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INTRODUCTION

It is known that in the case of thermal electrons
(0 ≤ ε ≤ kT), the vibrational Feshbach resonance is the
basic mechanism of generating long�lived (more than
1 μs) negative molecular ions (NMIs). Under such
conditions, the NMI lifetime to the electron autode�
tachment (τa) is directly related to molecular anion
excess vibrational energy Ei [2], which, in turn, is a
sum of three terms: kinetic energy ε of an incident
electron, adiabatic electron affinity EAa, and the ini�
tial margin of vibrational energy E

v
 in a target mole�

cule. Being distributed over vibrational degrees of free�
dom, the excess energy produces an electron autode�
tachment delay mechanism; that is, some time must
elapse before the excess energy accumulates on the
degree of freedom that is responsible both for the for�
mation of an autodetachment state and for its decay
[1, 3]. It is generally accepted that exactly this mecha�
nism comes into effect when long�lived NMIs result
from thermal electron capture by molecules with a
positive electron affinity.

Unlike the case of thermal electron capture, the
mechanism behind the generation of long�lived NMIs
due to the capture of “epithermal” electrons (ε � kT)
has not been fully understood. In fact, all resonances
known in this energy range are short�lived. The life�
time of shape resonances, which depends on the time
of electron tunneling through a potential barrier,
equals 10–15–10–10 s [4], while the lifetime of electron�
ically excited Feshbach resonances cannot exceed a
characteristic radiative time on the order of 10–8 s.
Obviously, a fast relaxation mechanism is needed to
convert the initially short�lived state of NMIs to a
long�lived state.

Several hypotheses for such a relaxation mecha�
nism have been put forward: (i) electron capture

induced by the electronically excited Feshbach reso�
nance (EEFR) with subsequent NMI stabilization via
a radiationless transition to the ground electronic state
[5, 6], (ii) electron capture by the shape resonance
mechanism with subsequent internal conversion of
NMIs to the ground electronic state [7, 8], (iii)
EEFR�induced electron capture with subsequent ion
doublet–ion quartet transformation through inter�
combinative conversion [9], and (iv) electron capture
with plasma mode excitation [10]. Hypotheses (i)–
(iii) explain the existence of long�lived NMIs in sev�
eral (most often two) resonance peaks in the energy
interval from 0 to ~4 eV. Hypothesis (iv) substantiates
the extremely wide and almost continuous range of
electron energies (0–15 eV) in which long�lived NMIs
of fullerenes [11, 12] and their substituted analogs
[12, 13] arise in the gas phase. In [10], an essentially
new type of resonance in the cross sections of electron
scattering by molecules is discussed: an incident elec�
tron spends nearly all energy on the excitation of
plasma oscillations (plasmons) and, having an almost
zero energy, is captured by a molecule. It is obvious,
however, that such a mechanism by no means provides
the existence of long�lived NMIs: the fact is that the
plasmon lifetime is on the order of 10–15–10–14 s [14].
Unfortunately, the authors of this model say nothing of
what happens with fullerene anions after the electron
capture. At the same time, they recognize [15] that the
electron autodetachment rate constant is entirely
determined by the excess energy of NMIs. This means
that it is the ground electronic state that is long�lived
in anions of fullerene (and its derivatives).

The above analysis of experimental data demon�
strates that however important the mechanism of ini�
tial electron capture, the final long�lived electronic
state of NMIs, rather than their initial state, is respon�
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sible for the anomalously long lifetime of molecular
anions in the epithermal range. Most authors think
that the ground electronic state is the final state. It
results from the initial short�lived electronic state
through a series of fast (10–14–10–12 s [16, 17]) radia�
tionless transitions without change in the multiplicity.
In this case, energy losses by radiation are not observed
and the excess energy of NMIs is totally converted to
the vibrational energy. The state thus formed is similar
to the state of long�lived NMIs arising from the ther�
mal electron capture through the vibrationally excited
Feshbach resonance. In addition, this state is akin to
the self�ionization state of fragment ions with the
vibrational state energy exceeding the electron affinity
of radicals [1].

The basic argument in favor of the above mecha�
nism of NMI stabilization is the monotonic and rather
fast drop of the electron energy dependence of the
NMI mean lifetime [6, 8]. Indeed, if energy losses by
radiation are absent, the NMI excess energy grows
with the captured electron energy and accordingly the
lifetime will decrease. The only serious objection
against this argument is the amount of the excess
energy. For example, in several resonance states of
anthraquinone, it may reach 4 eV [8] (the “effective”
vibrational temperature is T

ve ≈ 1200 K) and for NMIs
of fullerene and its derivatives, it may be as high as
20 eV [11, 12] (T

ve ≈ 1950 K). Will NMIs with such a
high excess vibrational energy be long�lived?

To answer this question, we for the first time studied
experimentally and then calculated (in terms of the
Illenberger–Smirnov–Kompaneits model [3, 18–20])
the dependences of the azobenzene NMI mean life�
time on the captured electron energy for different
temperatures in the collision chamber. The aim of this
work was to show that if NMIs are stabilized by means
of internal conversion, calculated and experimental
families of these curves nearly coincide. Azobenzene
molecules were chosen as test objects for two reasons.
First, there is still little agreement among researchers
about how these molecules produce long�lived NMIs
[6, 21]. Second, these “classical” objects have been
extensively investigated by other physical methods
[21], so that the respective results can be used as refer�
ences in lifetime computation.

EXPERIMENTAL

The lifetime of Ph–N=N–Ph– ions were mea�
sured with a MI�1201 static spectrometer adapted for
negative ion detection in the resonance electron cap�
ture (REC) mode. The detailed description of the
spectrometer is given elsewhere [22]. Similar experi�
ments conducted by the method of dissociative elec�
tron attachment spectroscopy are described in [23]. In
short, a focused beam of quasi�monochromatic elec�
trons is passed through a collision chamber filled with
an analyte gas to a pressure sufficient for pairwise col�
lisions. The currents of the resulting negative ions were
detected mass�spectrometrically (in a sector magnetic
field) in the incident electron energy range 0–15 eV.
The half�width of the electron energy distribution at a
half�height was 0.4–0.5 eV; the electron current, 1 μA;
and the accelerating voltage, 4 kV. The electron energy
scale was calibrated against maxima in the effective

yield curves (EYCs) for  ions from  (0 eV) and

C6  ions from C6H6 (8 eV).

To measure temperature effects, the chamber was
heated to a desired temperature. Analyte molecules
reached thermal equilibrium after multiple collisions
with the walls of the chamber. The technique for mea�
suring the mean lifetime to autodetachment was
described many times [12, 18, 19, 22]. It allows one to
measure time τa in the interval 1–1000 μs at collision
chamber temperatures ranging from 80 to 220°C.

Quantum�chemical computation was performed in
terms of the density functional theory using the Gaus�
sian software suite [24]. The B3LYP functional and
standard basis set 6�31G(d) were applied to optimize
the geometry of the Ph–N=N–Ph molecule and its
anion and calculate their vibration frequencies and
force constants.

RESULTS AND DISCUSSION

Figure 1 shows EYCs for Ph–N=N–Ph– negative
ions and their corresponding neutral component [12]
at collision chamber temperatures of 363, 423, and
483 K.

It is easy to see that azobenzene molecules capture
electrons in two energy bands with maxima at about 0
and 0.85 eV. It was demonstrated [6, 21] that the latter
band consists of three closely spaced resonance states.
In the electron transmission spectrum, they show up
as two peaks at 0.88 and 1.29 eV [21]. Comparing the
EYCs and the electron energy dependences of the
azobenzene lifetime, τa(u), one can contrast the reso�
nances and their mean lifetimes (Fig. 2, Table 1).

The family of curves τa(u) has a number of features.
First, the lifetime decreases monotonically with
increasing energy of captured electrons at a given tem�
perature in the collision chamber. Second, tempera�
ture effect τa(T) fades out with increasing resonance
energy.1 Third, at energies above the energy of the

CF6
– SF6

H5
–

Table 1. Mean lifetime τa of Ph–N=N–Ph– ions in the max�
ima, εm, of resonance states (from electron transmission
spectroscopy data [21])

εm, eV
τa, μs

363 K 423 K 483 K

0 150 150 134

0.88 42 36 30

1.29 17.5 17.5 17.5
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third resonance, the lifetime of azobenzene NMIs
becomes almost independent both of the temperature
in the chamber and of the captured electron energy.
Fourth, the temperature effect in the maximum of the
first resonance is unexpectedly small for thermal elec�
trons: in the interval 363–483 K, it is nearly the same
as in the second resonance (Pt ≈ 0.13 μs/K) and tends
to zero in the interval 363–423 K (Pt ≈ 0).

The first two features are easy to explain in terms of
the above mechanism: NMI stabilization through
internal conversion. As energy ε of the captured elec�
tron grows, so does excess energy Ei = EAa + E

v
 + ε of

the resonance, as a result of which the NMI mean life�
time drops. In this expression, only the second term
(energy E

v
 of target molecule vibrational excitation)

depends on temperature. With a rise in the electron
temperature, the contribution of this terms decreases.
Therefore, the temperature effect fades out to com�
plete disappearance [19]. The third and fourth features

1 Hereinafter, the amount of the temperature effect at given elec�
tron energy ε in given temperature interval ΔT will be described

by the expression Pt = , where Δτ is the mean life�

time of NMIs.

Δτ
ΔT
������
⎝ ⎠
⎛ ⎞

ε const=

cannot be explained in simple terms. These effects are
“finer” and call for detailed computation. Such com�
putation was carried out in [18–20]. However, the
computational accuracy did not suffice to unambigu�
ously indicate the origin of the tail in curves τa(u),
which is essentially independent of the chamber tem�
perature and electron energy. As for the minor temper�
ature effect in the case of thermal electrons, we did not
observe it before.

MEAN LIFETIME OF AZOBENZENE 
MOLECULAR ANIONS

The NMI lifetimes were calculated using the Illen�
berger–Smirnov–Kompaneits model [3]. In terms of
this model, the NMI lifetime to electron autodetach�
ment is given by

(1)

Here, τ0 is the characteristic time of variation of the
distribution function over vibrational states, n(Rm) is
the number of vibrational states for the nucleus config�
uration responsible for electron capture, and n(R–) is
the number of vibrational states for the nucleus config�
uration providing a maximal binding energy of the
electron (in other words, the numbers of vibrational
states for the molecule and ion, respectively).

For the simplest statement of the model, its basic
parameters (the characteristic time of variation of the
distribution function over vibrational states, the num�
ber of vibrational states in NMIs and in the target mol�
ecule as a function of the target’s vibrational state)

τa τ0
n R–( )
n Rm( )
������������.=
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1
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H
H

H

H
NN

H

H

H

H

H
H

I,
 a

.u
.

3

2
1

423 K

483 K

1
2

3

210−1 u, eV

Fig. 1. Experimental EYCs at temperatures of 363, 423,
and 483 K in the collision chamber. (1) Current I of long�
lived Ph–N=N–Ph– azobenzene NMIs vs. energy u in the
maximum of the electron energy distribution, (2) depen�
dences I(u) for the Ph–N=N–Ph neutral component, and

(3) dependences I(u) for sulfur hexafluoride anions ( )

demonstrating the form of the electron energy distribution
(shown for comparison).
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Fig. 2. Experimental time to the autodetachment of the
electron from the long�lived azobenzene NMI, τa, vs. inci�
dent electron energy u (in the maximum of the distribution
curve) at different temperatures in the collision chamber.



1280

TECHNICAL PHYSICS  Vol. 59  No. 9  2014

VOROB’EV et al.

were determined in [18]. Using this model, it was
shown that the decay of NMIs is multiexponential and
the NMI lifetime depends on the temperature in the
collision chamber and on the size and boundaries of
the time window of the experiment (or, in other words,
on the observation time). The primary reasons for the
miltiexponentiality are (i) the Boltzmann distribution
of neutral target molecules over vibrational states [18]
and (ii) the presence of the instrument distribution
function of electron energies in the ion source. The
latter reason was taken into account in [19, 20].

In this work, the Illenberger–Smirnov–Kompa�
neits model was considerably modified. The number
of vibrational states of the molecule and ion, W(E),
with energies up to E was determined by direct count
[25] on a computer in the Mathcad software environ�
ment. We used an approximation method to cut the
computational time. At the early stage, number W(E)
of vibrational states for a small number of oscillators
was calculated exactly; then, at each subsequent step,
when one more oscillator was involved, function W(E)
was approximated by the function

(2)

where y0, A1, t1, A2, t2, A3, and t3 are the energy�inde�
pendent parameters of the approximation.

The desired computational accuracy (<0.1%) was
determined at each step of calculation, the final result
being checked in two ways: by comparing with (i) ref�
erence points at relatively low energies E (for which

W E( ) y0 A1
E
t1

���–⎝ ⎠
⎛ ⎞exp A2

E
t2

���–⎝ ⎠
⎛ ⎞exp+ +exp=

+ A3
E
t3

���–⎝ ⎠
⎛ ⎞ ,exp

computation is still possible) and (ii) the results of the
same calculations carried out using the less accurate
(about 1%) Whitten–Rabinovitch algorithm [25].
Proceeding in such a way, we managed to determine
the number of vibrational states of the molecule and
ion through density functions ρn(E) and ρi(E) of the
respective energy states and use the Illenberger–
Smirnov–Kompaneits model in the form

(3)

This form, as before, assumes [18] that the autode�
tachment of a captured electron takes place at an
almost zero energy irrespective of its initial energy. The
initial Boltzmann distribution of target molecules over
the vibrational energy (Fig. 3) was calculated by the
formula

(4)

where N is the number of atoms in molecule, ωi is the
frequency of an ith vibration in a molecule (cm–1), h is
the Planck constant, c is the speed of light, and k is the
Boltzmann constant.

To calculate the averaged lifetime, it is necessary to
know, along with functions τa(E

v
, ε) and P(E

v
, T), the

NMI formation cross section. Strictly speaking, elec�
tron capture cross section σ(ε, E

v1, E
v2, …., E

vn)
depends on many variables: electron energy ε and the
energies of n = 3N – 6 normal vibrations of the mole�
cule. Amount Ni of resulting molecular anions is pro�
portional to the product

(5)
where P(E

v1, Ev2, …, E
vn, T) is the Boltzmann distri�

bution over vibrational states. In general, it depends on
many variables, namely, on the energies of normal
vibrations of the molecule and temperature. In such a
“multidimensional” representation, the NMI lifetime is
impossible to calculate today. In this work, product (5) is
approximated as

(6)

where σ(ε) is the electron energy dependence of the
capture cross section, P(E

v
, T) is the Boltzmann distri�

bution of molecules over total vibrational energy E
v
 =

. The form of functions σ(ε) and P(E
v
, T)

depends on the electron capture mechanism and
therefore differs in the thermal and epithermal ranges
of electron energies.

We think that generally the P(E
v
, T) versus E

v

dependence in the thermal range has a threshold:
P(E

v
, T) = 0 at 0 ≤ E

v
 ≤ E

vt. In approximation (6), the
threshold is embodied in the specific (latent) depen�
dence of σ on E

v
. The calculation of vibrational fre�

τa E
v
ε,( ) τ0

ρi EAa E
v

ε+ +( )
ρn E

v
ε+( )

���������������������������������.=

P E
v

T,( )
ρn E

v
( )

E
v

kT
�����–⎝ ⎠

⎛ ⎞exp

1
hcωi

kT
���������–exp–⎝ ⎠

⎛ ⎞
1–

i 1=

3N 6–

∏
�������������������������������������������������,=

Ni σ ε E
v1 E

v2 … E
vn, , , ,( )P E

v1 E
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vn T, , , ,( ),∝

Ni σ ε( )P E
v

T,( ),∝

E
vii 1=

3N 6–∑

483 K

3.0
P(E

υ
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Fig. 3. Initial Boltzmann distribution P(E
v

, T) of target
azobenzene molecules over the total vibrational energy at
different temperatures in the collision chamber.
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quencies (B3LYP/6�31G(d)) show that the optimal
geometries of an azobenzene molecule and an azoben�
zene NMI belong to the same point symmetry group
C2h and also that the molecule and NMI have almost
the same normal vibrational frequencies ωi and
respective normal coordinates Qi. For instance, Fig. 4
demonstrates typical sections of the potential energy
surface (PES) for the azobenzene molecule and its
respective NMI: Q1 (totally symmetric vibration) and
Q2 (non�totally symmetric vibration).

These sections, constructed using the calculated
force constants and the adiabatic electron affinity of
the azobenzene molecule (EAa), are normal parabolas.
It is seen from Fig. 4 that after the electron capture,
the equilibrium position of the normal totally sym�
metric vibrations in the NMI shifts (coordinate Q1)
compared with the molecule. At the same time, the
equilibrium positions of the nuclei of the non�totally
symmetric vibrations (coordinate Q2) remain
unchanged. According to the energy conservation law,
the capture of an electron with an almost zero energy
is expected to increase energy E

v
 in the NMI by EAa

compared with the molecule. Then, according to the
Frank–Condon principle, transitions not changing
vibrational quantum number v will be the most prob�
able for non�totally symmetric vibrations, while tran�
sitions changing v will be the most probable for totally
symmetric ones. This means that only totally symmet�
ric vibrations may increase the vibrational energy to a
level necessary for the vertical capture of a thermal
electron. Moreover, the amount of this increase
explicitly depends on the initial vibrational energy of
the molecule. For example, when an azobenzene mol�
ecule captures a thermal electron that is in the ground
vibrational state, energy E

v
 grows by as little as 0.21 eV.

For azobenzene, EAa = 1.378 eV and therefore the
process being discussed may take place only for non�
vertical capture the probability of which rapidly drops
with increasing quantum number v. This example
substantiates the assumption of the existence of non�
zero threshold energy E

vt for azobenzene molecule
vibrational excitation. From the sections of the ion
and molecule PESs constructed along all the normal
coordinates, we estimated E

vt for an azobenzene mol�
ecule. It turned out that this energy falls into the inter�
val 0.2–0.5 eV. 2 The value of E

vt and the form of the
P(E

v
, T) curve at E

v
 > E

vt were refined based on the
target molecule initial Boltzmann distribution by
varying parameters β and E

v, max. Here, E
v,max is the

energy of the maximum in the βP(E
v
, T) curve and β

is the aspect ratio. As has been mentioned above, ther�

2 If threshold energy E
vt is sufficiently high (the PESs of NMIs

shift relative to those of molecules insignificantly), the capture
of thermal electrons will be improbable even if the temperature
of target molecules is very high. This may be a reason why some
molecules with a high positive electron affinity do not capture
thermal electrons, as exemplified by a para�benzoquinone mol�
ecule (EAa = 1.89 eV) [8].

mal electron capture cross section σ(ε) can be fairly
accurately approximated by the δ function. Therefore,
σ(ε) in this energy interval was simulated by a normal�
ized rectangular function about 10–5 eV wide (pseudo�δ
function).

In the epithermal energy range, electrons are cap�
tured by the shape resonance mechanism [21]. An
extra electron is temporarily held by the molecule
owing to a combination of attractive forces (polariza�
tion and exchange interaction) and repulsive forces
[1]. Then, as we think, the initial vibrational excitation
of a target molecule does not have a considerable
influence on the NMI generation cross section and
therefore the form of the P(E

v
, T) curve coincides with

the initial Boltzmann distribution of target molecules
over vibrational states. In this energy range, electron
capture cross section σ(ε) is simulated by a superposi�
tion of Gaussian curves over the spectrum of transmit�
ted electrons [21]. The values of σmax and εmax in the
maxima of respective resonances and the FWHM val�
ues of the resonance peaks are summarized in Table 2.

Possible competition between the processes of
electron autodetachment and internal conversion in
the epithermal energy range (from the time of gen�
eration of an NMI to the time of its transition to the
ground electronic state) was taken into account by
introducing parameter α. With parameter α, we
took into account the fraction of anions that “have
survived” into the transition to the ground elec�
tronic state (provided that these competing chan�
nels are independent of each other). With this in
mind, the final formulas for the mean lifetime take
the form

Q1 Q2

1

2

U

2

1

U

EAa EAa

Fig. 4. Typical sections of the PESs for the (1) azobenzene
molecule and (2) azobenzene NMI along normal coordi�
nates Q1 (totally symmetric vibration) and Q2 (non�totally
symmetric vibration). EAa is the adiabatic electron affinity.
The vertical capture of a thermal electron by an azoben�
zene molecule that is in the ground vibrational state is
shown by an arrow.
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(7)

(8)

(9)

In formulas (6)–(8), t1 and t2 are the times ions take
to reach the detection system and the drift area (field�
free area before the ion detector [22]), respectively;
εt is the upper energy boundary of thermal electron
capture; f(ε, u) is the Maxwellian–Gaussian instru�

Ni2 T u,( ) N0jf ε u,( )σ ε( )P E
v

T,( )

E
vt

∞

∫
0

εt

∫=

×
t1–

τa E
v
ε,( )

������������������⎝ ⎠
⎛ ⎞ dE

v
dεexp

+ α N0jf ε u,( )σ ε( )P E
v

T,( )
t1–

τa E
v
ε,( )

������������������⎝ ⎠
⎛ ⎞exp E

v
d ε,d

0

∞

∫
εt

∞

∫

Ni1 T u,( ) N0jf ε u,( )σ ε( )P E
v

T,( )

E
vt

∞

∫
0

εt

∫=

×
t1 t2–( )–

τa E
v
ε,( )

������������������⎝ ⎠
⎛ ⎞ dE

v
dεexp

+ α N0jf ε u,( )σ ε( )P E
v

T,( )
t1 t2–( )–

τa E
v
ε,( )

������������������⎝ ⎠
⎛ ⎞exp E

v
d ε,d

0

∞

∫
εt

∞

∫

t T u,( )
t2

Ni1

Ni2

������⎝ ⎠
⎛ ⎞ln

���������������.=

ment electron energy distribution function depending
on the captured electron energy [19, 20]; N0 and j are
the number of target molecules in the ion extraction
region and the electron flow density, respectively (both
parameters are set arbitrarily and do not influence cal�
culation data); Ni2(T, u) is the number of ions
recorded by the detector as a function of the tempera�
ture in the collision chamber and of the energy corre�
sponding to the maximum of the instrument electron
energy distribution function; Ni1(T, u) is the number
of ions at the entrance to the drift area; and t(T, u) is
the molecular anion measured lifetime.

EXPERIMENTAL RESULTS VERSUS 
CALCULATION DATA

Figure 5a shows the calculated dependence of
mean lifetime τa(u) of Ph–N=N–Ph– molecular
anions on the captured electron energy at a tempera�
ture in the collision chamber of 423 K. EYCs I(u) for
Ph–N=N–Ph– anions and their neutral component
Ph–N=N–Ph at the same temperature are depicted
in Fig. 5b. Also, Figs. 5a and 5b show the respective
experimental data for comparison. All parameters
used in the calculations, along with the method of
their calculation, are listed in Table 2.

Having compared calculated and experimental
curves τa(u) and I(u), we found that they coincide
accurate to 2–10%. The maximal discrepancy (about
10%) is observed at the ends of the curves, where the
relative experimental error is nearly the same. In the mid�

Table 2. Calculated parameters and the respective method of computation

Calculated parameters Calculation method

Vibrational frequencies of the azobenzene molecule 
and anions

Gaussian [24], B3LYP/6�31G(d) method, scaling [26] over IR 
spectrum [27]

EAa = 1.378 eV Photoelectron spectroscopy data for Ph–N=N–Ph– anions [28]

t1 = 27.9 μs, t2 = 6.7 μs Calibration with  ions [29]

f(ε, u) Simulated from the EYC for  ions [19, 20]

Electron capture cross section in the epithermal 
energy range

Simulated by a superposition of Gaussian curves taken from the elec�
tron transmission spectrum [21]

σmax, a.u. 4.07 3.325 5.077 2.0

εmax, eV 0.8 0.98 1.24 1.98

FWHM, eV 0.231 0.283 0.518 0.471

ρi(E), ρn(E) Direct computation [25]

P(E
v
, T) Thermal energy range Found from target molecule initial Boltzmann distribution P(E

v
, T) 

by varying parameters E
v, max and β, where E

v, max is the energy of 
maximum in the βP(E

v
, T) curve and β is the aspect ratio

Epithermal energy range Calculated by formula (4)

τ0 = 444.8 fs Estimated as the frequency�averaged lifetime of one vibration in 
an NMI [18]. Adjustable parameter

α = 1 α, adjustable parameter

SF6
–

SF6
–
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dle of the electron energy interval (u = 0–1.25 eV), the
calculation inaccuracy is also within the experimental
error and does not exceed 2–5%. With the parameters
used in the calculation being the same, the computa�
tional accuracy remains high for other temperatures in
the collision chamber (363 and 483 K). The high accu�
racy of calculations substantiates all the features observed
in the family of curves I(u) and τa(u) (Figs. 1, 2).

The minor temperature effect exhibited by lifetimes
in the thermal electron range can be qualitatively
explained based on the calculated azobenzene molecule
distribution over vibrational states, P(E

v
, T) (Fig. 6).

As expected, this distribution has a clear�cut
threshold (E

vt = 0.30–0.35 eV). To estimate quantity

Pt, it is necessary to calculate the mean vibrational
energy of the azobenzene molecule,

At temperatures of 363, 423, and 483 K, this energy
equals 0.80, 0.85, and 0.92 eV, respectively. It follows
from formula (3) that at ε = 0, the NMI lifetime
depends only on E

v
. Therefore, the temperature effect

is almost zero (Pt ≈ 0) in the temperature interval 363–
423 K and is insignificant in the interval 423–483 K
(Pt ≈ 0.13 μs/K). If “thermal” electrons had been cap�
tured by molecules with any vibrational excitation,

energy  would have been equal to 0.350, 0.490, and
0.645 eV at the same temperatures and quantity Pt
would have grown almost by three orders of magnitude
(Pt ≈ 70 μs/K) in the interval 363–483 K, according to
our estimates. Such a “pronounced” temperature
effect seems to have been observed by us earlier in the
case of anthraquinone molecules [19].

The origin and the physical meaning of the tail in
the family of the τa(u) curves, which is almost inde�
pendent of the collision chamber temperature and
electron energy, are easy to understand if molecules
with a vibrational excitation of >0.25 eV are omitted
from lifetime calculations (Fig. 7).

With this condition fulfilled, the calculated tail in
the τa(u) curves coincides with that observed experi�
mentally. This means that target molecules with a low

Ev T( )

E
v
P E

v
T,( ) E

v
d

E
vt

∞

∫

P E
v

T,( ) E
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∞

∫

�����������������������������������.=
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Fig. 5. (a) Ph–N=N–Ph– anion lifetime τa vs. captured

electron energy u and (b) EYCs for the Ph–N=N–Ph–

NMI and its neutral component Ph–N=N–Ph at a tem�
perature in the collision chamber of 423 K. Continuous
lines, calculation; empty circles, experimental data.
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Fig. 6. Azobenzene target molecule distribution P(E
v

, T)
over vibrational states responsible for the thermal electron
capture at different temperatures in the collision chamber.
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vibrational energy (0 ≤ E
v
 ≤ 0.25 eV) are main contrib�

utors to the measured lifetime within the tail.

CONCLUSIONS

Thus, at temperatures of 363, 423, and 483 K in the
collision chamber, the calculated family of τa(u)
curves and EYCs for azobenzene NMIs coincide with
the respective experimental curves accurate to 2–10%.
Such a high computational accuracy allows us to con�
clude that the principles underlying the calculations
are valid. Namely, we relied upon the Illenberger–
Smirnov–Kompaneits statistic model and assumed
that NMIs produced through the capture of epither�
mal electrons become stable by means of internal con�
version: a series of fast (10–14–10–12 s) nonradiative
transitions without changing the multiplicity. A
molecular anion thus produced has a considerable
margin of excess vibrational energy. It is distributed
over many vibrational degrees of freedom, and
whether the NMI will hold the electron for >1 μs
depends mainly on the electron affinity of the mole�
cule and on the number of its vibrational degrees of
freedom. Obviously, each NMI is characterized by the
critical energy of its own, or which the lifetime to
autodetachment becomes shorter than 1 μs. Note that
the critical energy per vibrational degree of freedom
bears more information that the critical energy itself
and thereby makes it possible to correctly compare the
stability of different molecular anions. We estimated
the stability of azobenzene anions as 0.05 eV (cf. with

0.10 eV for fullerene anions and 0.07 eV for
anthraquinone).
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