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The principal methods used to determine the electron affinities of organic molecules are examined and the published data
in this field are analysed. Briegleb's series, used in the majority of instances, yields absolute values which are too low. The
most probable absolute electron affinities are quoted for the majority of organic electron acceptors investigated and their
dependence on substituents and structural features is analysed.
The bibliography includes 121 references.
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I. INTRODUCTION

The electron affinities of organic molecules and ions
are nowadays essential for the interpretation of the results
in a very wide variety of research fields, associated
mainly with the study of the properties of charge-transfer
complexes and their role in organic, catalytic, and bio-
logical processes1"7 as well as the study of one-electron
transfer reactions6 '8, organic semiconductors9"11, and
organic materials with metallic conduction12?13. The
publication of the handbook of Gurvich et al.14 made
available a large number of experimental electron affinities
of organic acceptors but did not in any way solve the
problem of their utilisation, since the results obtained
by various workers for the same acceptors frequently
differ by more than 1 eV.

The aim of the present review is to select from the
available experimental data the most reliable electron
affinities of organic acceptors. We also hope that the
review will draw the attention of new investigators to the

problem of the determination of electron affinities, which
will directly assist in its final solution.

Since this review deals with compounds having fairly
distinct electron-accepting properties, aromatic hydro-
carbons, heterocyclic compounds, and other compounds
with a negative or small positive electron affinity are
excluded.

Among the methods for the determination of electron
affinities, quantum-mechanical calculations are not
considered, since we believe that they should be the sub-
ject of a separate review.

II. FUNDAMENTAL CONCEPTS

Electron capture in the gas phase can be most con-
veniently treated in relation to a neutral diatomic molecule
AB. This process can be regarded as a transition between
two vibronic levels15, one of which characterises the
neutral molecule AB and the other the corresponding
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radical-anion AB". Case a (Fig. 1) represents dissociative
electron capture. Electrons whose kinetic energy varies
ivovciE1 toE2 are captured, while those having other kinetic
energies are scattered. In case b (Fig. 1), the capture of
electrons with a kinetic energy in the range £4 < E)^ < Ez
leads to vibrational excitation of the radical-anion AB" ,
which is stabilised in collisions with other species. The
potential energy curve for the radical ion has a minimum.
In case c, the molecule can capture an electron only in a
vibrationally excited state and the radical-ion is stabilised
in subsequent collisions between molecules.

but also with a second electron to form a dianion. In the
latter case, one is dealing with the second electron
affinity. In the gas phase, such processes are extremely
improbable, but they are known in the condensed phase,
where their occurrence is promoted by the strong solvation
of charged species.

Electron affinities in the gas and condensed phases are
also distinguished. In the condensed phase, the electron
affinity does not characterise an individual molecule but a
molecule in a crystal lattice or a solvation shell and is
correspondingly increased by the polarisation (P) or solva-
tion9 (£ s oiv) energy:

W W w

a b e
Figure 1. Electron capture by a diatomic molecule AB.

It is noteworthy that only in the last case does the
molecule AB have a positive electron affinity {EA). Elec-
tron affinity is an energetic characteristic of electron
capture processes and is equal to the amount of energy
consumed or evolved when an electron is added to a gas-
phase molecule in the state with minimum energy. Depend-
ing on whether the electron adds to a radical-ion in the
ground (equilibrium) or vibrationally excited state, adia-
batic (thermodynamic) and vertical electron affinities
are distinguished. All the foregoing considerations may
be expressed by the following equations:

AB + e ^ A B " ,

EA (adiabatic) = E (AB~, r _) — E [(AB, rAB) -+- e] ?

EA (vertical) = E (AB~, rAB) — E [(AB, rAB) + e] ,

where E is the total energy of the AB" and AB species in
the equilibrium (AB" , r^B^ a n d AB> rAB) and vibration-
ally excited (AB", r^B") states.

By definition, the adiabatic ionisation potential {IP) of
the radical-anion AB"1 is expressed as follows:

", rAB~)

and

The above relation is invalid for vertical processes.
Examination of processes of this kind for polyatomic

molecules does not entail fundamental difficulties, although
it is much more complex owing to the larger number of
degrees of freedom. In principle, a molecule can combine
not only with the first electron to form a radical-anion,

III. METHODS FOR THE DETERMINATION OF
ELECTRON AFFINITY

The fundamental methods for the determination of
electron affinity have been examined in a number of
monographs and reviews 15~23. Most of them are indirect,
permitting the calculation of electron affinity from the
general energetics of the given process. Some of them are
related to the study of the given electron-accepting mole-
cule in a condensed medium.

Photochemical Elimination of Electrons from Negative
Ions (The Photoabstraction Method)

This is a direct and most accurate method for the
determination of electron affinities 20>21>24,25. After their
generation, capture, and detection, negative ions are
irradiated with monochromatic light having a smoothly
varying frequency. When the threshold photon energy is
reached, the photoabstraction of electrons from the nega-
tive ions A"* begins:

A~ + /tv -> A + e .

The efficiency curves or the curves of the relative
cross-sections for the photoabstraction of electrons
plotted as a function of the energy of photons make it
possible to determine the threshold photon energies from
which the electron affinities of the acceptors A are deter-
mined. Considerable progress has been achieved in the
development of apparatus for the method and increasingly
more complex ions26"28, including aromatic ions29, are
being investigated.

Mass Spectrometry of Negative Ions

This procedure has been recently used with increasing
frequency. Measurements of the appearance potentials
{AP) of negative fragments under electron or photon
impact permit the calculation of the electron affinities
of radicals coupled with the negative ions formed23?30*31.
The principle of this method can be described by the
following equations:

(1) dissociative electron capture:

D(R,-R2)-/1P (R~)+KE+IE;
(2) the formation of an ion pair:

Ri - Ra — ^ ( R i - R J * - Ri+ + R2~ ,

EA (R2)= AP (R2~) — D (R , -R a ) - IP (RJ) — KE — IE,
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where D{RX - R2) is the homolytic bond dissociation energy
and KE and IE are the kinetic and internal energies of the
species involved. The necessity for the determination of
.D, KE, IE, and IP complicates the application of this
method.

A method involving the mass spectrometric investiga-
tion of the equilibria in proton transfer reactions has also
been used to determine the electron affinities of organic
free radicals32.

The Method of Collision Ionisation of Alkali Metal Atoms

This procedure is promising. The electron affinities
are calculated from the threshold value for the reaction

M + A -^ M+ +A",

where M is an alkali metal, usually caesium. The thres-
hold value is determined by studying the dependence of the
relative reaction cross-section on the trans lational energy
of the reactants 33. It is equal to the difference between
the ionisation potential of the alkali metal and the elec-
tron affinity of the acceptor A. The method yields reliable
results and has no fundamental limitations except that the
process must lead to the formation of the molecular ion
A" and not its decomposition products. The accuracy of
the method34"36 does not usually exceed ±0.1 eV. Electron
transfer to the acceptor can be achieved also with the aid
of other electron donors with known ionisation potentials38'37.

Mayer38?39, has been used particularly successfully by
Page and coworkers17*40. The experimental apparatus
consists of a cathode, a grid, and an anode mounted within
a solenoid. The test substance is introduced in the gaseous
state (vapour pressure 10~4-10"2 mmHg). Thermalised
electrons are generated by the heated cathode. In the
absence of a magnetic field, both the electrons and the
radical-anions A" reach the anode. The magnetic field
forces the electrons to move along a circular orbit and
they are captured by the grid. The magnetic field has
little effect on the motion of A" . Thus it is possible to
measure separately the currents generated by the streams
of electrons {ie) and radical-anions (ii). Since

Uh = K • exp (— EAIRT) and

Rd]niUi'] = iM( f ) ,

the slope of the straight line defined by the equation
i?dln(teAi) = cd(l/T) is equal to the electron affinity at a
temperature T. The latter is determined as the average
temperature of the cathode in the range where the mea-
surements are made. The electron affinity at 0_K is
obtained from the relationEA0 =EA(T) - 3f2RT.

The method is unreliable, because the negative ion
corresponding to the given species for which EA is to be
determined is not identified, which may lead to erroneous
results41. Small amounts of impurities and products of
thermal reactions can also bind electrons and can lead to
considerable errors.

The Electron Capture or Thermal Equilibrium Method15*19 The Method of Charge-Transfer Complexes (CTC)

The method reduces to the investigation of the equilibria
in reactions involving the capture of thermalised electrons
by the acceptor in the gas phasa:

e + - A — - A - .

The steady-state concentration of electrons varies
exponentially with the acceptor concentration in the system:

where K is the electron capture coefficient. The method
is based on the determination of the electron capture
coefficients. When [e] » [A], we have K = K. At fairly
high temperatures, In KT3'2 varies linearly with 1/T and
the slope of the straight line is EA/K. The intercept which
the plot makes on the ordinate axis is not constant. It is
believed that the temperature variation of K is required
for the correct determination of EA. At low temperatures,
K becomes approximately constant. Many EA values for
organic compounds have also been determined using the
relative19 electron capture constant K\

Thermalised electrons are obtained in the form of
secondary electrons when a mixture of gases, usually of
methane and argon, is irradiated. A part from thermalised
electrons, radicals and positively charged ions, whose
concentration does not vary under standard conditions
even when the amounts of the acceptor investigated are
small, are generated. The presence of the test gas
influences only the concentration of the thermalised elec-
trons. The experimentally determined quantities are [e]
and [A]. Their separate determination is based either on
the different mobilities of the electron and the acceptor
molecule or on the magnetron effect. The latter requires
special consideration, since the method based on this
effect has come to be called the " magnetron method". The
method, introduced for the first time by Sutton and

It is based on the determination of the charge-transfer
(CT) energy for complexes of a ser ies of donors with the
electron acceptor investigated19 . The CT energy is
usually determined from the CT band maximum. Accord-
ing to Mulliken's theory5 , the CT energy for a weak
interaction between the donor and the acceptor can be
expressed by the following equation:

AVcT=/P—£i4 + G0—C + X. + X, , (1)

where Go is the energy of all types of interactions between
the donor and the acceptor in the ground CTC state, with
the exception of the donor-acceptor interaction, C is
the energy of the Coulombic interaction between the com-
ponents in the excited CTC state, and Xo andXx are the
energies of the resonance interaction between ^(D, A) and
\p(D*, A") in the ground and excited CTC sta tes .

Using the expressions for Xo and I 1 ( it is possible to
obtain the following equation:

= /P—EA—C—Go-
IP — EA — C — Go

where j30 = Ho + S01W0 and j3x = H01 - S0lWx. The latter
equation may be simplified because C and Go can be
assumed to be constant for CTCs of the same type with a
fairly satisfactory degree of approximation. For a weak
interaction between the donor and the acceptor, the over-
lap integral S01 is small, so that /30 and ̂  can also be
regarded as approximately constant. Thus we obtain1

IP—(EA+E)

For small values of Cx and fairly high ionisation poten-
tials, this equation acquires an even simpler form, which
is frequently used in investigations1"4,42"45:

hvCT=IP—EA—W, (2)
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where W is an approximately constant quantity for the
given class of CTC.

In principle, Eqn.(2) can be used directly to calculate
the electron affinities of acceptors, provided that W is
known. Since its exact value is not known, one usually
starts with Eqn. (2), obtaining in this way the following
expression for complexes of a common donor with a series
of acceptors 19:

hv£j—hv°CJ=EA —EAX+W°—Wx, (3)

where EA° and EAX a re the electron affinities of the
reference acceptor and the test acceptor respectively.

It is frequently assumed ^ V 9 that W° - Wx = 0 and
Eqn. (3) is simplified in this way is used to calculate
EAX. This is apparently justified only for acceptors
having a similar structure and when, instead of a single
donor, a ser ies of donors are used in order to eliminate
specific interactions of the components, since it has been
shown * that the e r ro r resulting from the introduction of
the last approximation can reach as much as 0.4 eV.
Aromatic hydrocarbons, whose first and second ionisation
potentials differ little in te rms of energy, are most
suitable as donors. £-Chloranil is most often employed
as the reference acceptor 3>19>47.

The Method Based on the Study of the Equilibrium
Between the Radical-Ion and the Neutral Molecule

It is based on the determination of the equilibrium
constant for the reaction

using spectroscopic analytical methods for this purpose.
If the medium is insufficiently polar and ion pairs are
present, another equilibrium actually obtains:

(4)

where K^ss are the dissociation constants of the ion
pairs . In solutions of radical-ions, more complex equi-
libria can also occur4 8 . The enthalpy of reaction (4) is
correlated with the difference between the values of EA
for the acceptors A and B. The less well-founded
equation

—RT In K'=EA (A) —EA (B).

is usually employed49.

The Potentiometric Method15

The method is based on the measurement of the poten-
tial arising in the A/A7 redox system. A modified
method, resembling potentiometric titration, has found
the most extensive applications. Measurements are made
of the potential between two platinum electrodes, oneof
which is immersed in a standard redox system Ao/Ao* and
the other in a solution containing the test redox system
Ax/A^. The redox system investigated is obtained by
titrating a solution of Ax with a standard solution of Ao/A^.
The half-wave potential e is determined from the titration
curve. According to Jagur-Grodzinski et al.50, it is
given by the expression

where e0 is the standard potential of the reaction Ao~ +
Ax ^ Ax" + Ao, KAO and KAX

 a r e the dissociation constants
of the corresponding ion pairs, and [A" , K*]t is the sum
of (AJ, K+)and(Ax, K+).

The standard potential e0 is equal to the difference
between the electron affinities of Ax and Ao, i.e. the
method yields the relative electron affinities. The rela-
tive electron affinities thus obtained are satisfactorily
correlated with the corresponding absolute values for the
gas phase, the slope of the straight line being close to
unityl5.

The Polarographic Method

The reversible one-electron reduction of the acceptor
A is determined by the following process:

The half-wave potential is given by the expression51

E>/, — Eo In —-,

where Eo is the formal or standard potential, R the gas
constant, F the Faraday, and Dx and D2 are the diffusion
coefficients of the oxidised and reduced forms in the layer
near the electrode.

Eo is determined by the energetic characterist ics of
many processes 19, including the electron affinity of the
acceptor A:

EA=E</,—A£solv —5.07-1 n̂ DjD2,

where AEsoiv is the difference between the solvation
energies of A" and A.

Since the diffusion coefficients Dx and D2 cannot differ
by more than 1-2 orders of magnitude, the last term of
this equation is negligibly small and can be rejected.
Consequently the relation between the electron affinity
in the gas phase and the half-wave potential of the revers-
ible one-electron reduction is given by the equation

EA=E,h—A£solv +5.07 (eV) (5)

Since the solvation energies of neutral molecules are
small, the quantity A£solv is determined mainly by the
solvation energy of the corresponding radical-anion, i.e.
AE s oiv £* E& ' . The study of the radical-anions of aro-
matic hydrocarbons 19'51552 and of other electron acceptors19

has shown that the solvation energies of radical-anions do
not vary significantly with the structure of the delocalised
radical-ion. According to Briegleb19, the differences
between the values of A-Esoiv for a series of different
electron acceptors in acetonitrile do not exceed ±0.15 eV.
A change of solvent can alter the solvation energy to a
greater extent and hence also the values of El/2. Thus,
when acetone is replaced by dichloromethane53, the values
of E1/2 for a series of different acceptors change by
0.31 ± 0.05 V, i.e. the changes in the solvation energies
for different radical-ions are approximately the same on
passing from one solvent to another. The following equa-
tion can therefore be used with an adequate degree of
approximation to calculate the electron affinities of
acceptors forming delocalised radical-ions:

e = e0 + 0.03 In (KAJKAJ + 0.03 In " '
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where C is a constant and£1 /2 the half-wave potential for
polarographic reduction under the same condition.

Apart from the methods described above, other proce-
dures are also available for the determination of electron
affinities21'54, but are not considered here.

IV. ELECTRON AFFINITIES OF NEUTRAL ELECTRON
ACCEPTORS

The vast majority of experimental data have been
obtained by methods which do not yield directly the absolute
electron affinities, but permit their calculation, provided
that one can estimate in some way the remaining unknowns
in the equations used to determine EA. It is therefore
not surprising that the polarographic and CTC methods
lead to very different estimates of absolute electron
affinities (Table 1) in studies by different investigators.
If one considers relative electron affinities obtained for
the same estimates of other unknowns, instead of their
absolute values, the situation changes radically (Table 1)
and the majority of values for a particular acceptor agree
to within 0.15 eV. It is also found that the relative elec-
tron affinities are satisfactorily correlated (Figs. 2 and 3)
with the absolute electron affinities obtained by independent
methods (electron capture, magnetron, and mass-spectro-
metric methods), the slope of the straight lines being
close to unity.

-1.0 -

-2.0 -,

0.5 1.5 2.5

Figure 2. Relation between the relative (CTC method,
reference acceptor-/>-chloranil) and absolute electron
affinities: 1) acceptor 45, electron capture method;
2) acceptor 144, magnetron method; 3) acceptor 11, mass
spectrometric method; 4) acceptor 100, magnetron
method; 5) acceptor 104, magnetron method; 6) acceptor
40, magnetron method; 7) acceptor 129, magnetron
method; 8) acceptor 44, magnetron method; 9) acceptor
8, magnetron method; 10) acceptor 168, magnetron
method; 11) acceptor 10, magnetron method (the
acceptors are numbered in accordance with Table 1).

Consequently the problem of determining the absolute
electron affinities can be solved by determining the relative
electron affinities of different acceptors and by selecting

the most probable absolute electron affinity of the refer-
ence acceptor-£-chloranil (HA). The absolute electron
affinities of £-chloranil, obtained by the magnetron
method, are also listed in Table 1. The validity of the
latter results can be assessed in several ways. One of
these involves the comparison of the results obtained by
different methods using the relative electron affinities;
the required data are presented in Table 2.
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Figure 3. Comparison of the results obtained by the CTC
and polarographic methods (the acceptors are numbered
in accordance with Table 1).

Tbe absolute electron affinity of ^-chloranil can also be
inferred from a more detailed analysis of the results
obtained by the polarographic method. Here the principal
difficulty consists in the estimation of the solvation ener-
gies of the radical-anions arising in the one-electron
reduction of the acceptor. Although much attention has
been devoted to the determination of the solvation energies
of charged species, their exact values are unknown23'110?111.
This is particularly true of organic radical-anions and is
the reason why the polarographic method has yielded two
series14 of electron affinities, differing by 1 eV.

One can assume with a satisfactory degree of approxi-
mation that the lower limit to the solvation energies of
organic ions in polar solvents is given by the polarisation
energies9 in crystals of non-polar aromatic hydrocarbons,
which are of the order9'112 of 1.5 eV. Since the polarisa-
tion energy of negative ions is approximately 0.2 eV higher
than that of positive ions and the negative charge of the
radical-anions of acceptors is largely localised on the
heteroatoms, one can assume that the lower limit to the
solvation energies of the radical-anions of organic
electron acceptors is approximately 2 eV. Since the
solvation energy depends markedly on the charge density,
the solvation energy of the iodide ion should probably be
regarded as the upper limit, assuming that the charge is
more delocalised in any organic radical-anion with a
fairly well developed 7r-electron system. In aprotic polar
solvents, incapable of specific solvation of anions, the
solvation energy of the iodide ion110'113 is approximately
2.5-3 eV. Since A£Solv is somewhat smaller than£solv,
it follows that, in conformity with Eqn.(5), the most
probable electron affinity of p-chloranil exceeds 2.2 eV.
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Table 1.

Compound EA, eV I USA*, eV \EA (abs-), Method** and
eV references

1.

2.
3.
4 .

5.
6.
7.

8.

9.

10.

11.

12.
13.
14.

15.
16.
17.
18.

19.
20.
21.
22.
23.

24.
25.
26.
27.

28.
29.
30.

31 .
32.

33.

34.
35.
36.

37.
38.

39.

40.

Tetranitromethane
p P
R > \ _ / R l

R4 R«
R,=R,=Rj=R4=H
R,=COOC,H,; R,=Rj=R,=H
R,=Ra=COOC2H,;

R.=R4=H (trans-)
R,=R3=CN; R,=R.=H
R1=R4=CN; R,=R3=COOH
Ri=R2=CN; R3=R4=CF3

R,=R1=Ra=R4=CN

Hexacyanobutadiene

O

\A
II VII x

p / \ /R 11
0

R=H. X - 0

R=Cl. X=O
R-=I, X=O
X=S, R=C1

<Z>-R

R-CI
R=Br
R = I
R=CHO

R=COOCH3
R=COF
R=COC1
R=COBr
R=NO2

R,=COC1, R2=OCH3
R,=COC1, R J ^ C H J

R,=COC1. R2=NO2

R,=R!=CHO

R,=R,= COC1
R, = R2=COBr
R1==R,=<OCHj

R,=R,=CN
R,=R,=NO2

R,=Cl R2=NO2

/R.

R, = R, = COCHa

R,=R2=CN
R,=R2;=NO2

R i \

R,=R^7COCH3

R,=R2=NO2

R4 R3

Ri—^ ^ - R 2

R, R,
R,=R,=.-R,=CN;
R2=R,-R,=H
R,=R2=R.=RS=CN; R3=R, = H

1.8

- 1 . 8
0.25
0.6

0.8±0.1

2.89±0 1
1.6

3.3±0.1

—
1.43

1.4±0.2
—

0.55
0.45
0.6

0.4
0.4
0.54
0.43
—
0.2

—0.42
0.03
0.20
0.54

-0 .13
—0.05
0.77
0.21
0.98
0.60
0.52
0.54
0.64
0.95

—
—.

0.7

0.55
1,1 ±0 13

—

0.55
—

0.3
1.5
—
—

0.1
—
—

0.4
2.19±0.2

2.15

—
—

—0.4
—0.3
—0.1

+0.3
—0 34
+o!25

-0 .42

+0.7

—0.83
—
—

—1.25
- 0 . 8
—0.9
- 0 . 7 5

—
—
—
—

- 1 . 8 5
—

- 1 . 8 5
- 1 . 4 0
—1.20

—
—1.15

—1.55
- 1 . 4 5

—0.65
—1.17

—
—

- 0 . 9
—0.9

—
—0.47
—1!65
- 0 . 7
—0.67
—1.1

—
—0.84

—
—0.9
—1.1
—1.1
—1.1
— 1.2

-1.271
—1.20/
—0.71
—0.97

—
1

1.8

0.25
0.6

0.8

2.1

2.35

2.75

-

2.05

3.2
—

—
•—

1.4
—

1.65
1.55
1.7

0.4
0 4
0.5
0.5
—

>0.2
0.6

<1.05
<1.25

—
<1.3

^0 .9
<1.0

<1.8

—
<1.55

1.55
0.65
0.9
—

% 1 . lo
1.35

>0.55
1.1

<1.6

0.55
—
—

1.35
—
—

1.25

—
—
2.0
—

EC (Ref.55)

QC (Ref.56)
EC (Ref.19
EC (Ref.19)

MM (Ref.57)
CTC (Ref.19)

P (Ref. 14,58)
CTC (Ref.59)
MM (Ref.57)
EC (Ref.60)
CTC (Ref.19,61)
CTC (Ref.62)
P (Ref.19)

CTC (Ref.59)

MM (Ref.57)
CTC (Ref.63)

P, CTC (Ref.19)
QC (Ref.64)
MS (Ref.65)
CTC (Ref.66)
CTC (Ref.66,67)
CTC (Ref.67)
CTC (Ref.68)

EC (Ref.19)
EC (Ref.19)
EC (Ref.19)
EC (Ref.69,70)
P (Ref.71)
EC
P(Ref.l9,71)
P (Ref.19, 71)
P(Ref.l9,71)
EC (Ref.19)
P (Ref.72)

P(Rcf.l9,71)
P (Ref.71)

P (Ref.71)
P (Ref.71)
QC (Ref.63)
EC (Ref.73)
P (Ref.71)
P (Ref.71)
EC (Ref.73)
P, CTC (Ref.71)
P (Ref.74)
P(Rcf.75)
CTC (Ref.19)
P (Ref.75)

EC (Ref.73)
MM (Ref.57)
P (Ref.75)

EC (Ref.73)
P (Ref.75)
CTC (Ref.19)
P (Ref.58)
CTC (Ref.76)
CTC (Ref.77)

CTC (Ref.19)
CTC (Ref.78)
P (Ref.79)
CTC (Ref.19)
MM (Ref.57)
MM (Ref. 17)
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Table 1 (cont'd.)

Compound EA,eV AEA'.eV EA (abs.),
eV

Method** and
references

1

4 1 .
42.
43.
44.

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.

R,=R2=CN; R3=R4=R.=R,=C1
Ri=R3=-R«=R,=CN; R,=R,=CH3
R, to R, = CN; R6 = CH3
R, to R6 = CN

R. toR, = Q
R, toR6 = F
R,=R4=COCH.,:
R!=R3=R,=R,=.CI
R,=Ra=.-;NO2R.=CH3;
R2 = R5r^RB^ H
R,=R3=NOj R4=F; R2=RS=R,=H
R1=Ra=NO2 R,=R,=F; R5=R,=H
R,=R,=NO, R,=OH;
R4-=-Rs:i^R»=H
R,=R,=RS=NO2; R,=R4=R,=H

R1=Ra=Rs=NO,;
R2=OCH3; R4=R,=H

R,=R,=R,=NO,;
Ri=CH,; R4=R,=H
R1=R,= R,=NO,;
R«=C1; R4=R,=H
R,=R,=R,=NO !;
R,=CN; R4=R,=H
R t=R,=R,=NO,
R2=R4=CH,; R,--=H

4

5

O
•1 II

«' ll
0

x=o
x=s
X=O 3,4,5,6-tetrachloro-

X=O; 3.5-dinitro-
X=NH

O O
li II

/ \ ^ \ / \
X

V
II x

\K/II N

0 0
x=o
X=O, dibromo-
x=s

N C V N \ / C N
1 II

N N

% • /
CN

NCN

NC/X

^\/CN

1
X

(Y\ Y

Ik/1
XX=Y^O

X=O; Y=C(CN)2
X=C(CN),; Y=O

R l > _ / R '

O
R™R,=CF.,
R=R,-Ph

R=C,H,OCO; R!=Ph
R«=Ph; R,R,̂ = S \ / \

1 1
R^CJHJOCO R,R,=- —»—

0. 5 4 3
/ \ / \

^ f '\ f
a \ / 1

\y
X x=o

3

_ .

—
—

2.55
2.55

—
0.58

—
0.77

—

—
—

0.6

—
0.7
1.86
2,63

—
1.78

—

0.6
1.69
1 7

—

0.1
0.38
0.55

1.8

1.5

0 .8
1.15

—

2.18±0.07

__
—

—

—

—1 0
- 0 . 8
—0.3

—
—

+0.1

-2.es

—1.27

—0.9
—0.85

—

—0.6
—0.7
—0-74

—
—0.75
—0.82
—1.08

-0.77
—0.9
- 0 . 9
—0.45
—0.25

—0.97

- 1 . 3
- 1 . 0
-0.82
—0.85
- 0 . 8
—0.34
— 1.1

-0 .55
—0.32
-0.95

-0 .25

- 0 . 3
0

+0.2

-1-0.15
—0.45
—0.75
—0.35
-0.35
-0.65

-0.15

•
1.45'
1.65
2.15
—
2.55

>0.6
>0.4

0.8

1.2

1.55
1.60

>0,6

1JP

—
.

1.4

1.55
1.95

2.2

1.45

1.15
<1 .45

1.65

2.1
1.35

1.9
2.15
1.5

2.2

2 .2

2.15
2.45
2.65

2.00
1.85

—
1.95
1.95

—

2.15

6

CTC (Ref.78
CTC (Ref.80)
CTC (Ref.80)
QC (Ref.64)
MM (Ref.57)
CTC (Ref.89)
EC (Ref.19)
CTC(Ref.81)
EC (Ref.73)

CTC (Ref.19)

P (Ref.75)
P (Ref.75)
EC (Ref.19)

P (Ref.75)
P, CTC (Ref.19)
P (Ref.58)
MM (Ref. 17)
CTC (Ref.62)
P (Ref.58)

CTC (Ref.82)
CTC (Ref.19)
P (Ref.58)
P (Ref.58)
CTC (Ref.86)
CTC (Ref.84)

CTC (ref.19)

P (Ref.19)
CTC (Ref.68)
CTC (Ref.19)
CTC (Ref.78)
P (Ref.58)
CTC (Ref.85)
P (Ref.70)

P, CTC (Ref.19)
P, CTC (Ref.19)
CTC (Ref.68)

CTC (Ref.78)

MM (Ref.37)

CTC (Ref.86)
CTC (Ref.86)
CTC (Ref.86)

CTC (Ref.87)
CTC (Ref.86)
P (Ref.88)
CTC (Ref.87)
CTC (Ref.87)
P (Rcf.88)

CTC (Ref.87)
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Table 1 (cont'd.) Table 1 (cont'do)

No.

l

76.
77.
78.

79.

80.
81.
82.
83.
84.
85.

86.

87.
88.
89.

90.
91.
92.
93.
94.

95.
96.

97.
98.

99.

400.

101.

102.
103.
104.

105.

106.
107.

108.
109.

110.
111.

112.

113.
114.
115.

116.
117.
118.
119.
120.
121.

122.
123.

Compound

2

2,7-Dinitro-
3,6-Dinitro-
2,4,7-Trinitro-
2,4,5,7-Tetranitro-
X=C(CN),

2,4-Dinitro-
2,5-Dinitro-
2,6-Dinitro-
2,7-Dinitro-
3,6-Dinitro-
2,4,7-Trinitro-

2,4,5,7-Tetranitro-

R,=R2=H

R1=COH; Rj=H
Ri^COH; R,=H

«lx 1 .L
3-Nitro-
4-Nitro-
3,6-Dinitro-
4,5-Dinitro-
2,4,5,7-Tetranitro-
X=--NC,H.
3,6-Dinitro-
4,5-Dinitro-

1

R=H
R=COH

NC CN

vII

0-~Q
if/ \

NC CN

0

I
T i l 3

.1 ,\/ii
oMethyl

Methoxy-
Dimethylamino-
Fluoro-

Chloro-

Bromo-
Iodo-

Methoxycarbonyl
Acetyl-

Trifluoromethyl
Cyano-

Nitro-

Phenyl-
2,6-DimethyI-
2,6-Dichloro-

2,6-Dibromo-
2,6-Dicyano-
2,6-Dinitro-
2,5-Dimethyl-
2,5-Di-t-butyl
2,5-Dichloro-

2,5-Dicyano-
2,3-Dichloro-

EA,eV

3

_
—
—

-

_
—
—
—
—
—
—

0.15
0,07
0,62

.
—

0.57
1.0

-

1.4
1.94
0.64

-

2.16

—

—
.

—
—

—
—
—

_

—
—
—
—
—
—
—

A£4*,eV

4

- 0 . 6 5
—0.53
—0.45
- 0 , 3
—0.25

—0.25
—0.25
- 0 . 2
—0.25
- 0 . 1 5

0
+0.1
+0.1

—
—

—0.67
-0.67
—0.37
-0.27
+0.4
—0.55

0,45

—

+0.1

—0.60
—0.52
- 0 . 7
—0,71
—0 6
- 0 , 6 3
—0.76

—0.45
—0.39
—0.35
—0.37
—0.37
- 0 . 4

- 0 . 4 0
0.32

—0.32
—0.4
—0.25
—0.15
—0.15
+0.1
+0.1
—0.50
—0.77
—0.17
—0.19

—0.2
+1.0
+0.38
—0.7
—0.51
—0.22
—0.19
+0.3
—0.27

EA (abs.),
eV

5

1.85
1.95
2,05

2.2

2.2
2.2
2.25
2.2
2.3
2.45

—
2.55

0.15
0.7
0,6

1.8
1.8
2.1
2.2
2.85

1.9
2,0

0.6
1.0

2.55

1.85

1.75

1.70
1.60
2.05

2.05

2.05
2.05

2.05

2.1
—

2.2
2.3

2.55
—

1.95
1.65

2.25

2.25

^ 2 . 8 5
1.75
1.95

• "

2.75
2.2

Method* and
references

6

P (Ref.89)
P (Ref.89)
P (Ref.89)
CTC (Ref.19)
P (Ref.89)

P, CTC (Ref.89)
P, CTC (Ref.89)
CTC (Ref.89)
CTC (Ref.89)
CTC (Ref.89)
CTC (Ref.89)
CTC(Ref.90,91)
CTC (Ref.89)

EC (Ref.92)
EC (Ref.92)
EC (Ref.92)

CTC (Ref.93,94)
CTC (Ref.93)
CTC (Ref.93)
CTC (Ref.93)
CTC (Ref.93

CTC (Ref.93)
CTC (Ref.93)

EC (Ref.95)
EC (Ref.69)

P (Ref.96)

MM (Ref.14,97)
QC (Ref.64)
EC (Ref.19)
CTC (Ref.19)
P (Ref.19)
CTC (Ref.3)
CTC (Ref.19)
P (Ref.19)
P (Ref.70)
P (Ref.70)
MM (Ref.17)
CTC (Ref. 14,19)
P (Ref.70)
P (Ref.19)
CTC (Ref.19)
P (Ref.19)
CTC (Ref.19)

CTC (Ref.70)
P (Ref.70).
CTC (Ref.19)
CTC (Ref.70)
CTC, P (Ref.70)
CTC (Ref.19)
P, CTC (Ref.70)
P,CTC (Ref.70)
CTC (Ref.19)
P, CTC (Ref.70)
CTC (Ref.19)
CTC (Ref.19)
P (Ref.19)

CTC (Ref.19)
CTC (Ref.98)
CTC (Ref.19)
P, CTC (Ref.19)
P (Ref.19)
CTC (Ref.19)
P (Ref.19)
CTC (Ref.98)
CTC (Ref.19)

No.

1

124.

125.
126.
127.
128.
129.

130.
131.
132.
133.

134.

135.

136.
137.
138.
139.
140.
141.
[U.
143.

144.

145.

146.
147.
148.
149.

150.
151.
152.

153.

154.
155.
156.
157.
158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Compound £4,eV

| 3

2,3-Dicyano-

2,3,5-Trimethyl-
2,3,5-Trichloro-
Tetramethyl
3,5,6-Trifluoro-2-methyl
Tetrachloro(HA)

Tetrabromo-
Tetrafluoro-
Tetraiodo-
2,3-Dichloro-5,6-dicyano-

Tetracyano-

O
6 II

o
2-Methyl-
2-Hydroxy-
5-Hydroxy-
2-Amino-
2,3-Dichloro-
2,3-Dichloro-5-nitro-
2,3-Dicyano-
2,3-Dicyano-5-nitro

O

II

Ml 1 X|1 II II \
8 || 1

o
1-Hydroxy-

1,8-Dihydioxy-
1,4-Anthraquinone
5,12-Tet racenequinone
6,13-Pentacenequinone

R R

R R
R=H
R=C1
R=Br

O O
'1 1! A

"%/ N/ N/ \ ^
II l| 1o o

1-Chloro-
2-Chloio-
2-Methoxy-
1,2,3,4-Tetrachloro-
2,3-Benzo-

O
II o

P
Te rachloro-

Tetrabromo-

3,4-Benzo-

O O

« 5 4 8
3,6-Dinitro-

2,7-Dinitro-

2,5-Dinitro-

2,4,7-Trinitro-

—

—
2.4
2.46
2.59
2.05

—

—
—

1.6

—

—
1.15

—

—
-

—
—
—

—

—

_

1.55

-

—

AEA*,eV

4

+0.33
+ 0.26
+0.38
- 0 . 7
—0.1
- 0 . 8 0
- 0 . 2 5

—

.
0

—0.05
0

+0.54
+0.58
+0.5
+0.62
+0.43
+0.97

0.6
—0.67
- 0 . 7 2

—0.75
—0.82
- 0 . 5
—0.93
—0.40
—0.22
+0.28
+0.33

—0.87
- 0 . 8
—0.95

—

—0.67
—0.78
—0.5
—0.76
- 0 . 9
- 1 . 0 5

- 0 . 2 5
+0.34
+ 0.36
+0.05

+0.05
+0.15
+0.05
+0.05

0

—0.32

+0.18
+0.1+0.23
+0.2
—0.77
—0.6

—0.67
—0.67

—0.15
—0.2
—0.2
—0.30
—0.25
—0.35
—0.1

EA (abs.),
eV

5

2.75

_
1.75
2.35
1,65
2.2
2,45

2.45
2.4
2.45
3.0
—
—
—

3.40
—

1.75

—

1.7
1.65
1.9
1.5
2.05
2.25
2.70
2.80

1.55

—

1.75

1.95
1.7
1.55
1.40

2.20
2.8
2.8
2.5

2.5
2.6
2.5
2.5
2.45

2.15

2.6

2.65

1.85

—

1.75

2.3

2.25
—

2.20
—

2.35

Method** and
references

6

CTC (Ref.19)
CTC (Ref.3)
CTC (Ref.49)
CTC (Ref.19)
P, CTC (Ref.19)
P, CTC (Ref.19)
P, CTC (Ref.70)
MM (Ref.17)
MM (Ref.46)
MM (Ref.46,99)
MM.CTCfRef.K
P, CTC (Ref.19)
P (Ref. 104)
P, CTC (Ref.19)
CTC (Ref.60)
CTC (Ref.19)
P (Ref.19)
CTC (Ref.49)
CTC (Ref.19)
CTC (Ref.80,98)

CTC (Ref.87)
CTC (Ref.19)
P (Ref.19)
QC (Ref.64)

P (Ref. 14)
CTC (Ref.19)
P, CTC (Ref.19)
P (Ref.19)
CTC (Ref.46)
CTC (Ref.46)
CTC (Ref.46)
CTC^Ref.46)

CTC (Ref.19)
CTC (Ref.87)
P (Ref.19)
MM (Ref. 14)

CTC (Ref.19)
P (Ref.19)
CTC (Ref.19)
P(Ref.lO2)
CTC (Ref.87)
CTC (Ref.87)

P(Ref.lO2)
CTC (Ref. 103)
CTC(Ref.l03)
CTC (Ref. 104)

CTC(Ref.l05)
CTC (Ref. 105)
CTC (Ref. 105)
CTC (Ref. 105)
CTC(Ref.l05)
P (Ref. 102)

CTC (Ref.19)
P (Ref.19)
CTC (Ref.19)
P (Ref.19)
CTC (Ref.19)
P (Ref. 102)
QC (Ref.64)

CTC (Ref.19,14)
P (Ref.19)

CTC (Ref. 14)
P (Ref. 14)
CTC (Ref. 14)
P (Ref. 14)
CTC (Ref. 14)
P (Ref. 14)
P, CTC (Ref. 14)
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Table 1 (cont'd.)

No.

1

168.

169.

170.
171.
172.
173.
174.
175.

176.

Compound EA,eV

2 | 3

NC NC

:A:
NC NC
n-Propyl***

2,5-Dimethyl
2,5-Di-isopropyl
2,5-Dicyano-
Tetrafluoro-
2,5-Dicyano-3,6-difluoro-
2,3-Benzo-

NC |

CN

^ C N

2.8±0.1

2.88±0.2

AEA*,e\

4

+0.35
+0.20

+0.12
+0.1
+0.01
+0.11
+0.60
+0.50
+0.74
+0.13

+0.2

EA (abs.),
eV

5

2.8

2.8
2.7
2.8
3.3
3.2
3.4
2.7

2.9

Method** and
references

6

MS(Ref.l06)
CTC (Ref. 19)
P (Ref. 19)
MM

P (Ref. 107)
P(Ref.lO7)
P (Ref. 107)
P (Ref. 107)
P (Ref. 107)
P (Ref. 107)
P (Ref. 107)
P, CTC (Ref. 108)

P(Ref.lO9)

*AEA = EA(X) - EA(HA), where EA(X) and EA(HA) are
the electron affinities of the test acceptor and£-chloranil
respectively, determined by the same method.

**QC = quantum-mechanical calculation; EC = electron
capture; MM = magnetron method; CTC = charge-
transfer complex method; P = polarography; MS = mass
spectrometry.
***For acceptors 169-176, the values of EA(a.bs.) were
estimated from the£1 / 2 using tetracyanoquinodimethane
as the reference acceptor.

The CTC method constitutes yet another possibility for
an approximate estimation of the absolute electron affinity
of £-chloranil. It is assumed5 that Eqn. (1) can be simpli-
fied to the following expression with a satisfactory degree
of approximation for weak 77-77 complexes:

EA=IP—hvcT+Si + xt. (6)

Table 2. Estimation of the electron affinities of />-chlora-
nil relative to the absolute electron affinities of other
electron acceptors.

Acceptor

rlexachlorobenzene
3enz aldehyde
Naphthalene
Anthracene
Maleic anhydride
7,7',8,8'-Tetracyano-
quinodimethane

EA, eV

0.55
0.43
0.15
0.57

1.4+0.2

2.88±0.2
2.80-tO.l

Method of deter-
mination of EA

EC
EC
EC
EC
MS

MM
MS

AEA=EA (X)—EA (HA),
eV

—2.05
—1.85
-2.45
—1.95

0.85

0.37
0.37

EA (HA), eV

2.6
2.3
2.6
2.5

2.25±0.2

2.50±0.2
2.43±0.1

*CT and CTC methods of determination.
**£Aav(HA) = 2.45 eV.

The first of the two unknowns g1 and xx makes the
greatest contribution, which in the case of 77-77 complexes
consist entirely of the Coulombic interaction energies (C)
between the oppositely charged radical-ions in the excited

CTC state. The latter can be estimated and then, using
Eqn. (6) in the form

EA^IP—hvCT— C, (7)

the absolute electron affinities of the acceptors can be
inferred. Several models have been used to estimate
Qm 3,i9,ii4 Tjjg mocjei of pOint charges at the centres of the
donor and acceptor molecules must be regarded as the
least satisfactory approximation. The use of localised
charge models5*114 showed that the average values of C for
7T-77 complexes are of the order of 3.3 eV. It follows from
Eqn. (6) thatEA(HA) > 2.3 eV.

Another method for the determination of the absolute
electron affinities of 77-electron acceptors may be used on
a comparison of the CT energies of their complexes with
the CT energies of CTC acceptors of halogen atoms.
Comparison of the results of the study of CTC of acceptors
differing so greatly may appear incorrect at first sight.
However, the characteristics of the complexes belonging
to these groups are extremely similar. Thus the enthal-
pies of formation of the benzene -iodine114'115 and o-xylene-
iodine116 complexes are 0.09 and -0.19 eV respectively.
The distances between the components in the CTC of
7r-electron donors 115>116 are as follows: 3.36 A for Br"
complexes61 and 3.7 A for I" complexes117. All these
characteristics are within the limits of the corresponding
characteristics of the TI-TI complexes 3. Consequently
the stabilisation energies of the excited CTC states of the
77-77 and 77-halogen atom complexes should not differ
greatly and the differences between the CT energies (in
the presence of a common donor) are approximately equal
to the differences between the electron affinities. The
electron affinities of the Br" and I" acceptors are known
fairly well, although the data quoted by different workers118

vary somewhat: 3.38-3.55eVforBr" and 3.08-3.25 eV for
I" . According to Buchel'nikova21, higher values should
be used: 3.66 and 3.29 eV. The relevant data are pre-
sented in Table 3.

Table 3. Estimation of the electron affinity of />-chloranil.

Donor

Benzene
Toluene
Naphthalene

Benzene
Benzene
Toluene
o-Xylene
Mesitylene

Acceptor
Br' HA (3)

hvQi, eV | solvent |AfCT>eV| solvent

2.21—2.32
2.15
1.82

r
2.48—2.67

2.88
2.39-2.41

2.18
2.10

Benzene (Ref. 119)
Toluene (Ref. 119)

Benzene (Ref. 119)
In gas phase (Ref. 12)
Toluene (Ref.119)
o-Xylene(Ref.H9)
Mesitylene (Ref.119)

3.71
3.25
2.61

3.71
3.90*
3.25
3.06
2.89

CC14
CC14
CC14

ecu
In gas phase

CC14
CH2C12
CHjClj

ftvCT(X)-
-f tvC T (HA), eV

—1.39 1.50
- 1 . 1 0
- 0 . 8 0

—1.03 1.23
—1.0

0.85
0.88
0.79

EA (HA),
eV

2.2—2.3
2.56
2.86

2,2-2.3
2,3
2.44
2.41
2,50

*The polarisation energy was used
•*£,4av(HA) = 2.45 eV.

The data in Tables 1-3 show that the most probable
value of the absolute electron affinity of ̂ -chloranil is
2.45 ± 0.15 eV. It has been used to calculate the electron
affinities of the acceptors for the determination of which
there are no data obtained by absolute methods and to
refine the electron affinities of the acceptors for which
such data are available [Table 1, the values of £A(abs.)].
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Comparison of the results obtained by different methods
(Figs. 2 and 3) makes it possible in its turn to infer the
errors; they do not appear to exceed 0.2 eV and in those
cases where reliable results found by several methods are
available, the error is much smaller.

It is well known that the introduction of substituents
can alter greatly the electron affinity. The amino-,
methoxy-, and alkyl groups reduce electron affinities,
while the nitro-, cyano-, acyl, and alkoxycarbonyl groups
as well as halogens increase them. The problem of the
possible utilisation of the increments due to various
substituents has remained unresolved due to the inaccur-
acy of the EA values themselves 19

O Nevertheless the
employment of empirical increments for substituents
would provide the easiest and possibly the most accurate
method at the present time for the estimation of the elec-
tron affinity of a compound, since quantum-mechanical
calculations for large systems with heteroatoms by the
Hiickel and PPP methods using the Koopmans theorem
do not yield reliable results.

The increments due to substituents may be determined
by comparing the affinities of the monosubstituted and
unsubstituted compounds. We adopted p-benzoquinone
as the standard system, since a fairly large number of
monosubstituted ^-benzoquinones have been investigated
(Table 1, acceptors Nos. 100-113) and the following
increments were obtained: -0.15 eV (CH3O); -0.05 eV
(CH3); +0.13 eV (F); +0.18 eV (Cl); + 0.19 eV (Br);
+0.17 eV (I); +0.20 (CH3OCO); +0.25 eV (CH3CO); +0.30 eV
(CF3); +0.43 eV (CN); +0.70 eV (NO2).

The electron affinities of polysubstituted acceptors can
be calculated from the general equation

EA = EA0 + C, 2 In—Cfii 2 h,

where EA0 is the electron affinity of the initial unsub-
stituted acceptor, Cx a coefficient characterising the
sensitivity of the given system to the introduction of
substituents, which is determined from measurements
for monosubstituted compounds and is unity for p-benzo-
quinones, I are the increments of the substituents, and
C2 is a coefficient taking into account the effects of the
interaction of the substituents, i.e. the non-additivity in
the case of polysubstituted compounds; for monosubsti-
tuted compounds, C2 = 0.

It was found that C2 =0.1 for polysubstituted p-benzo-
quinones and remains constant for a series of other
compounds, i.e. the equation for the calculation of the
electron affinities of polysubstituted acceptors can be
formulated as follows:

-0.9C
(8)

Eqn.(8) and the above series of increments can be used
without modification to estimate the electron affinities
only in those systems where the effects of the substituents
in different positions are approximately the same and the
introduction of a new substituent does not alter appreciably
the steric structure of the acceptor molecule (the sub-
stituent has a small steric effect). Such systems proved
to be the derivatives of fluorenone (Table 1, Nos. 76-79)
and dicyanomethylenefluorene (Nos. 80-86 with C1 = 0.25),
1,4-naphthoquinone (Ct = 0.29 for substituents in the 5-,
6-, 7-, and 8-positions, and Cx = 1.08 for substituents
in the 2- and 3-positions; Nos. 135-143), 7,7',8,8'-tetra-
cyanoquinodimethane (Cx = 0.63:, Nos. 168-174), the
anhydride of phthalic acid (Cx = 0.75; Nos. 11-13),
o-benzoquinone {C1 = 0.7; Nos. 159-161), diphenoquinone

(Cx = 0.92; Nos. 150-152), trinitrobenzene with electron-
accepting substituents (with small steric effects; Cx = 1.1;
Nos. 52, 55, and 56), and ethylene {Cx = 1.9; Nos. 3, 4,
5, 7, and 8).

Among the 45 compounds for which tests were made, the
discrepancy between the experimental and calculated
electron affinities did not exceed ±0.05 eV for 34 com-
pounds and ±0.1 eV for 8 compounds, exceeding 0.1 eV for
only three compounds. This shows that equations of this
kind are very promising for the specific synthesis of new
electron acceptors. Eqn. (8) also makes it possible to
estimate the electron affinities of the unsubstituted initial
compounds. A fairly unexpected result is obtained for
ethylene: EA = 0.2 eV.

An increase of the 7r-electron system of the acceptor
leads to a decrease of the electron affinity, despite the
fact that in systems without heteroatoms the opposite
behaviour is observed. This shows that, in systems with
heteroatoms (they are all powerful electron acceptors),
the lowest vacant molecular orbital is to a large extent
localised in the part of the molecule which is directly
linked to the heteroatom and its additional delocalisation
leads to an increase of its energy. Thus the changes
observed on passing from maleic anhydride (Table 1,
No. 11) to phthalic anhydride (No. 58) and from
7,7',8,8'-tetracyanoquinodimethane (No. 168) to
ll,ll',12,12'-tetracyano-l,4-naphthoquinodimethane
(No. 175) are associated with a decrease of the electron
affinity by 0.25 and 0.2 eV respectively. In the series of
ortho-quinones (No. 159, 162, and 163), an increase of
the system by one benzene ring reduces the electron
affinity on average by 0.2 eV. The linear condensation
of benzene rings in £-benzoquinone derivatives (Nos. 100,
135, 144, 147, 148, 149) leads to a decrease of the elec-
tron affinity on average by 0.1-0.15 eV (per benzene ring)
and this behaviour holds satisfactorily throughout the
series. On the other hand, an increase of the conjugated
7r-electron system between the electron-accepting groups
leads to an increase of electron affinity (see Nos. 168 and
176).

The replacement of the carbonyl group by the dicyano-
methylene group increases electron affinity by 0.25-
0.45 eV (Table 1, Nos. 68, 69, 70, 76, 83, 77, 84, 78,
85; 79, 86; 100, 168, 135, 175). In quinonoid systems,
the increase is a maximum and is close to 0.45 eV for
each dicyanomethylene group (Nos. 100, 168; 135, 175).

REFERENCES

1. G.Briegleb, "Electron-Donator-Acceptor-Komplexe"
Springer-Verlag, Berlin, 1961.

2. L.J.Andrews and R.M.Keefer, "Molecular Com-
plexes in Organic Chemistry" (Translated into
Russian), Izd. Mir, Moscow, 1967.

3. R.Foster, "Organic Charge-Transfer Complexes",
Acad. Press, London-New York, 1969.

4. E.N. Gur'yanova, I.P.Gol'dshtein, andl.P.Romm,
"Donorno-Aktseptornaya Svyaz1" (The Donor-
Acceptor Bond), Izd. Khimiya, Moscow, 1973.

5. R.S.Mulliken and W.B. Person, "Molecular
Complexes", Wiley-Interscience, New York-
London-Sydney-Toronto, 1968.

6. E.M.Kosower, Symposium, "Novye Problemy
Fizicheskoi Organicheskoi Khimii" (New Problems
in Physical Organic Chemistry) (Translated into
Russian), Izd. Mir ? Moscow, 1969.

7. G.O.Becker, G.Schukat, and M.G.Kuzmin,
J.prakt. Chem., 317, 229(1975).



512 Russian Chemical Reviews, 46 (6), 1977

8. Z.V.Todres, Zhur.Vses.Khim.Obshch.ini. 35.
Mendeleeva, 19, 294 (1974).

9. G.B.Sergeev and I. A. Leenson, Uspekhi Khim., 36.
41, 1566 (1972) [Russ. Chem. Rev., No. 9 (1972)].

10. F.Gutmann and L.E. Lyons, "Organic Semi- 37.
conductors" (Translated into Russian), Izd.Mir,
Moscow, 1970. 38.

11. A.A.Dulov and A.A.Slinkin, "Organicheskie
Poluprovodniki" (Organic Semiconductors), Izd. 39.
Nauka, Moscow, 1970.

12. E.B.Yagubskii and M. L.Khidekel', Uspekhi Khim., 40.
41, 2132 (1972) [Russ. Chem.Rev., No. 12 (1972)]. 41.

13. A.I.Aleksandrov, A.Karuti, I.V.Krivoshei,
G. B. Litinskii, V.E.Starov, V.E. Umanskii, and 42.
Fan-Lyong, "Elektronnoe Stroenie Kvaziodnomer-
nykh Organicheskikh Metallov" (The electronic 43.
Structure of Quasi-One-Dimensional Organic
Metals), Preprint from the Physicotechnical Low- 44.
Temperature Institute of the Academy of Sciences
of Ukrainian SSR, Kharkov, 1975. 45.

14. L.V.Gurvich, G.V.Karachevtsev, V.N. Kondrat'ev,
Yu.A. Lebedev, V. A.Medvedev, V.K. Potapov, and 46.
Yu.S.Khodeev, "Energii Razryva Khimicheskikh
Svyazei. Potentsialy Ionizatsii i Srodstva k 47.
Elektronu" (Chemical Bond Dissociation Energies,
Ionisation Potentials, and Electron Affinities), 48.
Izd. Nauka, Moscow, 1974.

15. M.Szwarz, "Progress in Physical Organic 49.
Chemistry", Interscience Publ., New York-London- 50.
Sydney-Toronto, 1968, Vol.6, p. 323.

16. H.S.Massey, "Negative Ions", Cambridge, 1938. 51.
17. F. M. Page and G. C.Goode, "Negative Ions and the

Magnetron", Wiley-Interscience, London, 1968. 52.
18. H.O.Pritchard, Chem.Rev., 52, 529(1952). 53.
19. G. Briegleb, Angew. Chem., 76, 326 (1964). 54.
20. R.S.Berry, Chem.Rev., 69, 533(1969).
21. N.S.Buchel'nikova, Uspekhi Fiz.Nauk, 65, 351 55.

(1958).
22. M.Szwarc, "Carbanions, Living Polymers, and 56.

Electron Transfer Processes" (Translated into
Russian), Izd.Mir, Moscow, 1971, p. 297. 57.

23. P.Kebarle in "Ions and Ion Pairs into Organic
Reactions" (Translated into Russian), Izd.Mir, 58.
Moscow, 1975, p. 41. 59.

24. L. M. Branscomb, D.S.Burch, S.J. Smith, and 60.
S.Geltman, Phys.Rev., I l l , 504(1958).

25. L. M. Branscomb, "Atomic and Molecular 61.
Processes", Acad. Press, New York, 1962,
Chapter 4. 62.

26. K. J. Reed and J.Brauman, J. Chem.Phys., 61,
4830 (1974).

27. H.Hotop, T.A.Patterson, and W. C. Lineberger,
Adv. Mass. Spectrometry, 6, 287(1974). 63.

28. E.Herbst, T.A.Patterson, and W. C. Lineberger, 64.
J. Chem.Phys., 61, 1300(1974).

29. J.H.Richardson, L. M.Stephenson, and J. I. Brauman, 65.
J. Chem.Phys., 59, 5068(1973).

30. C. A. McDowell (Editor), "The Ionization and 66.
Dissociation of Molecules in Mass Spectrometry", 67.
McGraw Hill, New York, 1963.

31. J. C. J.Thynne, Dyn. Mass Spectrometry, 3, 67 68.
(1972).

32. R.Yamdagni and P.Kebarle, Ber., 1974, 181 69.
33. S.J.Nalley, R. N. Compton, H. C.Schweinler, and

V.E.Anderson, J. Chem. Phys., 59, 4125 70.
(1973).

34. Ch.B.Leffert, S.Y.Tang, E.W.Rothe, and 71.
T.C.Cheng, J. Chem.Phys., 61, 4929(1974).

Ch.B.Leffert, M.W.Jackson, and E.W.Rothe,
J. Chem.Phys., 58, 5801(1973).
W. A. Chupka and J. Berkowitz, J. Chem. Phys., 55,
2724 (1971).
J. Berkowitz and W. A. Chupka, J. Chem. Phys., 55,
2733 (1971).
P.P.Sutton and J.E.Mayer, J. Chem.Phys., 2, 145
(1934).
P. P.Sutton and J.E.Mayer, J. Chem.Phys., 3, 20
(1935).
F.M. Page, Trans. Faraday Soc, 46, 1742(1960).
J.T.Herron, H. M. Rosenstok, and J. Schields,
J. Phys. Chem., 70, 445(1966).
A.R.Leley and C.C.Thomson, J.Amer. Chem.Soc,
89, 5223 (1967).
Y. Matsunaga and G. Saito, Bull. Chem. Soc. Japan,
45, 963 (1972).
H.McConnell, J.S.Ham, and J.R.Platt, J.Chem.
Phys., 21, 66 (1953).
Y. Matsunaga and G. Saito, Bull. Chem.Soc. Japan,
44, 958 (1971).
G. Saito and Y. Matsunaga, Bull. Chem.Soc. Japan,
44, 1788 (1971).
R.D.Srivastava and G.Prasad, Bull. Chem. Soc.
Japan, 43, 1611 (1970).
CN.R.Rao, V.Kalyanaraman, and M.V.George,
Appl.SpectroscRev., 3 (2), 153 (1970).
Y.Iida, Bull. Chem.Soc. Japan, 44, 1430(1971).
J.Jagur-Grodzinski, M.Feld, S.L.Yang, and
M.Szwarc, J. Phys. Chem., 69, 628(1965).
G. J. Hoijtink and J. Schooten, Rec.Trav. chim., 71,
1089 (1952).
B. J. Clelland, Chem.Rev., 64, 301(1964).
M.E.Peover, Trans. Faraday Soc, 60, 417(1964).
J.Simons and W.D.Smith, J. Chem. Phys., 58, 4899
(1973).
L.G. Chirstophoron, "Atomic and Molecular
Radiation Physics," J.Wiley, London, 1971.
N. S.Hush and J. A.Pople, Trans. Faraday Soc,
51, 600 (1955).
A. L. Farragher and F. M. Page, Trans. Faraday
Soc, 63, 2369 (1967).
B.Batley and I.E.Lyons, Nature, 196, 573(1962).
W.J.Middleton, J.Org. Chem., 30, 1402(1965).
G. Briegleb and M. Czekalla, Angew. Chem., 72,
401 (1960).
G.G.Aloisi and S.Pignataro, J.Chem.Soc,
Faraday Trans.I? 1973, 534.
H.Tesmann, "Storung aromatischer w-Systeme
durch Donator und Akzeptor-Substituenten", Diss.
zur Erlangung der Doktorwurde, Ludwig-
Maximilians-Universitat, Munchen, 1971.
O.W.Webster, J.Amer. Chem.Soc, 86, 2898(1964).
T. L.Kunii and H.Kurode, Theor. Chim.Acta, 11, 97
(1968).
R.N. Compton, R. W.Reinhardt, and C D . Cooper,
J. Chem.Phys., 60, 2953(1974).
C. H. Wells, Tetrahedron, 22, 1985(1966).
G. L. Davis and C. H. Wells, Chem. Ind. (London), 23,
1968 (1969).
G.Davis, G.Roff, and C.Wells, Chem.Ind. (London),
1467 (1970).
W. E. Wentworth and E. Chen, J. Phys. Chem., 71,
1929 (1967).
K. M.C.Davis, P.R.Hammond, and M.B.Peover,
Trans. Faraday Soc, 61, 1518(1955).
E. V. Pykhtina, N. E. Kardash, and A. N. Pravednikov,
Dokl.Akad.NaukSSSR, 215, 380(1974).



Russian Chemical Reviews, 46 (6), 1977 513

72. A.H. Maki and D.H.Geske, J. Amer. Chem.Soc,
83, 1852 (1961).

73. W.F.Kuhn, R.J. Levins, and A. C. Lilly, J.Chem.
Phys., 49, 5551 (1968).

74. K.H.Grellmann, A.R.Watkins, and A. We Her,
J. Phys. Chem., 76, 469(1972).

75. M.E.Peover, Trans. Faraday Soc, 60, 479(1964).
76. R.D.Srivastava and P. C.Srivastava, Bull. Acad.

Polon.Sci., Ser. Sci. Chim., 20, 759(1972).
77. H.Inoue and Y.Kato, Tetrahedron, 28, 527 (1972).
78. A.S. Bailey, B.R.Henn, and J. M. Langdon,

Tetrahedron, 19, 161 (1963).
79. M.E.Peover, Trans. Faraday Soc, 58, 2370(1962).
80. K.Wallenfels and K. Friedrich, Tetrahedron

Letters, 1223 (1963).
81. T.G.Beaumont and K. M.C.Davis, J. Chem.Soc. B,

1131 (1967).
82. A. Graczyk and J. Konarski, Biul. Wojsk. Akad.

Tech., 21, 73 (1972).
83. R.D.Srivastava and P. CoSrivastava, Monatsh.,

103, 1033 (1972).
84. J.Konarski and A. Graczyk, Roczniki Chem., 46,

745 (1972).
85. S.Dupire, J. M.Mulindabyuma, J. B.Nagy, and

O. B.Nagy, Tetrahedron, 31, 135(1975).
86. V.Kampars, Candidate's Thesis, Riga Polytechnic

Institute, Riga, 1973.
87. R.S.Dickson and G.Wilkinson, J.Chem.Soc, 2699

(1964).
88. A.I. Konovalov, Ya. D. Samoilov, E.Berdnikov, and

V.Plemenkov, Dokl. Akad. Nauk SSSR, 208, 862
(1973).

89. T.K.Mukherjee, Tetrahedron, 24, 721 (1969).
90. L. E.Ong and M.S.Sambhi, J. Phys. Chem., 76, 2102

(1972).
91. T.K.Mukherjee and L. A. Levasseur, J.Org.Chem.,

30, 644 (1965).
92. W.E.Wentworth, J. Phys. Chem., 70, 445(1966).
93. H.A.HcCraenen, Intramolecular Charge Transfer

Interactions in Aralkyl 2,4,6-trinitrobenzoates
and in Substituted Aralkylphthalimides and
1,8-naphthalimides, Diss.Doctor in de Wiskunde,
inNaturw., Amsterdam, 1970.

94. I.Ilmet and S.A.Berger, J. Phys. Chem., 71, 1534
(1967).

95. L.E.Lyons, G.CMorris , and L. J. Warren, J.Phys.
Chem., 72, 3677 (1968).

96. E.Le Goff and R.B. La Count, J.Org.Chem., 33,
2529 (1968).

97. A. L. Farragher and F.M.Page, Trans. Faraday
Soc, 62, 3072 (1966).

98. K.Wallenfels, G.Bachmann, D.Hofmann, and
R.Kern, Tetrahedron, 21, 2239 (1965).

99. C.K.Prout and J.D.Wright, Angew.Chem., 80,
686 (1968).

100. A.Fulton, Austral.J.Chem., 21, 2847(1968).
101. T.Amano, H.Kuroda, and H.Akamatu, Bull. Chem.,

Soc Japan, 44, 1758(1971).
102. M.E.Peover, J.Chem.Soc, 4540(1962).
103. Y. Matsunaga and Y.Narita, Bull. Chem.Soc. Japan,

45, 408 (1972).
104. R.Medne, V.Kampars, and O.Neilands, Izv.Akad.

Nauk Latv.SSR, Ser0Khim., 465 (1972).
105. R.Medne, A.Livdane, V.Kampars, and O.Neilands,

Izv.Akad.Nauk Latv.SSR, Ser.Khim., 83 (1975).
106. C.E.Klots, R.N. Comptom, and V. F.Raaen,

J.Chem.Phys., 60, 1777(1974).
107. L. M.Elmore, US P. 3 739 008 (1973).
108. S.Chatterjee, J. Chem.Soc. B, 1170(1967).
109. W.H.Hertler, US P.3226389 (1965); Chem.Abs.,

64, P11355.
110. V.V.Skorchelletti, "Teoreticheskaya Elektro-

khimiya" (Theoretical Electrochemistry), Izd.
Khimiya, Leningrad, 1974.

111. R.R.Dogonadze and A. A.Kornyschev, J. Chem.Soc,
Faraday Trans., 70, 1121 (1974).

112. K.Seki, H.Inokuchi, andY.Harada, Chem.Phys.
Letters, 20, 197 (1973).

113. D.R.Rosseinsky, Chem.Rev., 65, 467 (1965).
114. S.Iwata, J.Tanaka, and S. Nagakura, J. Amer. Chem.

Soc, 88, 894 (1966).
115. G.Porter and J. A.Smith, Proc.Roy.Soc, Ser. A,

261, 28 (1961).
116. R. Lo Strong and J.Perano, J. Amer. Chem-Soc, 82,

5153 (1960).
117. O.Hassel and K.O.Stromme, Acta Chem.Scand., 13,

1781 (1959).
118. H. A. Bent, Chem.Rev., 68, 587(1968).
119. M. J. Blandamer and M. F. Fox, Chem.Rev., 70,

59 (1970).
120. R.E.Biihler, J. Phys. Chem., 76, 3220(1972).
121. V.A. Brosseau, J. R.Basila, J. F.Smalley, and

R.L.Strong, J. Amer. Chem.Soc, 94, 716(1972).
122. J.Aihara, M.Tsuda, and H. Inokuchi, Bull. Chem.

Soc Japan, 43, 2439(1970).

Order of the Red Banner of Labour,
Riga Polytechnic Institute


