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The solvation free energy of electrons in N, N-dimethylformamide, methanol, and water was estimated by
means of electron photoemission into solution, and the data were compared with empirical parameters such as

thermodynamic quantities, structural and kinetic parameters of solvents.

It was confirmed that the interaction

of an electron with solvent molecules is purely electrostatic and that the solvation free energy can be used as a

tentative criterion of electrophilic properties of solvents.

The empirical parameters of solvents have been
proposed as a measure of polarity or nucleophilic and
electrophilic properties of solvents. These parame-
ters were deduced from the solvent effects on the
band shift of optical absorption spectra of particular
solutes, NMR solvent shift, thermodynamic quan-
tities of solvation, or kinetic parameters of solvent
dependent processes.

The interaction of a solute with solvent molecules
has been conceptualized from various points of view.
Stengle et al.)) proposed a three-region model: (1)
the region of ordering effect of a solute on its immedi-
ate neighborhood, (2) the region of disordering of
solvent structure, and (3) the bulk region where sol-
vent structure is unperturbed. Cox et al.?) classified
the interaction into five types: (1) electrostatic inter-
actions (either Born type or its modifications), (2)
different hydrogen-bonding donor or acceptor prop-
erties of ions and solvents, (3) different types and
extent of solvent structure, (4) dispersion force inter-
actions, and (5) different Lewis acidity and basicity
of ions and solvents. Some of these interactions are
interrelated, ¢.g., influence of hydrogen-bonding
properties of solvents on their structure. The solvation
effect would be more involved in kinetic processes
where the structure of the activated complex plays
an important role.

A solvent molecule and the usual solute are, in
general, of dipolar character, so that the nucleophilic
interaction occurs simultaneously with electrophilic
interaction at different sites of a molecule depending
the structural characteristics of the solute and solvent.
However, a solvated electron is known to be the simplest
entity with a unit negative charge held in a cavity
created by dilated solvent molecules, so that the inter-
action of an electron with solvent molecules gives
information on the simple electrostatic interaction.

The solvation free energy of an electron in polar
solvents has been estimated by means of electron
photoemission (EPE) into solution.?) In this paper
a discussion is given on how the solvation free energies
of electrons in various polar solvents correlate with
the empirical parameters of solvents and how these
values can be used as a tentative criterion of electro-
philic solvent effects.

Results and Discussion

Solvation Free Energy of Electron. The solvation
free energy of a photoemitted electron was estimated

by the EPE method. The photoemission current was
measured in a cell equipped with a three-electrode
system where the working electrode (mercury pool
electrode) was illuminated by ultraviolet light (365
nm wavelength) under a controlled potential. The
cell contained a highly concentrated supporting elec-
trolyte solution saturated with dinitrogen oxide as an
electron scavenger. The photoemission current, I,
is expressed by the law of five-halves?)

I, = A(lv—hvy—e)5/2, ¢
where A4 is a constant, Ay the energy of incident light,
vy the threshold frequency, and ¢ the electrode po-
tential. The plot of I,%% versus ¢ gives a straight
line, and extrapolation of the plot to /,=0 gives the
threshold potential, ¢,. Thus, we have my=h—
e$,. The difference in energies required for the photo-
emission from mercury into vacuum and from mer-

cury into solution gives the solvation free energy of
the eletron (AG,(e)):
—AGs(e™) = Woy — hvg + €@
= Wn-v — v + 8(¢0+@), (2)
where W, __ is the work function of electron photo-
emission from mercury into vacuum, @ the Volta po-
tential difference between mercury and solution.

The values of AG,(e~) thus obtained are the energy
difference between electrons in vacuo and in solution,
corresponding to those of the solvation free energy
of ions estimated by Born-Haber cycle. It is note-
worthy that the hydration energy of the fully hydrated
electron was estimated to be 1619 or 1659 kJ mol-!
by radiation chemical studies, while our result is 108
kJ mol-1. Our value presumably corresponds to the
so-called damp or wunlocalized electron, which is
assumed to exist in solution only for a few tens
picoseconds” before being fully solvated.

We had difficulty in estimating the values of AG,-
(e™) in various solutions due to the absence of infor-
mation on the values of Volta potential difference for
non-aqueous solutions. Omnly three data on N,N-

TABLE 1. VALUES OF SOLVATION FREE ENERGY OF
ELECTRON, AG;(e™), AND DONOR NUMBER (DN)

Solvent DMF MeOH H,O
— AGs(e™) k] mol—t 62 98 108
DN® 26.6 19.0 18.0
a) The values of DN are given in kcal mol-! (I cal=
4.184].
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dimethylformamide (DMF), methanol (MeOH), and
water (H,O) are available (Table 1), which do
not seem sufficient for a discussion of the general
features of solvent effects. However, they are in line
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Fig. 1. Relationship between solvation free energy of

electron, AGg(e~), and solvation free energy of chloride
ion, AAG;s(Cl-) (reference solvent: acetonitrile).
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Fig. 2. Relationship between solvation free energy of
electron, AGs(e™), and free energy of transfer of anions,
AG;(X~) (reference solvent: water).
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Fig. 3. Relationship between solvation free energy of

clectron, AG;s(e~), and logarithm of solvent activity
coefficient of anions, log °y$(X~) (reference solvent;
acetonitrile).
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with the values estimated by a modified Born equation
for fully solvated electrons in polar solvents.®)

Correlation of AG(e~) with Solvation Free Energy of
Halide Ions. The values of —AG,(e~) are plotted
against the solvation free energies of chloride ion in DMF,
MeOH, and H,O in Fig. 1, where AAG,(Cl~) denotes
the difference between the solvation free energy of
Cl- in a given solvent and that in acetonitrile.” The
plot gives a straight line. When we plot the values
of —AG (e~) against the free energy of transfer, AG, -
(X-), for several anions,? the plot of Cl- is closest to
a straight line, the deviation from linearity being
pronounced in the order Cl-<N,;~<Br-<I-<SCN-<
ClO,~ (Fig. 2). The logarithm of the solvent activity
coefficient, log °y*, shows a similar trend (Fig. 3),
where ©°y* is given in molar scale at 25°C with
acetonitrile as a reference solvent.’ The order of
deviation from linearity among the anions is the
same as in the case of the free energy of transfer
of anions, as can be predicted from the relation,
AG,=—RTIn°%* and also from the valence-bond
description. If we assume that chloride ion is the
least polarizable anion among the anions considered
and that the solvated electron is a simple entity with
a unit negative charge in solution, the close correlation
between the solvation free energy of chloride ion and
that of electron is understandable.

The solvent shift of a halogen nucleus such as 35Cl,
"Br, or '?] in respective halide ionV and also of °F
in hexafluorophosphate ion, PFg~,1Y) shows no trend
of correlation with AG(e~). Hall'® suggested the
origin of the NMR solvent shift as follows: (1) molec-
ular volume and packing geometry, (2) hydrogen-
bonding interactions, (3) charge transfer to solvent
interactions, (4) orbital overlap with large atoms in
solvent, and (5) charge distributions in solvent molecule.
Stengle et al.) emphasized the prevailing effect of
charge transfer interactions. It seems that the solvent
shift depends primarily on short-range interactions,
the solvent shift thus showing a considerable discrep-
ancy from the trend of AG,(e™).

Correlation of AG,(e™) with AN-, Ey-, and Z-Values.
The value of AG (e~) will be discussed as a criterion
of electrophilic properties of solvents in relation to
several empirical parameters of solvents.

The acceptor number (4AN) was proposed by Mayer
et al.1® as a measure of electrophilic property of solvents.
The value is based on the measurement of NMR
solvent shift of 3P nucleus in triethylphosphine oxide,
(C,H;);PO. The oxygen atom in (G,H;),PO is
attacked by solvent molecules, and the =-bonding
character of the P-O bond is reduced. The effect,
coupled with possible polarization of ¢-bonding of
the P-O bond, results in the decrease of the electron
density of 3P nucleus, causing NMR chemical shift.
In order to standardize the AN-values, the chemical
shift was extrapolated to null concentration of the
substrate, the value of 1:1 adduct of (C,H;),PO and
SbCl; in 1,2-dichloroethane being taken as 100. The
values of —AG,(e”) are plotted against AN-values
(Fig. 4), the plot showing a straight line with only
a slight deviation. The deviation can be attributed
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either to the hydrogen-bonding of hydroxyl solvent
or to the change in solvent structure caused by the
nucleophilic substrate. It seems that the remaining
coordination sites of phosphorus atom in (C,H;);PO
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Fig. 4. Relationship between solvation free energy of
electron, AGs(e~), and Mayer-Gutmann-Gerger’s ac-
ceptor number (AN).
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Fig. 5. Relationship between solvation free energy of
electron, AG,(e~), and NMR solvent shift of *C and
170 nuclei in acetone, 6(*3C) and §(*O).

400

-
oy
Q
g
=
% 300
=t
<
a
N
o Er
=]
<
L 200¢ -
R
1 L 1 L
60 70 80 90 100 110

—AG;(e™)/k] mol?
Fig. 6. Relationship between solvation free energy of
electron, AGg(e~), and Dimroth-Reichardt-Siepmann-
Bohlmann’s Ep-value or Kosower’s Z-value.
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is almost completely blocked from the solvent attack.
This effect is quite different from the case of carbonyl
compounds. When we plot the values of —AG,-
(e~) against the chemical shift of 33C or YO nucleus
in acetone,4-16) linearity is no longer observed (Fig. 5).
Maciel and Ruben!® attributed the predominant
effect of hydroxyl solvents to the dipolar or Lewis
base interaction coupled with intermolecular hydrogen-
bonding. However, it is more likely that the coordi-
nation sites of the carbon atom in the carbonyl group
are poorly shielded toward the nucleophilic attack
of solvent molecules.

A similar correlation to the case of AN-value can
be seen in the plot of —AG,(e”) wversus Ei or
Z-value (Fig. 6). The E,value was proposed by
Dimroth et al.,'” the value representing the energy
of the lowest electronic transition of p-(1l-pyridinio)-
phenolate in various solvents. The oxygen atom of
the solute is highly basic and sterically accessible for
solvent molecules. The Z-value, proposed by Kosower!®)
as a measure of solvent polarity, is the energy of
charge transfer band of l-ethyl-4-(methoxycarbonyl)
piridinium iodide, the iodide ion of which is attacked
by solvent molecules. Both E;- and Z-values primarily
represent the electrophilic properties of solvents, but
from the curvilinear plots in Fig. 6 the effect of
donicity or hydrogen-bonding of solvents seems to
exist.

Correlation of AG,(e™) with Kinetic Parameters of Solvent
Dependent  Processes. A typical solvent parameter
for a kinetic process is the Y-value proposed by Grunwald
and Winstein!® as a series of the ionizing power of
solvents. This is defined as Y=log (k/k,), where
k and k, represent the first order solvolysis rate constant
of i-butyl chloride at 25 °C in a given solvent and in
a reference solvent (809, ethanol and 209, water),
respectively. The plot of —AG,(e~) versus Y is shown
in Fig. 7, where the datum of DMF is taken from the
work of Mayer ¢t al'® A set of data on the ioniza-
tion rate constant, k;, of 2-methyl-2-(p-methoxy-
phenyl)propyl p-toluenesulfonate is given by Smith
et al.29 The plot of —AG,(e™) versus logk, is also
shown in Fig. 7. Both plots show a remarkably
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Fig. 7. Relationship between solvation free energy of
clectron, AGg(e~), and Grunwald-Winstein’s Y-value
or Smith-Fainberg-Winstein’s log k;-value.
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Fig. 8. Relationship between solvation free energy of
electron, AGs(c™), and Brownstein’s S-value.
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Fig. 9. Relationship between solvation free energy of
electron, AGg(e™), and Arrhenius energy, AH~, free

energy of activation, AG*, and entropy of activation,
AS*, for reaction, n-C,HyBr+N,~=n-C,H N, Br-.

curvilinear correlation, the effect of hydroxyl solvents
being enhanced.

The S-value proposed by Brownstein?) as a solvent
dependent parameter was defined by the relation,
log (ksorvens/kmion) =SR, where k£ is a reaction rate
constant, equilibrium constant or a function of spectral
shift, and R a constant characteristic of the sensitivity
of a given reaction. The plot of —AG(e™) versus S-
values also show a similar curvilinear trend to that of
Y-values and log k;-values (Fig. 8). The curvilinear
correlation can be interpreted by taking the concerted
effect of nucleophilic and electrophilic interactions
into consideration. The nucleophilic attack of solvent
is more pronounced in DMF (DN=26.6) than in
MeOH or H,O, while the electrophilic interaction
is more enhanced in H,O than DMF, MeOH being the
intermediate (Table 1).

Delpuech?® reported the Arrhenius energy for
a substitution reaction, n-C,H Br+N;==n-C,HN;-}
Br-, in various solvents. The plot of —AG (e™) versus
AH*, AG*, and AS* is shown in Fig. 9. In thisreac-
tion the solvent attack on the anion seems to play a
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predominant role, stronger solvation requiring higher
Arrhenius energy. It is noteworthy that the entropy
of activation is fairly negative in the case of water.
Thus, the free energy of activation is smaller in the
case of water than in that of methanol. A possible
hydrogen bonding of water molecule may increase
the orderliness of the activated complex.

In view of the results obtained the solvent parameter
can be expressed in terms of three effects: (1) nucleo-
philic effect represented by the donor number (2)
electrophilic effect represented by the solvation free
energy of electron, and (3) hydrogen-bonding energy.
The three terms have the same dimension and can be
expressed in the same unit, e.g. Jmol-l. Thus, we
can estimate the overall solvent effect by the linear
combination of the three terms provided the appro-
priate coefficients for each term are determined ex-
perimentally. A
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