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The electron transfer from aniline and itsN-methyl as well asN-phenyl substituted derivatives (N-methylaniline,
N,N-dimethylaniline, diphenylamine, triphenylamine) to parent solvent radical cations was studied by electron
pulse radiolysis inn-butyl chloride solution. The ionization results in the case of aniline (ArNH2) and the
secondary aromatic amines (Ar2NH, Ar(Me)NH) in the synchronous and direct formation of amine radical
cations, as well as aminyl radicals, in comparable amounts. Subsequently, ArNH2

•+ deprotonates in a delayed
reaction with the present nucleophile Cl-, and forms further ArNH•. In contrast, tertiary aromatic amines
such as triphenylamine and dimethylaniline yield primarily the corresponding amine radical cations Ar3N•+

or Ar(Me2)N•+, only. The persistent Ar3N•+ forms a charge transfer complex (dimer) with the parent amine
molecule, whereas Ar(Me2)N•+ deprotonates to carbon-centered radicals Ar(Me)NCH2

•.

1. Introduction

Aromatic amines are often used in dyestuffs and in antioxidant
chemistry.1,2 Because of the relatively weak N-H bond in the
primary and secondary amines (DN-H ) 80-85 kcal mol-1),3

these compounds act as H donors in radical reactions. On the
other hand, the low ionization potential (IPg ≈ 7.5 eV)3 and
the high reduction potential (E° ≈ 1 V vs normal hydrogen
electrode, NHE)4 results in easy one-electron oxidation of an
aromatic amine (i.e., its ionization). These processes have been
frequently studied by time-resolved kinetic techniques.

Concerning the bimolecular oxidation of aromatic amines,
in aqueous solution the classical one-electron oxidants such as,
for example, azide,4,5 sulfate, and hydroxyl radicals6-8 generate
products of unclear identity: amine radical cations, aminyl
radicals, R-N-alkyl and cyclohexadienyl-type radicals. This
partially holds also for photosensitized electron transfer,9,10direct
photoionization,11,12 or electrochemical oxidation.13

The main difficulty consists of the identification of the amine
transients that mainly results from the very similar optical
absorption behavior of the radical cations and the aminyl radicals
derived from the aromatic amines. In aqueous solution, the
equilibrium pKa can lead to further complications and errors.

In nonpolar solution, however, the amine transients should
be easier to distinguish, at least by time-resolved spectroscopy.
In particular, the free electron transfer (FET)14-16 from the
aromatic amines to the parent solvent radical cations derived
from alkanes (R-H) and alkyl chlorides (R-Cl) offers a well-
defined pathway for the generation of radical cations of aromatic
amines. Such solvent radical cations are easy to generate and
observe in electron pulse radiolysis, as shown for the case of
n-butyl choride in reaction 1.

The ionization electron is immediately scavenged and con-
verted to chloride ions (reaction 2). Then, the diffusion-

controlled electron transfer takes place as shown for the example
of triphenylamine as donor (reaction 3). This type of FET has

some peculiarities insofar as after approaching the reactants the
real electron jump is a nonhindered and extremely rapid process
(proceeding in the sub-femtosecond time range). Hence, this
reaction gives access to molecular dynamic effects, even in a
bimolecular reaction.17

In this paper, we report on the ionization of primary,
secondary, and tertiary aromatic amines by free electron transfer.
Then, the different decay channels of the amine radical cations
are analyzed in detail.

2. Experimental Section

Pulse radiolysis experiments were performed with high-
energy electron pulses (1 MeV, 15-ns duration) generated by a
pulse transformer accelerator ELIT (Institute of Nuclear Physics,
Novosibirsk, Russia). The absorbed dose per pulse measured
with an electron dosimeter was between 50 and 100 Gy,
corresponding to transient concentrations of around 10-5 mol
dm-3. Details of the pulse radiolysis setup are reported
elsewhere.18 The solvent n-butyl chloride was purified as
reported elsewhere.17 The spectroscopic grade substances from
Aldrich and Merck were generally dried using molecular sieve
chromatography. The amines were of highest commercial grade
(Merck) and used as received. The following amines were used
for our study:
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esolv
- + n-C4H9Cl f n-Ċ4H9 + Cl- (2)

n-C4H9Cl•+ + Ar3N f Ar3N
•+ + n-C4H9Cl FET (3)
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The kinetic fits of the superimposed transient absorption time
profiles were performed using modified versions of the programs
ACUCHEM19 which numerically solve the differential equation
for the assumed reaction mechanism. To adjust the concentration
profiles to those of optical absorption, reasonable extinction
coefficients were used which were determined independently
(e.g., by one-electron oxidation in aqueous solution). Quantum
chemical calculations were performed with the density functional
theory (DFT) hybrid functional B3LYP with the 6-31G(d) basis
set usingGaussian 03.20-23 This enabled vibration analysis of
the studied molecules and geometry calculation of the frontier
orbitals.

3. Results

Pulse Radiolysis of DPA.Because diphenylamine (DPA)
represents a prototype of amine antioxidants, this compound
has been studied extensively. After pulsing a nitrogen-purged
solution of 10-3 mol dm-3 DPA in n-butyl chloride, the primary
formed solvent radical cation (480 nm) decays under the
concomitant formation of amine transients (around 700 nm).
This kinetic correlation can be derived from the time profiles
given in the inset in Figure 1.

The rate constant of this electron transfer process isk ) 2 ×
1010 dm3 mol-1 s-1 which is a diffusion-controlled value. The
resulting transient optical absorption spectra are given in Figure
1. There are two absorption maxima aroundλmax ) 330 nm
and λmax ) 700 nm. By analyzing the latter absorption at
different times, it can be seen that this maximum is caused by
two transient absorptions: a short-lived one atλmax ) 700 nm
and a longer-lasting absorption withλmax ) 670 nm. This
becomes clear by taking the difference spectrum between both
transient absorptions. As a tentative interpretation, the transients
are assigned to the radical cation Ar2NH•+ (τ1/2 ≈ 500 ns) and
the aminyl radical Ar2N• (τ1/2 ≈ 10 µs). The UV absorption is
caused by both transients, but in a perfect superimposition, and
therefore, kinetic analysis was impossible in this spectral range.

At first glance, oxygen had no marked influence on the
observed amine transients. But in the long time range in O2-
saturated solution, the aminyl radical decays under the formation
of a stable product (λmax ≈ 370 nm), which is assigned to the
nitroxyl radical Ar2NO•, in accordance with reaction 4.24 These
relations can be derived from the time-dependent spectra (cf.

Figure 2) where the isosbestic point (∼500 nm) between aminyl
decay and nitroxyl formation supports this kinetic interpretation.

The same facts are reflected in the time profiles taken at 380
and 700 nm (insets in Figure 2). The latter one demonstrates
the effect of dose variation on the superimposed signals of
Ar2NH•+ and Ar2N•. Even for the short-lived transient, a marked
dose influence is observed.

Concerning the ionization of DPA via the described electron
transfer, there is evidence for a direct and synchronous formation
of amine radical cations as well as aminyl radicals, as symbol-
ized by reaction 5. From the experimental side, this is indicated

in time profiles taken in the spectral range where the aminyl
radicals dominate (λ ) 500-600 nm) and, in particular, for
higher DPA concentrations where then-C4H9Cl•+ spike is
reduced into the pulse length. This effect is elucidated in detail
in the discussion section.

Concerning the decay of Ar2NH•+, it is observed that these
species decay by a reaction with the present nucleophile Cl-

which is formed by the electron reaction 2. Although the
diphenylamine radical cations are less reactive, in the presence
of Cl- they become deprotonated according to reaction 6. This

reaction represents a time-resolved and therefore delayed
channel of aminyl radical formation.

Pulse Radiolysis of Aniline (AN) and Methylaniline (MA).
By pulsing millimolar solutions of AN and MA, both substances
exhibit a quite similar behavior in electron transfer kinetics and
optical absorption spectra of amine radical cations as well as
amine radicals.

Figure 3 shows transient optical absorption spectra taken from
a solution of 2× 10-3 mol dm-3 solution of AN in n-butyl

Figure 1. Transient spectrum obtained in the pulse radiolysis of 10-3

mol dm-3 DPA in deaeratedn-butyl chloride, taken (9) 40 ns and (O)
1.2µs after the electron pulse. (b) represents the spectrum of the radical
cation of DPA taken as a difference of the above spectra. For
comparison, spectrum of the BuCl radical cation is shown (0). Inset:
time profiles of the same sample taken at 480 and 700 nm.

Figure 2. Transient spectrum of an oxygen-saturated 10-3 mol dm-3

DPA solution inn-butyl chloride (9) 1.5µs, (0) 10 µs, (2) 33 µs, and
(O) 73 µs after the pulse. Inset A: time profiles of deaerated and
oxygen-saturated solutions at 380 nm. Inset B: dose-dependent decay
at 700 nm.

Ar2N
• + O2 f Ar2NOO• (4a)

2Ar2NOO• f 2Ar2NO• + O2 (4b)

n-C4H9Cl•+ + Ar2NH f n-C4H9Cl + Ar2NH•+(50%)+

Ar2N
•(50%)+ H+ (5)

Ar2NH•+ + Cl- f Ar2N
• + HCl

k6 ≈ 1010 dm3 mol-1 s-1 (6)
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chloride at different times after the pulse. The absorption band
around 420 nm is caused by a strong superimposition of two
different transients, a short-lived one and a long-lasting one.
As products of the electron transfer (reaction 5), the species
are assigned to be the amine radical cation (λmax ) 430 nm)
and the aminyl radical (λmax ) 415 nm). The distinction of the
species can be realized by taking the difference spectrum at
short times and by analyzing the time profiles at convenient
wavelengths, as shown in Figure 3 and the corresponding inset.
After observation of the time profiles, it should be mentioned
that the spike in the very beginning is caused by the residual
absorption ofn-C4H9Cl•+.

Figure 4 shows the analogous situation for a pulsed solution
of 10-2 mol dm-3 of MA in n-C4H9Cl. Here, the amine radical
cation peaks aroundλmax ) 445 nm, whereas the aminyl radicals
have a maximum between 430 and 435 nm. From the asym-
metrical shape of the spectra, however, the identification of two
species is justified. This is also supported by looking at the time
profiles given as insets of Figure 4. The spike at 460 nm is
caused by the amine radical cation. An analysis of expected
UV bands of MA transients was impossible because of the high
self-absorption of MA under pulse radiolysis conditions. The
immediate formation of the long-lasting absorption can be

explained only partially by a superimposition of both MA
transients where the radical cation subsequently forms the
aminyl radical.

As already mentioned for DPA, in the cases of AN and MA,
a rapid formation of amine radical cations as well as of aminyl
radicals as a direct consequence of the electron transfer is also
observed, quite analogous to reaction 4.

Ionization of the Tertiary Amines Triphenylamine (TPA)
and Dimethylamine (DMA). Ionization of the tertiary amines
TPA and DMA should result in persistent amine radical
cations.25,26Indeed, by pulsing a solution of 5× 10-3 mol dm-3

TPA in n-butyl chloride, the spectra given in Figure 5 are
obtained.

The direct product of the electron transfer (reaction 3) is the
amine radical cation which shows the well-known spectra27 with
λmax) <350, 570, and 640 nm. Dependent on the parent amine
concentration, the (monomer) amine cations decay under the
formation of a dimer radical cation (λmax ) 405 nm) which in
reality represents a charge transfer complex analogous to many
other arene radical cationic systems28,29 (see inset in Figure 5
and reaction 7). Because of the equilibrium situation (reaction
7) and the competing neutralization (reaction 8), the rate constant
k7 is estimated only.

The electron transfer ionization of DMA yielded the corre-
sponding amine radical cation as the only direct product. These
species exhibit optical absorption spectra peaking atλmax ) 470
nm (cf. Figure 6).

There is no indication of a further direct product of the
electron transfer as observed in the case of aniline and the
secondary aromatic amines. In distinction to TPA, no dimer-
ization (like that shown by reaction 7) could be seen. Instead,
the cations DMA•+ decay by reaction with the counter charge,
that is, with the chloride ion. The product is an alkyl radical

Figure 3. Transient spectrum obtained by pulse radiolysis of 2× 10-3

mol dm3 AN in n-butyl chloride taken at (9) 50 ns, (0) 500 ns, and
(O) 1 µs after the electron pulse. The transient spectrum of the radical
cation (b) is given as the difference between the first two spectra.
Experimental time profiles are shown as inset.

Figure 4. Transient spectra obtained after pulsing a solution of 10-2

mol dm3 MA in n-butyl chloride taken (9) 60 ns, (O) 1.9 µs, and (2)
10 µs after the pulse. The transient spectrum of the MA radical cation
(b) was obtained as the difference between spectra taken at short times
(60 and 800 ns). Experimental time profiles are shown as inset.

Figure 5. Transient spectra obtained in the pulse radiolysis of a
deaerated solution of 5× 10-3 mol dm-3 TPA in n-butyl chloride taken
(9) 200 ns, (O) 1 µs, and (b) 6.3 µs after the electron pulse.
Experimental time profiles are shown as inset.

Ar3N
•+ + Ar3N h (Ar3N)2

•+ k7 ≈ 7 × 107 dm3 mol-1 s-1

(7)

Ar3N
•+ + Cl- f products (8)
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formed by deprotonation at one of the methyl groups; see
reaction 9. Such reactions were already observed for tertiary
aliphatic amine radical cations30 and supported in our paper by
the variation of the dose per pulse.

TheR-aminoalkyl radical can be identified kinetically by the
observation of the isosbestic point at 400 nm between the decay
of the Ar-N-Me2

•+ absorption and the alkyl radical formation.
As expected, the alkyl radical reacts with oxygen according to
reaction 10, and therefore, its absorption is efficiently quenched.
This is demonstrated by the Stern-Volmer plot given as the
inset in Figure 6.

4. Discussion

Principles of Free Electron Transfer. Electron transfer in
nonpolar systems exhibits some peculiarities.14-17 In the widest
sense, it stands between the phenomena of gas-phase and liquid-
phase kinetics. The participating ions are only very weakly
solvated. Hence, collisions of the reaction partners could be
understood more as hard-core interactions and result either in
an immediate reaction or in elastic repulsion. On the other side,
the surrounding solvent causes a rapid relaxation of excess
energy, and therefore, in comparison with gas-phase conditions,
it results in a higher stability of metastable transients such as,
for example,σ-type solvent radical cations of alkanes and alkyl
chlorides.

The electron transfer of the type in reaction 3 proceeds with
thermalized solvent ions in a rapid and diffusion-controlled
manner. After splitting the process into single steps, the
diffusional approach of the reactants is the rate-determining step.
The collision of the reactants is combined with the electron jump
or, otherwise, with elastic renewed separation of the participating
molecules. This seems to be a peculiarity of FET in nonpolar
systems, that is, reaction in the first approach without any longer
interaction interval as, for example, the encounter complex in
the classical electron transfer understanding.31,32 In the course
of collision, the electron jump itself is an extremely rapid and

nonhindered process comparable with the electron flux in
aromatic rings. This is suggested to happen in a time range of
hundreds of attoseconds up to the femtosecond border. So, the
electron jump is much faster than any vibration or bending
motions within the molecules.

From other donor systems (phenols,14,17thiophenols,33 benz-
ylsilanes,15 etc.) it is known that the femtosecond electron jump
identifies different momentary conformer situations of the donor
molecule which are conditioned by the bending motions of
substituents of the molecule. That is the case if the molecular
bending motions are accompanied by marked electron shifts.
This phenomenon is illustrated in the reaction sequence in
Scheme 1 on the example of phenol (ArOH) as donor: In

phenol, the C-OH bending motion (rotation) has a frequency
of about 1013 Hz. So, in the time range of 10-13 s, the n-electrons
of the oxygen atom fluctuate between a planar and perpendicular
molecule conformer structure. During this motion, all of the
conformer situations are attained and passed through. This is
illustrated by a quantum chemical calculation of the electron
distribution for different angles of bending; see Figure 7.

But by reason of kinetic analysis, only the borderline cases
(planar or perpendicular) are considered. In the planar case (0°
twist), the n-electrons are distributed over the whole molecule,
whereas in the perpendicular structure (90° twist), the electrons
are localized mainly at the heteroatom. In the reaction sequence
in Scheme 1, both borderline situations of the reactants are
temporarily realized. They are visualized in the structures of
the resulting cations (in brackets).

It is obvious that the planar radical cation structure overcomes,
whereas the species with an electron localized at oxygen
deprotonates rapidly, assisted by the solvent. The different
conformer structures can be identified by the two immediately
formed products such as the radical cation and the phenoxyl
radical.

FET Involving Aniline and Secondary Aromatic Amines.
As demonstrated in the preceding section, a similar effect was
also observed for the FET involving aromatic amines, in
particular, in the cases of the primary and secondary amines
such as aniline, methylaniline, and diphenylamine. Derived from

Figure 6. Transient spectra obtained in the pulse radiolysis of 5×
10-3 mol dm-3 DMA in n-butyl chloride purged with N2, taken (b) 30
ns, (O) 140 ns, and (9) 1.7 µs after the pulse. Insets: experimental
time on the left. Stern-Volmer plot for the quenching of C• with oxygen
analyzed at 330 nm (right side).

k10 ) 2 × 109 dm3 mol-1 s-1

Figure 7. Transformation of n-orbital of the Ar-OH singlet ground
state (isocontur) 0.1) in dependence on OH-group rotation.

SCHEME 1
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the analysis of the decay of the solvent parent ion (n-C4H9-
Cl•+) in the presence of the amines, the overall electron transfer
(reaction 3) proceeds with a diffusion-controlled rate constant
k3 ≈ 1010 dm3 mol-1 s-1. On the product side, however, a more
complex behavior appears. This is now described for the case
of DPA. As already mentioned in the preceding section, DPA•+

and DPA• are formed as direct products of the electron transfer
(reaction 5).

The time-dependent spectra of the transients (Figure 1) give
strong evidence for this. However, the situation becomes much
more clear by analyzing time profiles at different characteristic
wavelengths (see Figure 8). The experimental profiles taken at
560, 640, and 690 nm differ in shape and result mainly from
superpositions of different parts of a short-living (DPA•+) and
a long-lasting (DPA•) transient. The time profiles were simulated
by using the electron transfer (equation 5) as a rapid generation
function for the promptly formed transients DPA•+ and DPA•

and by describing the delayed decay of DPA•+ with the
deprotonation reaction 6.

On the basis of this, all three time profiles could be described
numerically by fixed kinetic parameters. From the relation
between the rapid (prompt) and the delayed part of the DPA•

absorption, the ratio between both channels of the electron
transfer (Scheme 2) can be estimated to be about 50:50. This is
derived from the time profiles of the aminyl radicals of DPA.
Each profile consists of a rapid part and a delayed part of the
same ratio. So, we could calculate this ratio without the
knowledge of extinction coefficients, which are difficult to
determine under the conditions of nonpolar media. For AN and
MA, similar effects were observed which could be treated only
qualitatively because of less clear spectral separations. But in
general, an explanation of the FET behavior of DPA, AN, and
MA in analogy to the phenol systems seems to be justified.

For the aromatic amines, the bending motion center is the
amine nitrogen which carries three bonds and a lone electron
pair according to the sp3 hybridization. For the simplest case
of aniline, the quantum chemical analysis of the electron shift
concomitant with the angle of the bending motion is shown in
Figure 9, where the amine group is fixed and the aromatic ring
is allowed to twist. It is obvious that in the planar state (0°) the
electron distribution happens over the whole molecule, whereas
in the other extreme (90°), the HOMO electrons are fully
localized at the nitrogen atom.

For diphenylamine also, bending motions around the N-Ar
bonds exist. Because of the substitution with two benzene rings,
it is a coupled motion in the opposite directions, as indicated
in Scheme 2.

Nevertheless, the description of the motion of the rings can
be made by quantum chemical calculation of the bending,
assuming fixed angles. So, Figure 10 shows the electron
distribution in the planar (which is not really the most stable
conformer) and perpendicular states. Here also, distribution of
the electron density as well as localization can be well-
distinguished. Certainly, we have to consider that the bending
is a dynamic behavior, and therefore, all imaginable twisting
angles and twisting conformers exist at the same time (i.e., in
a broad distribution). The distinction of the two borderline states
represents an extreme simplification, but may help to understand
the processes.

Now, it is assumed that the electron jump from the amines
to the solvent radical identifies the conformer situation in the
momentum of the electron transfer. In analogy to the already
mentioned example of the phenols,14,17 a metastable and an
unstable radical cation should be generated. Because of the
resulting local charge at nitrogen, the latter one deprotonates
immediately, assisted by the solvent. Then, as practically direct
products of the electron transfer, comparable amounts of amine
radical cations and of aminyl radicals are formed, which is in
good accordance with the experimental behavior discussed
above. The phenomenon is observed for AN, MA, and DPA
(i.e., for all studied nontertiary amines) and will be illustrated
for the case of a substituted aniline (R) Ar, Me) as electron
donor; see the reaction sequence in Scheme 2.

Semiquantitative Interpretation of FET Involving Aro-
matic Amines with DFT Calculations. The electron distribu-
tion of the HOMO of the aromatic amines in the ground state
was calculated by means of the DFT method. The variation of
the molecule geometry and, in particular, the change of the angle
of twist of the bonds from nitrogen to carbon of alkyl or aryl

substituents resulted in a change of the electron density
distribution from being smeared over the whole molecule to

Figure 8. Time profiles showing the correlation between kinetic
simulation and experimental data: (-) experimental profile, (9)
simulated time profile, (O) chlorobutane radical cation, (y) DPA radical
cation, (0) DPA radical.

SCHEME 2

Figure 9. Transformation of HOMO of the Ar-NH2 (-5.39,-5.47,
-5.82, and-6.31 eV) singlet ground state (isocontur) 0.1) in
dependence on NH2-group rotation.
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localization at the nitrogen atom, as shown in Figures 9 and
10. Furthermore, the dynamics of the bending motion of the
bonds and also the vibration of the>N-H bond has been
calculated. The data are given in Table 1. The vibrations have
a frequency around 1014 Hz for all studied amines, and the
rotation motions (bending) happen with frequencies in the range
(2-20) × 1013 Hz (i.e., they are much slower as vibrations).

So, in the cases of aniline and the secondary aromatic amines,
we state that the described extremely rapid electron jump can
identify all states of bending motion around the-NH- group,
resulting in two types of radical cations. The stable amine radical
cation is that with delocalized spin distribution, whereas that
with the spin localized at the nitrogen atom decays immediately
by deprotonation. This process is favored from kinetic (oscil-
lation of the N-H bond) and energetic reasons, because the
ground level of both states (plane and perpendicular) differs by
about 37 kcal mol-1. Then, the proton affinity of the solvent
becomes comparable to or larger than that of the amine radical,
which certainly assists the deprotonation.

Energetics of the Deprotonation of the Amine Radical
Cations. Radical cations derived from aromatic amines are
relatively stable species. Radical cations of tertiary aromatic
amines are practically persistent.34 In the presence of a strong
nucleophile, however, these radical cations tend to deprotonate.
Hence, in this paper, the deprotonation of all studied amine
radical cations is apparent in the presence of the counter charge
chloride (cf. reactions 6 and 9). These deprotonations are
bimolecular processes taking place with diffusion-controlled rate
constantsk ≈ 1010 dm3 mol-1 s-1. But because of the great
excess of Cl-, the reaction appears kinetically as a pseudo-first-
order process; see the time profiles in Figure 2 inset B.

The monomolecular deprotonation of the radical cations of
the aromatic amines, however, is assumed to proceed only in
the perpendicular state of the species (see explanations given
above). If the ground-state molecule is ionized, the critical C-N
bond becomes more rigid. Hence, the activation energy of the
bond rotation increases considerably. This means that in the
ionized state any bending motion is nearly improbable. Then,
it is worth analyzing the energetics of the deprotonation of the
twisted (perpendicular) radical ions. Calculations show that, in
comparison with the stable planar species, the proton affinity
of the perpendicular cation drops by about 37 kcal mol-1. This
is enough to remain under the proton affinity of the solvent,

and therefore, an immediate and very rapid deprotonation can
happen. For our rapid deprotonation of the amine radical cations
in the perpendicular state, the deprotonation can be treated as a
solvent-assisted process. That means that the solvent is involved
in the deprotonation by stabilizing the free proton (reaction 11).

Electron Transfer with Tertiary Aromatic Amines. As
already mentioned, in the case of TPA and DMA in the electron
transfer to solvent radical cations, only one direct product
transient is formed, the amine radical cation. This can be
understood because of the energetic situation in which the N-C
bonds do not dissociate easily because of the unfavorable
energetics of the resulting methyl or phenyl cations. However,
the decay behavior of the radical cations is very different. The
stable TPA•+ dimerizes according to the equilibrium (reaction
7), and finally, it decays by neutralization. DMA•+, however,
gets deprotonated by reaction with the nucleophile (reaction 9).
The resulting C-centered radicals could be well-characterized
by the oxygen reaction 10.

Survey about Spectral Properties of the Amines.The
interpretations given in this paper are based on a very thorough
analysis of the spectra of the radical cations and aminyl radicals
derived from the aromatic amines, which are strongly super-
imposed and differ in their absorption maxima in most cases
by only 10-20 nm. Table 2 gives absorption maxima taken
from our own measurements in comparison to literature data.
Furthermore, extinction coefficients are given which were found
in the literature. Such values could not be derived from our
own measurements because of difficulties in the exact deter-
mination of the free ion yield.

5. Conclusions

The processes investigated in this paper are summarized in
conclusion in the reaction in Scheme 3. Here, the observed

Figure 10. Electron distribution of the HOMO electrons of DPA given for planar state (0°) and twisted state (90°).

TABLE 1: DFT B3LYP/6-31G(d) Calculated Quantum
Chemical Data: Frequencies (scale factorf ) 0.96) of Polar
NH-Group Rotation and Valence N-H Vibration
Oscillationsa

solute
νrot

(cm-1)
trot

(10-15 s)
νoscil

(cm-1)
toscil

(10-15 s)
IPgas

(eV)

Ph-NH2 564 59.1 3648 9.14 7.2
Ph-NH-CH3 99.9 334 3596 9.28 7.0
Ph-NH-Ph 54.9 608 3614 9.23 6.7
Ph-N(CH3)2 6.8
Ph3N 6.35

at ) times of one motion; IPgas ) calculated gas-phase ionization
potential.

TABLE 2: Transient Absorption Characteristics for the
Substances Studieda

substance
λmax (N•+)

nm

ε (N•+)
dm3 mol-1

cm-1
λmax (N•)

nm

ε (N•)
dm3 mol-1

cm-1

AN 430 40633005

42341005

430200034

415 40512505

40067034

MA 450 460∼240035 a 430 420∼200035 a

DMA 460 480450036 325b

(Ph-N-C•H2)
DPA <330

700
31576006

670180006

320150008

70012008

6702700037

325
660

315100006

67022006

335130008

67580008

TPA 560
640

6502900038

a Wavelengths for literature data are given as a subscripts.b Values
for N-phenylglycine.c Absorption maximum for the corresponding
R-carbon-centered radical.

Ar2N-Hperp.
•+ + n-C4H9Cl f Ar2N

• + H+(n-C4H9Cl) (11)
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products are marked by boldface type. The reaction mechanism
might be distinguished by two lines, with primary and secondary
amines in line I and tertiary amines in line II.

The free electron transfer from aromatic amines to solvent
radical cations under nonpolar conditions results in the formation
of amine radical cations. This statement holds in an unrestricted
manner for the studied tertiary amines such as dimethylaniline
and triphenylamine.

In the case of aniline and the secondary amines MA and DPA,
however, the direct FET products consist of a mixture of amine
radical cations and aminyl radicals which appear in nearly equal
amounts (see line I in Scheme 3). This phenomenon is explained
by an effect of molecular dynamics where the molecular
oscillations of the amines (bending) in the ground state lead to
a permanently existing mixture of conformers, differing from
each other by the angle of rotation (bending). In fact, the
rotation-conditioned conformers differ by a different electron
density distribution, which is directly caused by the motion.
This is indicated by the rotating arrows in the amine ground
state (see Scheme 3). In the nonpolar system, the extremely
rapid electron jump from the donor molecule (conformer
mixture) to the solvent radical cation enables the identification
of the different conformers in such cases where the products of
the electron transfer are different (stable and unstable amine
radical cations). To understand this situation in a very simplified
manner, the conformer mixtures are described by two borderline
structures such as planar and perpendicular rotation states (see
also Scheme 2). The monomolecular deprotonation of the
perpendicular radical cation is assisted by the solvent indicated
by the state of the proton.

Dependent on the amine structure, the primary ionization
products have a different fate, which is indicated by the
subsequent reactions given in Scheme 3.
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