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ABSTRACT: We report the kinetic energy distributions in
electron autodetachment from nitroethane, 1-nitropropane, and
1-nitrobutane anions upon laser excitation of CH stretching
modes measured using velocity map electron imaging. In striking
contrast to the case of nitromethane, the kinetic energy
distributions show almost no distinct vibrational features, and
they can be described by thermionic emission, relating the shape
of the distributions to the electron capture cross section of the
neutral molecule. The data suggest that a classical description is
warranted above ca. 20 meV electron kinetic energy. At lower
energies, quantum effects suppress the attachment cross section.

1. INTRODUCTION

The emission of particles from thermally excited physical
systems is a commonly observed phenomenon. These
processes can be divided into two classes, according to
whether they involve only few quantum states or whether they
can best be described in terms of thermal processes.
Evaporative cooling is important in all size and temperature
regimes, from macroscopic bodies (including our own) to
molecular clusters, trapped atoms on their way to forming a
quantum condensate, and excited nuclei. Similarly, electrons
can be emitted from hot macroscopic metals (as described by
the Richardson equation1), clusters,2 and molecules.3−7 More
recently, also thermal photon emission has been observed from
small carbon clusters.8

However, the delineation between the two regimes of direct
versus thermal emission is not yet well established, in particular
for electron emission, although this is of obvious interest for
the description of the dynamics of molecules and clusters after
photon absorption. Molecular anions provide a particularly
convenient platform for the study of such electron emission
processes because the excitation energies required for electron
emission are relatively small, and a judicious choice of the
molecular system can render other relaxation mechanisms
inactive (e.g., dissociation).
In vibrational autodetachment (VAD) from small molecular

systems, the kinetic energy distribution of the emitted
electrons will carry signatures of the process as well as the
molecular details of the molecule, such as the vibrational states,
potentially for both of its neutral and ionic states. The
theoretical foundations of the description of VAD were
developed by Simons and co-workers,7,9 following early
experiments by the Brauman10−13 and Beauchamp14−16 groups

based on work on highly excited anions. Spectroscopic studies
based on VAD were later performed by several groups.6,17−34

A complete description of the emission process requires
detailed knowledge of the vibrational states and the multi-
dimensional potential energy surfaces of both the anion and
the neutral, including the photon absorption process and the
level and intersystem crossing dynamics. This poses a difficult
theoretical and computational problem, and the description of
the emission process will depend on the details of the system.
However, the molecular signatures in the kinetic energy
distribution broaden with increasing size of the system, and
this suggests the possibility of a description of the emission
processes with statistical approaches, which require less
molecular level detail.5,35,36

In the present work, we systematically explore the evolution
of the kinetic energy distribution of electrons emitted in
vibrational autodetachment processes (VAD-KEDs) with the
size of the molecular system, focusing on nitroalkane anions.
These molecules are simple hydrocarbon chains with a CH3
group on one end and an NO2

− group on the other, the latter
carrying most of the excess negative charge. The neutral
molecules have all similar adiabatic electron affinities (AEA =
172−240 meV),37−39 dipole moments (μ = (1.13−1.22) ×
10−29 C·m),40−42 and polarizabilities (α = (9.5−11.6) × 10−40

F·m2).41 They only vary in the number of CH2 units between
the terminal groups, which of course changes their vibrational
spectra and their density of vibrational states. The nonresonant
photoelectron spectra and vibrational spectra of the anions in
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the mid-infrared show well-resolved vibrational features that
have been characterized in detail.19,27,37−39 In nitroalkane
anions, the vibrations of the NO2

− group, most importantly the
nitro wagging mode, play an important role in VAD. This
mode most directly connects the potential energy surfaces of
the negative ion and the neutral, as sufficient excitation in this
mode allows the anion to explore geometries very close to the
equilibrium geometry of the neutral, providing access to the
electron emission channel.6 In the description used below,
where the cross section for the inverse process, electron
attachment, plays a pivotal role, this can be translated into an
efficient capture of the electron in the attachment process,
mediated by subsequent energy dissipation into vibrational
excitations.
We measured the VAD-KEDs of nitroethane, 1-nitro-

propane, and 1-nitrobutane anions upon infrared excitation
of specific CH stretching vibrational modes using velocity-map
photoelectron imaging. While the VAD-KED of nitro-
methane38 shows clearly resolvable vibrational signatures, and
even reflects the nature of the initially excited vibrational state,
we show here that nearly no vibrational details are observable
for any of the other nitroalkanes. We describe the VAD-KEDs
through a statistical thermionic emission process and calculate
the emission characteristics with a detailed balance approach.

2. EXPERIMENTAL SECTION
The experimental setup has been previously described in
detail,38 and only a brief summary will be given here. We
entrained vapor of nitroalkanes, CH3(CH2)nNO2

− (n = 1−3
for nitroethane, 1-nitropropane, and 1-nitrobutane, respec-
tively), at room temperature into a pulsed supersonic
expansion of argon. A counterpropagating electron beam
created an electron impact ionization plasma in the high-
density region of the expansion, forming the corresponding
nitroalkane anions by attachment of slow, secondary electrons
to the neutral precursor molecules, which were subsequently
cooled during the expansion. On the basis of previous
photoelectron spectroscopy experiments38,39 on nitromethane
and nitroethane, using the same instrument with similar source
conditions, we take the effective vibrational ion temperature to
be ca. 250 K. The anions were mass selected in a time-of-flight
mass spectrometer and injected into the photodetachment
region of a velocity-map photoelectron imaging spectrometer.
Photodetachment was performed with pulsed, linearly

polarized, weakly focused, tunable radiation in the mid-
infrared, generated by a Nd:YAG pumped optical parametric
converter system. Pulse energies were several millijoules, with a
bandwidth of ca. 2 cm−1. Photoelectrons were accelerated
perpendicular to the plane defined by the ion and laser beams
into a field-free, double μ-metal shielded flight tube, and
velocity mapped onto a dual microchannel plate detector
coupled to a phosphor screen. The laser polarization was
parallel to both the ion beam and the position sensitive
electron detector of the velocity-map imaging spectrometer.
The signal from the phosphor screen was sampled by using a
CCD camera, centroided in real time (WENIMAGING
program43), and several 106 photoelectron counts were
accumulated for each image. The resulting photoelectron
images were converted with an inverse Abel transformation
(BASEX program44) to obtain an equatorial slice through the
original three-dimensional velocity distribution. The trans-
formed images were integrated over all emission angles at each
radius to yield a photoelectron spectrum in velocity space,

which was subsequently transformed into a spectrum as a
function of electron kinetic energy. The spectra were calibrated
to the well-known transitions in the photoelectron spectrum of
S− at 2.331 eV, taken with the second harmonic of a Nd:YAG
laser. The experimental velocity resolution of the photo-
electron imaging spectrometer was ca. 5000 m/s, correspond-
ing to 5.3 meV at 100 meV kinetic energy.
The photoelectron spectra contain contributions from VAD

as well as from direct detachment. As previously published
spectra of nitroalkane anions show,6,19,25,27,37−39 resonances
from VAD are superimposed on a largely flat background from
direct detachment. Similar to earlier work on VAD from
nitromethane,6 we obtained the VAD portion of the KEDs by
subtracting the known photoelectron spectrum for each ion
species,37,39 properly weighing the relative intensities of the
direct and VAD channels, and correcting for threshold effects
by using a threshold law previously applied to work on
nitromethane.6,38 The resulting KEDs shown in the present
work can be considered to be purely due to VAD.

3. THEORY
The spectra of electrons thermally emitted from molecular
anions can be calculated by detailed balance considerations5,45

as

σ∝ −P E E E E E( ) d ( ) e dE k T/ B (1)

where E is the measured kinetic energy of the emitted electron,
σ is the angle-averaged capture cross section for the inverse
process (i.e., electron attachment), and T is the (micro-
canonical) temperature of the neutral product molecule after
electron emission. The microcanonical temperature is defined
with an expansion of the logarithm of the total vibrational level
density of the product, ρ(E), at the neutral product molecule
excitation energy:46

ρ≡ [ ]
k T

E
E

1 d ln ( )
dB (2)

In this work, the temperature will be kept as a fit parameter,
and the main unknown at this point is the capture cross
section, σ. No experimental data exist for low-energy electron
attachment to any of the species under study here that have
sufficient energy resolution (a few tens of meV or better), so
these cross sections have to be modeled. In the remainder of
this section, we will summarize how the capture cross section
can be treated in terms of quantum mechanical, classical, and
empirical scattering models.
In general terms, the Hamiltonian governing the electron−

molecule interaction for a point-like molecule with polar-
izability α and permanent dipole moment μ ⃗ can be written as

μ θ
π

α
π

̂ = ⃗ +
ϵ

−
ϵ

̂
H

p
m

e
r

e
r2

cos
4 2(4 )

2

e 0
2

2

0
2 4

(3)

where μ is the magnitude of the dipole moment, r is the
electron−molecule distance, and θ is the angle between the
direction of the dipole moment and the vector from the
molecule to the electron. Quantum mechanically, the limiting
behavior of electron attachment for small kinetic energies and
in the absence of a permanent dipole moment is given by
Wigner’s threshold laws47,48 as

σ ∝ −E E( ) 1/2 (4)
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where is the angular momentum of the free electron, and the
electron−molecule interaction potential must decay faster than
1/r2. For most molecules, electron attachment at low energies
is predominantly an s-wave process, so σ ∝ −E E( ) 1/2.
However, this limiting behavior is strictly only correct at
threshold, and the attachment cross section is often observed
to fall off more rapidly at energies as low as 1 meV, also in the
absence of a permanent dipole moment.49−57

As mentioned above, the long-range electron-dipole
interaction potential (∝ 1/r2) does not decrease sufficiently
fast for large r for Wigner’s threshold laws to be valid. All
molecules in the present work have strong dipole moments,
which are even above the limit for forming dipole-bound states.
This limit is 5.42 × 10−30 C·m for nonrotating dipoles58 and in
practical cases takes values above ca. 6.7 × 10−30 C·m.59

Dipole-bound states have in fact been observed in photo-
electron spectroscopy imaging experiments on nitromethane
and nitroethane.38,39 While a quantum theory for the capture
of an electron by a stationary dipolar molecule has been
formulated by Troe and co-workers,60,61 the theory gives
thermally averaged attachment rates and does not lend itself to
a simple analytical expression for the attachment cross section
as a function of electron kinetic energy; its application is
therefore beyond the scope of the current work. However,
electron capture by dipolar molecules can be treated using an
empirical approach based on limiting behavior. While the
Wigner threshold law does not hold strictly for the electron-
dipole potential (∝ 1/r2), this potential decays faster than the
attractive Coulomb potential (∝ 1/r), where the capture cross
section is proportional to 1/E.48 As proposed by Klots62 and
shown experimentally by Hotop and co-workers,52−57 the
capture cross section for many molecules can be described
with a behavior between Wigner’s threshold law for s-wave
capture (∝ 1/E1/2) and the behavior for attractive Coulomb
potentials (∝ 1/E).
The attachment process can also be modeled classically. For

an electron impinging on a stationary point-like molecule
without permanent dipole moment, where the electron−
molecule interaction is given by an induced-dipole potential,
the capture cross section is represented by Vogt−Wannier
theory (for which the classical version is the Langevin cross
section). The cross section obtained this way is proportional to
E−1/2,5,45,46,63,64 consistent with the quantum mechanical
treatment of s-wave capture, except for a factor of 2 in
absolute cross section at low energies. Fabrikant and Hotop49

extended Vogt−Wannier theory to include dipole moments up
to the critical dipole moment that can support a dipole-bound
state. Because the molecules studied in the present work all
have dipole moments far in excess of this critical dipole, we will
use a flexible model instead, which we will call the modified
Langevin model and which can be realized by using the
expression

∝ γ −P E E E E( ) d e dE k T/ B (5)

The parameter γ = 1/2 represents the limit of Langevin (or
Wigner s-wave) capture but will be a fit parameter for the
present work. In the context of an empirical model based on
limiting behavior between short-range s-wave capture and
Coulomb capture as discussed above, the other limiting case
would be γ = 0 for a 1/E dependence of the cross section.
Hotop and co-workers have used a similar expression to
describe low-energy electron attachment.52−57

In a recent paper,65 Hansen extended the classical electron
capture treatment to include a stationary point dipole. Similar
to the original Langevin treatment, the energy-dependent
attachment cross section was calculated by locating the limiting
impact parameter bc for which trajectories do not have a
turning point in the radial motion. For a physical picture, the
repulsive end of the dipole moment prevents the electron from
getting into the region where the polarizability potential causes
irreversible “spiraling” into the molecule. This translates to a
critical energy, below which no capture takes place for certain
orientations of the dipole relative to the electron’s direction of
approach.
We will extend this to a calculation of the classical cross

section of a finite size molecule with the expectation that it will
represent the experimental data at high energies. Following the
procedure given in ref 65, the classical version of the
Hamiltonian in eq 3 is solved to establish the condition
obeyed at the turning point, rt, of the radial motion:
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+
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(6)

This expression must be real and positive to have a physically
meaningful turning point. If the finite capture radius is
disregarded, the cross section is given as σ = πbc

2, where bc is
the largest impact parameter that does not cause rt to be
imaginary. This yields the capture cross section

σ θ π π α
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2
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0 (7)

for

μ θ
α

≥E
cos
2

1/2

(8)

For sufficiently high energy, the critical turning point in the
radial motion will be inside the molecule. For these situations,
the finite capture radius, rm, can be taken into account, which
acts as a “black hole” radius for capturing the electron with unit
probability. We will call the model based on this physical
situation the finite size dipole model. We first determine the
energies where this occurs. For given E and θ, the value of rt

−2

decreases with increasing b2; i.e., the radius of the turning point
increases with the impact parameter b, as expected. The cross
section is therefore found by inserting the critical value bc in eq
7 into eq 6 with rt = rm. Solving for the energy gives the
dividing line between the low- and the high-energy regimes as

α
π

=
ϵ

E
r

e1
2 (4 )c

m
4

2

0
2

(9)

Above this energy, the cross section is found by solving for the
critical impact parameter where rt = rm, yielding

σ θ π π α
π
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π
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2
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2

0
2
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To make numerical estimates, a meaningful value of rm must be
inserted. The molecular size is extrapolated from bulk densities
with the equation representing the spherical approximation
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π
= i

k
jjj

y
{
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v3
4m

1/3

(11)

where v is the molecular volume given by the bulk density. The

molecular parameters for the molecules under study are given

in Table 1. The total cross sections are calculated with an
integration over θ:

∫σ θσ θ θ=
θ

π
E E( )

1
2

sin ( , ) d
0 (12)

where the azimuthal angle has already been integrated out. The
value θ0 is determined from eq 8. The result is the cross section
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Overall, our treatment results in three regions of the (θ, E)
plane, shown in Figure 1. The cross-section behavior is thus
divided into three parts, depending on the electron kinetic
energy E. The high-energy part is given by eqs 13 and 14. For
lower energies, the cross section has been determined
previously65 by using the definition
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4. RESULTS AND DISCUSSION
Figure 2 shows the experimental VAD-KEDs of nitroalkane
anions, CH3(CH2)nNO2

− for n = 0−3, generated upon
excitation of the lowest energy CH stretching vibration for
each species. The vibrational modes in these examples are

Table 1. Selected Properties of Nitroethane, Nitropropane,
and Nitrobutane

molecule
μa (10−29
C·m)

αa (10−40
F·m2)

bulk density
(g/cm)3

rm
(Å)

AEA
(meV)

nitroethane 1.13 10.7 1.05 3.05 191b

nitropropane 1.22 9.46 1.00 3.28 223c

nitrobutane 1.13 11.6 0.973 3.48 240d

aFrom refs 40−42. bFrom ref 39. cFrom ref 37. dFrom ref 37.

Figure 1. Different trajectory regions for the cross sections for
nitroethane (black), nitropropane (blue), and nitrobutane (red), with
the parameters given in Table 1. In region I (left/below the dotted
lines), no capture occurs, in region II (between the dotted lines and
the vertical lines) the low-energy eq 7 holds, and in region III (to the
right of the vertical lines) eq 13 holds.

Figure 2. Experimental VAD-KEDs of nitroalkane anions,
CH3(CH2)nNO2

− for n = 0−3 (top to bottom), generated upon
excitation of the lowest energy CH stretching vibration for each
species. Excitation wavenumbers are noted for each species. The data
for nitromethane were taken from ref 6. The arrows on each trace
indicate the expected position of the 0 → 0 band.
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similar in that they involve mainly the motion of the CH
oscillator closest to the nitro group, whose CH stretching
frequency is strongly red-shifted from typical CH stretching
frequencies in neutral nitroalkanes, due to negative hyper-
conjugation effects.66 The excitation energies are also very
similar, in particular those for nitroethane, nitropropane, and
nitrobutane (n = 1−3), within 5 cm−1 of each other. The VAD-
KED of nitromethane anion (n = 0) exhibits pronounced
vibrational structure, which has been described in detail in
earlier work,6 based on the density of vibrational final states in
the neutral nitromethane molecule formed by VAD. In striking
contrast, all other nitroalkane anions have largely featureless
VAD-KEDs. The small peak at ca. 150 meV in the VAD
spectrum of nitroethane is consistent with the signature of the
transition from the ground state of the anion to the ground
state of the neutral. The similarly small peak at 163 meV in the
VAD spectrum of nitropropane is most likely due to a
vibrational Feshbach resonance.37 These peaks are not part of
the statistical emission model used here, and their intensity is a
qualitative measure of how complete the energy randomization
in the molecule is prior to electron emission. They become
consistently less pronounced with increasing molecule size,
suggesting that the excitation energy becomes better
randomized the larger the molecule is.
The nearly complete loss of vibrational structure in the

VAD-KEDs suggests that most molecular details are lost
already upon the addition of a single CH2 link in the
nitroalkane chain. As a result, the VAD process can be well
described by a statistical model, without the need to take into
account the detailed vibrational spectrum of each target
system. The small molecular size at which this onset of
statistical behavior occurs and the abruptness of the loss of
vibrational structure are quite striking. Going from nitro-
methane to nitroethane adds nine vibrational modes to the
molecule, and several of these modes correspond to low-energy
motions such as torsional modes or bending vibrations. This
increases the density of vibrational states significantly, and we
tentatively attribute the loss of vibrational features to a more
efficient randomization of energy due to the increased density
of states.
All the nitroalkane molecules investigated here have

comparable dipole moments (ca. 1.16 × 10−29 C·m or 3.5
D) and static polarizabilities (ca. 10−39 F·m2 or ca. 10−23 cm3),
governing the long-range behavior of the electron−molecule
interaction. The dipole moments are of particular interest here,
since they are sufficiently large to support a dipole-bound
anion state, whichas mentionedhas been experimentally
observed for nitroethane and nitromethane.38,39 This suggests
that the dipole moments should be taken into account for the
description of the attachment cross section, which enters into
the detailed balance model as the inverse process of electron
emission.
Figure 3 shows the experimental data for excitations on the

lowest energy vibrational modes compared with the models
discussed above. While the classical models used here can
represent the experimental data very well for energies above ca.
20 meV, they do not fit the experimental data for lower
energies, regardless of the parameters used. As a result, the
modified Langevin model was fitted to the whole energy range,
while the fits of the temperature with the classical dipole
polarizability calculation were made for energies above 20
meV. In all cases, the best curves for the point dipole model are
nearly indistinguishable from those with a finite capture radius,

and the temperatures of the neutral product molecule are only
slightly different for the two models. We conclude from this
observation that the model including the finite capture radius is
not very sensitive to this parameter, at least not for the
relatively low energies and temperatures that are involved in
the present work. Model parameters for all molecules,
excitation energies, and models are collected in Table 2.
The modified Langevin model (using a nonlinear fit with eq

5) gives a very good representation of the experimental data.
Both of the classical dipole models, where the effective
emission temperature is determined from the high-energy part
of the spectrum, overestimate the low-energy part of the VAD-
KEDs. This observation indicates that a purely classical model
is insufficient to describe thermionic emission from the
molecules under study here, and quantum effects need to be
taken into account for the lowest kinetic energies. This is not
surprising since the large de Broglie wavelength at low energies
(123 Å at 10 meV) strongly suggests corrections to models
based on classical trajectoriesthe great success of Vogt−
Wannier/Langevin theory notwithstanding. The deviation
from the classical models is particularly severe for nitropropane
at excitation energies 2573 and 2922 cm−1. Both of these data
sets show high exponents γ ≈ 0.5 in the modified Langevin
model, making them very close to a pure Langevin case. We

Figure 3. Comparison of the experimental VAD-KEDs after excitation
of the lowest energy vibrational CH stretching mode (open circles)
with the modified Langevin model (red solid line) and the classical
dipole models (dashed blue line, the curves for the two versions are
nearly identical). The modified Langevin model directly shows the
nonlinear fit to the experimental data, while the fits of the temperature
with the classical dipole polarizability calculation were made for
energies above 20 meV.
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note that the dipole moment of the molecule upon vibrational
excitation will have corrections relative to the value in the
vibrational ground state. We will return to this point in the
discussion of the variation of the parameter γ for different
vibrational excitations (see below).
Overall, the fitting results are consistent with the data, and

the modified Langevin fits are in line with the expectations for
the fit parameters. The neutral molecule temperature Tγ fitted
with the modified Langevin cross section, given by eq 5,
increases with increasing excitation energy, and it decreases for
the lowest energy CH stretching excitation (i.e., for
comparable vibrational modes and excitation energies) with
increasing molecule size (see Table 2). The molecules have
similar electron binding energies, and absorbed similar photon
energies, so this behavior can be expected, since for larger
molecules the energy remaining after electron emission will be
distributed over a larger number of available soft vibrational
modes. Using the temperatures obtained by the modified
Langevin model together with the vibrational spectra of the
molecules under study37,40,67 and the statistical expression for
the average internal energy of a molecule at temperature T

∑
ν

⟨ ⟩ =
−νU

h

e 1j

j
h k Tvib /j B

(18)

we find that upon excitation of the lowest energy CH
stretching mode and subsequent electron emission nitroethane,
nitropropane, and nitrobutane contain ca. 107, 97, and 100
meV internal vibrational energy, respectively. For the finite size
dipole model, the size evolution of Tμc with increasing
molecule size behaves qualitatively as expected, again
decreasing with increasing molecular size (see Table 2). The
photon energy dependence seems significantly weaker, though.
The exponent γ in the modified Langevin model is

consistent with the range expected for the model (between 0
and 0.5), which reflects the idea that the capture cross section
should fall off more quickly than E−1/2, in other words, faster
than the Wigner threshold law for s-wave capture but slower
than the de Broglie cross section (∝ 1/E).
Figures 4 and 5 show the VAD-KEDs for various excitation

energies in nitroethane and nitropropane, respectively. The
excited vibrational modes were chosen based on their intensity
and how well resolved they are in the electron loss spectra of
the molecules.25 The electron loss spectrum for nitrobutane
was judged to be too congested to resolve individual
vibrational excited states except for the lowest energy CH
stretching mode. For nitroethane, the higher energy VAD-
KEDs show slightly more structure than those at the lowest
excitation energies, in particular a somewhat more pronounced

0 → 0 band and a shoulder around electron kinetic energies of
100 meV (ca. 75 meV lower than the 0 → 0 feature), which
can be identified as signatures of the 0 → 1 transition in the
nitro wagging mode.39 For nitropropane, we observe a broad
feature at ca. 80 meV kinetic energy, which is consistent with
the 0 → 1 transition of the nitro wagging mode,37 even though
the large width and the apparent absence of the 0 → 0
transition make this assignment less firm. These features
suggest that the intramolecular vibrational relaxation process is
energy- or even mode-specific, a phenomenon which has been
observed much more clearly in nitromethane.6 As low-lying
final states seem to increase in intensity relative to the purely
thermal VAD-KEDs, this energy or mode specificity leads to a
slightly broader envelope of the VAD-KEDs, which in turn
results in slightly smaller γ values in the fits to the modified
Langevin model. However, the change in γ is only 0.01−0.02

Table 2. Model Parameters for the Fits to the Experimental Dataa

molecule excitation wavenumber γb Tγ
a (K) Tμ

c (K) Tμc
c (K)

nitroethane 2752 0.35 ± 0.01 410 ± 7 458 ± 20 453 ± 20
2842 0.24 ± 0.01 434 ± 10 453 ± 20 441 ± 20
2890 0.20 ± 0.01 474 ± 12 447 ± 20 453 ± 20
2940 0.20 ± 0.01 488 ± 10 476 ± 20 453 ± 20

nitropropane 2753 0.52 ± 0.01 288 ± 3 348 ± 20 331 ± 20
2922 0.51 ± 0.01 298 ± 4 354 ± 20 371 ± 20
2946 0.37 ± 0.01 309 ± 4 366 ± 20 354 ± 20

nitrobutane 2757 0.36 ± 0.01 246 ± 3 290 ± 20 290 ± 20
aThe fit parameters of the modified Langevin model are γ and Tγ, the fitted temperatures for the point dipole and finite size dipole model are Tμ

and Tμc, respectively.
bError bars are obtained from the from the nonlinear fit. cError bars are 1-σ estimates.

Figure 4. Mode dependence of the VAD-KEDs for nitroethane. The
excitation wavenumbers are noted in each panel. From top to bottom,
the vibrational excited states25 are ν5 (stretch of the CH group syn to
the NO2 group); ν4 (CH3 symmetric stretch); strongly mixed
overtones and combination bands of the methyl bending mode ν8;
and the close-lying levels ν3 (methylene stretching) and 2ν6 (HCH
bending). The parameters for various models are listed in Table 2.
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compared to a fit where the data range was restricted to lower
kinetic energies, excluding the features in question. The clear
changes of the γ values at higher excitation energies from those
at the lowest energies are therefore clearly not artifacts of the
fit.
The actual values for γ depend not only on the molecule but

also on the initially excited vibration, and the temperatures Tγ

increase with increasing excitation energy. The temperatures
Tμ and Tμc for the classical dipole model also vary for different
initially excited vibrations, although there is no clear trend. The
temperature dependence as observed for the modified
Langevin model can be qualitatively understood, since a
higher final temperature of the neutral product molecule is
expected for a higher excitation energy. The temperature
increase for nitroethane is somewhat higher than expected
from the range of photon energies used. The reason for the
variation of γ values is not a priori clear but may be connected
to this observation. We note, however, that the parametrization
in terms of the single parameter γ will not necessarily
reproduce both the dependence on the kinetic energy of the
emitted electron and on the excitation energy. Another
possible explanation for the mode specific behavior of γ
invokes a mode specific path through vibrational state space
offered by different initial excited states. If the vibrational state
at the time of electron emission depends on the initially excited
state, the average effective dipole moment of the remaining

neutral molecule can also depend on the initially excited state.
This results in a different field in which the outgoing electron
moves, affecting the dependence of the thermionic emission
process on the electron kinetic energy. If this hypothesis is
correct, it implies that energy randomization is not complete.
The different intensities of the 0 → 0 bands in the VAD-KEDs
are consistent with this explanation, although we do not
consider them as proof for this hypothesis. In any case, it
should be kept in mind that the bulk parts of the KEDs are
composed of the smooth distributions that point to statistical
processes.

5. CONCLUSIONS
We have presented experimental results on the kinetic energy
distributions of vibrational autodetachment in negatively
charged nitroalkane molecules. While the VAD-KED of
nitromethane shows very pronounced vibrational structure,
nitroethane, 1-nitropropane, and 1-nitrobutane exhibit rather
smooth VAD-KEDs. It is striking that already the addition of
even a single CH2 group to nitromethane (i.e., going to
nitroethane) results in a behavior that lends itself to a statistical
description, where molecular details such as the vibrational
spectrum of the molecule only play a small role. We were able
to describe the observed VAD-KEDs with a thermionic
emission model based on a detailed balance approach. The
electron capture cross section used in this model can be
described classically as well as with an empirical ansatz rooted
in limiting quantum mechanical behavior. The latter model
gives an excellent description of the kinetic energy
distributions for all kinetic energies, better than the purely
classical cross sections, but all models used here are in good
agreement with the experimental data at energies above 20
meV. An increase in excitation energy or a decrease in
molecular size results in a higher microcanonical temperature
of the neutral molecule that remains behind after electron
emission.
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