-alkanols and water as a function of In
(cp/c* + 1) according to Equation (5) with ¢, as the concentration of the polar water [94]; the ordinate
was scaled by x to obtain a uniform value for water. Squares: water/methanol (x = 0.157); some
values are taken from ref. [47]. Triangles down: water/ethanol (x = 0.318); some values are taken
from ref. [47]. Triangles up: water/1-propanol (x = 1.349). Circles: water/l-butanol (x = 1.705). Solid
lines result from application of Equation (5) and least squares method; dashed lines are extrapolations
into the region of limited miscibility.

12. Polar Functional Groups

The generality of Equation (5) for the polarity of the solvent naturally implies the
domination of the polar component in the binary mixture, while the component with
lower polarity essentially forms the matrix. The polarity of the more polar component is
essentially generated by polar functional groups; as a consequence, the molar concentration
of these polar groups should be of fundamental importance.

To verify this concept, the molar concentration of pure alcohols and water was calcu-
lated from their density and molecular weight and is identical to the molar concentration of
their polar OH group. Plotting the E1(30) values against their logarithmic concentration in
Figure 20 (left) shows a linear relation for 1-propanol (3) and higher homologues [96]. A sec-
ond steeper line is found for methanol (1) and water (0) indicating the hydrogen-bridging
structure of these solvents. Interestingly, the ET(30) value of ethanol (2) is close to the
limit, indicating the special properties of ethanol as a solvent since the hydrogen-bridging
structure is just being realized, while slight perturbance such as an increase in temperature
or the addition of another component could change the structure to more isolated OH
groups with different solvent properties. ET(30) values for the molar concentrations (In
cp) of OH groups in mixtures of ethanol with the less polar 1,4-dioxane or n-heptane fit
well into the plot for pure 1-alkanoles, as shown in Figure 20 (right). It can be concluded
that the polarity of solvents and solvent mixtures, respectively, is dominated by polar
functional groups (polar structure elements) and structures or components with lower
polarity essentially form the matrix. This concept was further extended and generalized by
Spange and co-workers [97].
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Figure 20. (Left) ET(30) values [56] of homologous linear 1-alkanols as a function of the logarithm
of their molar concentration cp. Their chain lengths n are given in parenthesis such as (0) for water
and (1) for methanol. (Right) Comparison of ET(30) values as a function of the logarithm of the
molar concentration of OH groups (range of low concentrations of OH groups). Circles: Pure
linear 1-alkanols, triangles: Mixtures of ethanol and 1,4-dioxane, squares: Mixtures of ethanol and
n-heptane.

The piezochromism of 3, the pressure-dependent shift in the solvatochromic band,
may be a further indicator of the importance of the molar concentration of OH groups for
the polarity of the medium. An increase in the pressure [98] from atmospheric pressure
to 2000 at shifts the solvatochromic band of 3 in ethanol until E1(30) = 52.7 where the
compressibility of ethanol increases the molar concentration from 17.1 to 24.6 mol/L. Such
an increase in the concentration of OH groups could be made responsible for the observed
increase in the E1(30) values because the values are within the scope of the second linear
correlation in Figure 20.

13. Thermochromism

Most investigations about solvent effects were realized at room temperature or slightly
above because of experimental convenience; however, solvent effects are appreciably
temperature-dependent. Pronounced effects can be expected for hydrogen-bonding sol-
vents, since such bonds dominate at lower temperatures and become more and more loose
at higher temperatures (compare, for example, the high specific heat of water).

The thermochromism of 3 in ethanol [99] is shown in Figure 21, where there is a
precise linear relation between the temperature T and the polarity of the solvent as the
Et(30) values. As indicated before, the ET(30) value of ethanol at room temperature is
appreciably lower than of methanol; however, cooling to —75 °C increases the value so
that it overtakes even methanol. The thermal expansion of ethanol [100] may be partially
responsible for the effect (see, for example, Figure 20 for the effect of the content of OH
groups in alcohols); this expansion is exactly proportional to temperature (compare the
use in alcohol thermometers); however, one can estimate that the thermal expansion can
only cover about 1/3 of the effect. The residual 2/3 is attributed to the loosening of
hydrogen bonds by increasing the temperature. Remarkably, this must also be exactly
linearly temperature-dependent because the high precision of the overall linear correlation.
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14. Long-Reaching Noncovalent Interactions

Intermolecular interactions are important for solvent effects where direct molecular
contacts appear to dominate; such interactions are strongly damped and become vanishing
beyond the direct molecular contact. Longer distances are covered by dipole-dipole
interactions such as those according to Forster’s mechanism [101,102], where a limit of
interactions seems to be reached at more than 10 nm.

However, studies of the concentration dependence of the fluorescence lifetimes T of
strongly fluorescent dyes in Figure 22 indicate [4,103] that there are still interactions even at
more than 100 nm because of the large intermolecular distance. Equation (5) was developed
without restriction on the nature of interactions. Consequently, the equation can be also
used to describe the concentration dependence of 7; see the inset of Figure 22.

The long-reaching interactions were attributed to the effect of evanescent waves of
the electronically excited dye molecules. Electronical excitation requires comparably high
energy input and is unimportant at room temperature. On the other hand, molecules are
vibronically excited even at room temperature. As a consequence, such interactions might
be part of solvent effects where an even further reaching can be expected due to the long
wavelengths of vibronic energy. This could be the subject of further investigations.
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Figure 22. Dependence of the fluorescence lifetime T on concentration ¢ of highly diluted solutions
of the fluorescence dye S-13 (RN 110590-84-6) in chloroform: Measurements as filled circles; curve
calculated by means of Equation (5). Inset: linear correlation between 7 and (In ¢/c* + 1) according
to Equation (5): E = 1.199; ¢* = 1.17-10~5 mol/L; correlation number 0.9992 (11 measurements);
coefficient of determination 0.998; standard deviation 0.02.

15. Practical Applications

The visual effect in the solvatochromism of dye 3 facilitates its application in sim-
ple color tests. In anhydrous solvents or reagents, residual contents of water can be
determined because these induce strong solvatochromic effects. For example, anhydrous
tert-butylhydroperoxide is required for various applications in preparative chemistry and
forms pure blue solutions [104] of 3. A low and unimportant water content shifts the color
so that it is no longer pure blue, but acquires a very slight violet component, while a higher
water content shifts the color to violet and further to red. A simple color test with 3 allows
the rapid identification of solvents, as shown for disinfectants [105] and their components.
It can also be used to determine the efficiency of methods for drying solvents, in particular,
highly hygroscopic solvents such as ethanol. The measurement of the absorption maxi-
mum of dye 3 and application of Equation (5) allows the accurate determination of the
composition [106] of binary mixture, in particular, the water content [107] of solvents. The
use of solvatochromic fluorescent dyes [108] means an extension because higher diluted
solutions can be applied and the optical quality of a sample is of minor importance.

Equation (5) was developed for general intermolecular interactions without specifying
their nature or method of detection. As a consequence, a linear correlation according to
Equation (5) was obtained for the densities [109] of mixture between various solvents and
water such as is shown in Figure 23 (left for water/methanol). Similar linear correlations
were obtained for the index of refraction corrected by the density (np?°/p), as shown in
Figure 23 (right). Such correlations are useful for various applications such as precise
interpolations.
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Figure 23. (Left) Linear correlation between the density p and In (cp/c* + 1) according to Equation (5);
every second measurement is recorded in the graphics for clarity (all measurements were used for cal-
culations); slope 0.174, intercept 0.79093; c* = 24.5, correlation number 0.999947 for 71 measurements;
coefficient of determination 0.9999. (Right) Linear correlation between the index of refraction over the
density np2%/p and In (cp/c* +1) according to Equation (5); every second measurement is plotted for
clarity; slope —0.257, intercept 1.6797; c* = 19.9, correlation number —0.99998 for 71 measurements;
coefficient of determination 0.99996.

16. Conclusions

The chemistry-dominating intermolecular interactions can be efficiently investigated
by solvent polarity probes, whereby Dimroth and Reichardt’s ET(30) scale certifies that
because of the sensitivity of the optical method and other advantages, this essentially
reflects the dipolarity of solvents; the polarizability of solvents is better characterized by
Brooker’s xR scale. Zelinski’s universal polarity probe forms a link between both types of
polarity scales because the fluorescence-dependent polarity scale S correlates linear with
Et1(30) for various solvents, while the absorbance of the dye correlates with Brooker’s xr
scale. Various solvent effects can be measured by means of multi-parameter approaches.
Further insight into solvent effects and changes in the solvent structure were obtained by the
developed two-parameter equation (5) for concentration-dependent effects. The equation
includes condensed phases, binary mixtures where the property of one solvent can be
continuously transformed into that of the other by changing the composition of the mixture,
and even the effects in pure solvents with polar functional groups: The polar properties
of media are dominated by polar groups or polar components, while other elements of
structure or components essentially form the matrix. The appreciable thermochromism
of 3 leading to a linear correlation between the ET(30) scale and the temperature (either
in °C or K) was reported in relation to the thermal expansion of the solvent, with about
1/3 of the effect attributed to thermal expansion and 2/3 to temperature-induced breaking
of hydrogen bonds; both effects are strongly linear with the temperature. Finally, very
far-reaching intermolecular interactions were studied using the two-parameter equation (5)
indicating intermolecular interactions of electronically excited states even for distances of
more than 100 nm. Practical applications were shown for analytics both for the polarity
probes and the two-parameter equation (5), the latter of which can be a useful tool for
further investigations.
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