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Low-energy photoelectron imaging spectroscopy of nitromethane
anions: Electron affinity, vibrational features, anisotropies,
and the dipole-bound state

Christopher L. Adams, Holger Schneider, Kent M. Ervin,a� and J. Mathias Weberb�

JILA, NIST, and Department of Chemistry and Biochemistry, University of Colorado, Boulder,
Colorado 80309, USA

�Received 1 October 2008; accepted 9 January 2009; published online 20 February 2009�

We present low-energy velocity map photoelectron imaging results for nitromethane anions. The
photoelectron spectrum is interpreted with the aid of ab initio theory and Franck–Condon factor
calculations. We obtain a new value for the adiabatic electron affinity of nitromethane of
�172�6� meV and observe the dipole-bound state of nitromethane. The photoelectron angular
distributions of the observed features are discussed in the context of threshold laws for
photodetachment. © 2009 American Institute of Physics. �DOI: 10.1063/1.3076892�

I. INTRODUCTION

The interaction of nitromethane �CH3NO2� with low-
energy electrons and the properties of the CH3NO2

− anion
have been the subject of many studies, both
experimentally1–5 and theoretically.6,7 One very remarkable
feature of CH3NO2 is that it has a sufficiently high dipole
moment ��=3.46 D �Ref. 1�� to bind an excess electron not
only in a valencelike state but also in a state that is more
accurately described as a dipole-bound state.1,2,6,8 The bind-
ing energy of the valencelike state is comparatively small,1

below several of the fundamental vibrational transitions in
the anion, making it an ideal model system for the investi-
gation of the interaction of vibrational excitation and elec-
tron emission.3,5 Interestingly, the signature of the dipole-
bound state of CH3NO2

− has not been found in photoelectron
�PE� spectroscopy so far.1

The adiabatic electron affinity �AEA� of CH3NO2 has
been determined to be �260�80� meV by Compton et al.1

by using the last discernible peaks on a very extended and
congested vibrational progression as bracketing features. The
error bars were intended to cover the range of possible origin
assignments of a vibrational progression with �80�9� meV
�645 cm−1� spacing, yielding possible EAs of about 180,
260, or 340 meV. In light of the interest in the interaction of
CH3NO2 with low-energy electrons and investigations of
vibration-electron interaction, a more accurate determination
of the AEA is desirable. This can be achieved using near-
threshold PE imaging spectroscopy. Pioneered by Oster-
walder et al.,9 this method yields extremely high resolution
in the limit of low PE kinetic energies.

The extended and congested vibrational progressions
that made earlier AEA measurements difficult is based on the
large differences in the geometry of the nitro group between
the anion and the neutral molecule. In the neutral molecule,

the CN bond lies in the ONO plane, while the nitro group is
strongly angled away from the CN bond in the anion geom-
etry �see Fig. 1�. The vibrational spacing found in the PE
spectrum reported by Compton et al.1 is consistent with both
the NO2 bending mode and the NO2 wagging mode of the
neutral molecule. In this paper, we present low-energy PE
imaging results for the CH3NO2

− anion, revealing much
more detail. At the same time, CH3NO2 is small enough to be
tractable by ab initio theory, facilitating a deeper interpreta-
tion of the PE spectrum through calculations of Franck–
Condon factors �FCFs�.

Anions from typical supersonic expansion sources can
have high temperatures, often several hundred K. Ar solva-
tion of the target ions can be used to cool them to much
lower temperatures, since the binding energies of Ar atoms to
anions are low �on the order of a few hundred cm−1�.3 As the
vibrational modes of the neutral molecule will usually not be
strongly affected by the presence of an Ar atom, Ar solvation
is a convenient way to suppress hot bands, while still main-
taining the general pattern of the PE spectrum, shifted by the
Ar solvation energy of the anion.10 We are able to unambigu-
ously determine the feature corresponding to the vibrational
ground state in the PE spectrum by comparing the PE spec-
trum of bare �and relatively warm� CH3NO2

− with that of
cold CH3NO2

−·Ar, and arrive at a new value for the AEA of
CH3NO2 of �172�6� meV. We tentatively assign a weak
signature in the PE spectrum to the dipole-bound state. Fi-
nally, we discuss the angular distributions of the observed
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FIG. 1. �Color online� Geometries of CH3NO2
− and of CH3NO2; � denotes

the angle between the ONO plane and the CN bond axis from DFT calcu-
lations �and from CCSD�t� calculations in parentheses�. The full geometry
information is available in Supplementary Information �Ref. 49�.
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features in the context of threshold laws for photodetachment
and assign the features in the PE spectrum of nitromethane
based on FCF calculations.

II. EXPERIMENTAL DETAILS

We use a velocity map imaging PE spectrometer coupled
to a time-of-flight �TOF� mass spectrometer, equipped with a
supersonic entrainment source for anion generation. The
mass spectrometry part of the apparatus has been described
in detail before.11,12 Briefly, we entrain nitromethane vapor
through a pulsed valve �General Valve Series 9� into a pulsed
supersonic expansion of neat Ar �Even-Lavie Valve, stagna-
tion pressure 13.8 bar�. CH3NO2

−, CH3NO2
−·Ar, and

CH3NO2
−·Ar2 anions are formed by attachment of slow

electrons to CH3NO2 and clusters containing CH3NO2 in an
electron impact plasma in the high density region of the ex-
pansion. The plasma is generated by impact of high energy
electrons �800 eV� from an electron beam magnetically con-
fined to the expansion. Anions are mass selected employing a
linear TOF spectrometer, and transferred into the detachment
region of the velocity map imaging spectrometer by steering
ion optics and an Einzel lens �see Fig. 2�. The ion beam
diameter in the detachment region is about 1 mm.

The velocity map imaging spectrometer is based on the
ideas of Eppink and Parker,13 and its setup is similar to those
of the Lineberger and Sanov groups.14 Photons from a lin-
early polarized laser beam with its polarization vector paral-
lel to the ion beam detach electrons from the anions in the
beam. PE imaging visualizes the probability distribution of
PEs in three-dimensional �3D� space. The spatial coordinates
of the expanding PE cloud at time t after detachment can be
expressed in terms of the electron momentum p in the x, y,
and z directions �e.g., px=mex / t�. The electrons are acceler-
ated perpendicular to the ion beam into a flight tube. An
electrostatic lens is used to image the 3D expanding PE

“cloud” that develops upon photodetachment onto a two-
dimensional �2D� imaging detector, consisting of a micro-
channel plate detector coupled to a phosphor screen and a
charge coupled device �CCD� camera. Because the linear
polarization of the detachment laser is parallel to the plane of
detection, the angular distribution of the electrons on the
detector is the 2D projection of the 3D PE cloud, where the
3D electron cloud has cylindrical symmetry with the symme-
try axis parallel to the laser polarization. The initial 3D dis-
tribution of the photodetached electrons can be recovered
using an Abel inversion15 as implemented in the BASEX
�Ref. 16� or the pBASEX �Ref. 17� algorithm. The trans-
formed image encodes the electron velocity �or kinetic en-
ergy� in the radial PE distribution, and the probability density
of photoemission as a function of the emission angle.

The spectrometer is housed in a differentially pumped
�turbomolecular pump, 210 � /s� CF150 six-way chamber
behind the TOF drift tube, and the reflectron of the mass
spectrometry part of the apparatus described in Ref. 11 is
switched off. The pressure during operation is on the order of
several 10−8 mbar. The ion beam is collimated by a 5 mm
aperture and focused by an Einzel lens into the detachment
region �see Fig. 2�. The acceleration stack of the spectrom-
eter itself is made of three oxygen-free, high conductivity
�OFHC� copper electrodes, spaced by 15 mm, with 25 mm
holes �gridless� in the second and third electrodes to allow
the electrons to pass. The total length of the spectrometer is
350 mm. The spectrometer stack including the flight tube is
surrounded by two concentric cylinders of annealed � metal
�1 mm wall thickness each� to shield from stray magnetic
fields. The electrons are mapped according to their velocities
onto a position-sensitive detector, consisting of two micro-
channel plates �MCPs� �active area of 40 mm� in chevron
configuration and a phosphor screen. The MCP detector volt-
age is gated to enhance our signal-to-noise ratio. The phos-
phor screen image is digitized by a CCD camera �UNIQ
UP-610CL, 659�494 pixels�, and the centroids of events in
the image are determined and stored using the WENIMAGING

program developed in the Suits group.18 The image is dis-
placed from the center of the phosphor screen because of the
ion kinetic energy ��3.4 keV�. As a result, some of the
faster PEs that are emitted with velocity components in the
ion beam direction may not be registered on the detector. In
this case, we use only the half of the image that is fully
mapped on the detector after carefully locating the center of
the image. Due to symmetry arguments, the complete infor-
mation on the photoelectron energy and angular distributions
is already encoded in each quadrant of the image. While
extracting information from one quadrant reduces the signal-
to-noise ratio in the resulting photoelectron spectrum, the
independent information content in each quadrant is useful
for testing the influence of small defects on the position-
sensitive detector. In the present experiments, there was a
small blind spot on the detector, whose influence on the pho-
toelectron spectra and angular distributions we found to be
negligible.

The PE imaging spectrometer is calibrated using the
known19 PE spectrum of S−, using the second harmonic of a
nanosecond-pulsed Nd:yttrium aluminum garnet laser ��

FIG. 2. Schematic of the PE imaging spectrometer �see text�.
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=532 nm�. The S− ions are produced in dissociative electron
attachment to CS2, entrained into the Ar expansion. The typi-
cal resolution of the spectrometer is 7.5 meV �full width at
half maximum �FWHM�� at 200 meV electron kinetic en-
ergy.

PE images of CH3NO2
− and CH3NO2

−·Ar are obtained
by irradiation of the ions with the output of a tunable,
nanosecond-pulsed optical parametric converter �LaserVi-
sion�, operating in the midinfrared �IR, between 2100 and
3800 cm−1, bandwidth �2 cm−1�. The detaching radiation is
always polarized parallel to the ion beam and perpendicular
to the electron spectrometer axis. The IR beam is passed
through Si and Ge filters to remove traces of pump radiation
and of the idler radiation produced in the optical parametric
converter. Immediately before entering the apparatus, the IR
beam passes a Si polarizer to clean up the polarization. Like-
wise, the 532 nm beam used for calibration is passed through
a polarizer immediately before entering the apparatus. While
images are already interpretable with as few as several 105

events, typical images contain several 106 events. The corre-
sponding acquisition time varies depending on laser fluence
and ion intensity, but typical acquisition times are on the
order of 30 min to one hour for good signal-to-noise ratio.

III. COMPUTATIONAL DETAILS

A. Ab initio calculations

Computational chemistry calculations were performed
using the GAUSSIAN 03 program.20 Geometries and frequen-
cies for �2A�� CH3NO2

− and �1A�� CH3NO2 were calculated
using density functional theory �DFT� with the Becke-3 Lee–
Yang–Parr �B3LYP� hybrid functional21 and the 6-311+

+G�2df ,2p� basis set.22 Geometries were also calculated us-
ing coupled-cluster theory with single and double excitations
and perturbative inclusion of triples �CCSD�T�� �Ref. 23�
with the aug-cc-pVTZ basis set.24 The anion and neutral ge-
ometries for the two levels of theory are shown in Fig. 1. The
most significant geometry deviation between the DFT and
coupled-cluster calculations is in the angle � between the
plane of the NO2 group and the CN bond. Calculated DFT
frequencies are provided in Table I. The calculated electron
affinity is EA0�CH3NO2�=0.162 eV at the CCSD�T�/aug-cc-
pVTZ level with vibrational zero-point energy corrections
from the B3LYP /6-311+ +G�2df ,2p� harmonic frequen-
cies. Detailed computational results are provided in the
Supplementary Information.49

B. Franck–Condon analysis

Vibrational normal modes from the DFT calculations
were employed to simulate the Franck–Condon profiles us-
ing the PESCAL program.25,26 Except for the torsional vibra-
tion for internal rotation around the CN bond, which is dis-
cussed separately in Sec. IV C, the FCFs were calculated in
the independent harmonic oscillator approximation with full
treatment of the Duschinsky rotation27 of the normal mode
eigenvectors between the anion and neutral, using the Sharp–
Rosenstock–Chen recursion method.25,28,29 Additional details
of the Franck–Condon simulations described here are pro-
vided in the Supplementary Information.49

The vibrational frequencies for neutral CH3NO2 �14 of
the 15 modes, i.e., excluding the torsion� were taken from
the experimental infrared/Raman fundamental frequencies30

and substituted for the calculated values. The three CH

TABLE I. Frequencies �cm−1� and geometry displacements.

Mode Assign.b

CH3NO2
− CH3NO2 K� / �g /mol�1/2 Åa

B3LYPc Scaledd B3LYPc Expt.b B3LYPc Fite

1 w�NO2� 411.7 403f 616.1 603 0.6802 0.65
2 �s�CH3� 1391.5 1369 1402.9 1380 �0.0428 �0.14
3 vs�NO2� 1201.7 1172 1431.9 1397 0.3255 0.34
4 r��CH3� 1089.6 1084 1136.7 1131 0.1267 0.030
5 v�CN� 844.1 836 926.9 918 �0.2745 �0.31
6 ��NO2� 583.8 579 662.5 657 0.0854
7 vs�CH3� 2887.5 2777g 3081.6 2974 �0.0345
8 vs��CH3� 3054.9 2922g 3168.4 3045 �0.0034
9 �s��CH3� 1461.2 1416 1479.6 1434 0.0122
10 Torsion 204.2 H.R.h 11.6 F.R.h 0.0
11 r�NO2� 446.2 440 481.5 475 0.0
12 r��CH3� 1058.5 1044 1111.4 1096 0.0
13 va�NO2� 1280.5 1252 1619.0 1583 0.0
14 �a�CH3� 1472.5 1416 1466.6 1410 0.0
15 va�CH3� 3108.1 2965f 3200.5 3080 0.0

aGeometry displacements in terms of anion normal mode coordinate vectors.
bExperimental fundamental frequencies �Ref. 30�. Assignment labels in column 2 are taken from Ref. 30.
cB3LYP /6-311+ +G�2df ,2p� harmonic frequencies.
dExcept as noted, scaled theoretical values as described in the text.
eOptimized displacements to fit PE spectrum of Compton et al. �Ref. 1�.
fThe experimental value from the present work is �380�56� cm−1 as derived from the hot bands �see text�.
gExperimental fundamental frequencies �Refs. 3 and 5�.
hH.R., threefold hindered rotor with 953 cm−1 barrier from B3LYP /6-311+ +G�2df ,2p� calculation. F.R., free
rotor.
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stretch fundamental frequencies for the anion were taken
from infrared spectroscopy experiments.3,5 The other anion
frequencies were estimated by scaling the calculated
B3LYP /6-311+ +G�2df ,2p� harmonic values by the ratio
of the experimental fundamental to calculated harmonic fre-
quency of the neutral for the similar normal mode. These
frequencies are given in Table I.

Both anionic and neutral CH3NO2 have Cs planar sym-
metry with nine totally symmetric vibrational modes �which
have nonzero normal coordinate displacements between the
anion and neutral� and six nontotally symmetric modes �zero
displacements�. Nontotally symmetric modes are considered
Franck–Condon “inactive,” but can have some activity for
2n←0 transitions because of the overlap of the even wave
functions with different harmonic frequencies. All n←0
transitions are possible with nonharmonic potentials �e.g.,
the torsional mode�. The calculated geometry changes be-
tween the anion and neutral are given in Table I, presented as

the K� � displacement vector in the anion normal coordinate
frame as defined elsewhere.25,29 The signs of the Cartesian
displacement vectors are arbitrary in the harmonic oscillator
approximation, but need to be defined self-consistently for
the Duschinsky rotation calculations. We have chosen the
direction of the normal coordinates for each mode such that
the B rotational constant of the molecule decreases �Iyy com-
ponent of the moment of inertia increases� for a positive
displacement.

The internal rotation of the methyl and NO2 groups
about the CN bond is a hindered rotor in the anion but is
essentially a free rotor in neutral CH3NO2. The torsional po-
tentials are calculated at the B3LYP /6-311+ +G�2df ,2p�
level by scans of the HCNX dihedral angle, where X is a
dummy atom placed 90° to the CN bond and defining the
bisector of the NO2 group, while all other distances and
angles are allowed to relax. For the anion, the potential en-
ergy is well approximated by a cosine function,

V��� = �V0/2��1 − cos n�� ,

with n=3 and a barrier of V0=953 cm−1. For the neutral, the
potential is sixfold symmetric and nearly a free rotor with a
barrier of less than 2 cm−1. The vibrational wave functions
and energy levels for the torsions were calculated as de-
scribed by Spangler31 by solving the one-dimensional
Schrödinger equation with a free-rotor basis set. The reduced
moments of inertia were obtained as Ir= �1 / ICH3

+1 / INO2
�−1

with the CH3 and NO2 group moments of inertia obtained
from the calculated geometries relative to the CN bond axis.
This is the simplest approximation for the rotor moment of
inertia as described by East and Radom.32 The neutral is
treated as a free internal rotor.

The calculation of Franck–Condon factors for torsional
vibrations has been outlined by Ingham and Strickler33 and
by Spangler and Pratt.34 For the present case, where the co-
sine potential functions of the upper and lower states are
in-phase �minima at the same configuration�, the Franck–
Condon overlaps are a simple sum over the coefficients of
the free-rotor basis functions forming the torsional wave
functions. A standalone FORTRAN program was developed to
calculate the Franck–Condon factors for torsional modes and

the resulting transition intensities were imported into
PESCAL.26 This effectively treats the torsional mode as an
independent oscillator with no Duschinsky mixing with other
modes, which is a good approximation because the torsion is
a nontotally symmetric mode.

IV. RESULTS AND DISCUSSION

A. Interpretation of the photoelectron spectrum,
adiabatic electron affinity determination,
and the dipole-bound state

The uncertainty in the AEA determination of Compton et
al.1 was due to the shape of the PE spectrum, which is domi-
nated by an extended vibrational progression, peaking at a
vertical detachment energy of about 0.9 eV. The AEA deter-
mination was done by using the last discernible peaks at the
low binding energy side of the spectrum.

Figure 3 shows the PE spectra of CH3NO2
− at 397 meV

�3200 cm−1� and 322 meV �2600 cm−1� photon energy, and
a sample photoelectron image is presented in Fig. 4. This
corresponds to the low binding energy side of Compton’s
et al. spectrum �inset in Fig. 3�. The spectrum is dominated
by a progression of intense peaks with a spacing of
�76�7� meV or �613�56� cm−1 The lower binding energy
range shows a series of smaller features with less regular
spacing. We note that all photon energies in this study were
chosen carefully to avoid the influence of known vibrational
autodetachment resonances of the CH3NO2

− anion.3,5

At this point, we can tentatively assign the three intense
features as the main vibrational progression, with the vibra-
tional 0-0 origin transition at the nominal peak position of
EB= �170�5� meV, and the features toward lower binding
energies as hot bands. The energy spacing of

FIG. 3. PE spectra of CH3NO2
− at 322 meV �2600 cm−1, lower trace�, 397

meV �3200 cm−1, upper trace�, and from Ref. 1 �inset, abscissa is in units of
eV�; the circles are data points, the full lines are five point adjacent averages
to guide the eye; the arrow denotes the peak corresponding to the vibrational
ground state of the neutral molecule �AEA=172�6 meV�, D the signature
of the dipole-bound state.
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�613�56� cm−1 is in agreement with the value of
�645�70� cm−1 or �80�9� meV reported by Compton
et al.1 and corresponds to the 603 cm−1 frequency for the
NO2 wag mode of gas-phase CH3NO2 reported by Gorse et
al.30 The comparison of the spectrum of bare CH3NO2

− and
that of CH3NO2

−·Ar �see Fig. 5� corroborates this assign-
ment. The series of intense peaks spaced by 76 meV is
shifted by �63�7� meV toward higher binding energies
upon Ar solvation. The hot bands at lower binding energies
are suppressed for CH3NO2

−·Ar because of the much lower
internal energy of the Ar complex �see below�. The photo-

electron spectrum of CH3NO2
−·Ar2 �not shown� is shifted by

an additional �61�7� meV relative to that of CH3NO2
−·Ar.

This very regular behavior in the Ar induced shifts confirms
our identification of the hot bands in the spectrum of bare
CH3NO2

−. Therefore, we determine the AEA of CH3NO2 to
be �172�6� meV �after corrections for torsional and rota-
tional contour shifts discussed below�.

Comparing the geometries of anionic and neutral
CH3NO2, we note that the most prominent geometry differ-
ence between the two charge states is the position of the NO2

group relative to the CN bond. This difference likely will
lead to an extended vibrational progression with large FCF in
the photoelectron spectrum. Based on this assumption, we
can already at this point tentatively assign the most intense
peaks in the experimental PE spectrum of CH3NO2

− at 397
meV �3200 cm−1� photon energy as the first three members
of a progression of the neutral NO2 wagging mode 	1

�0� �see
Table I for the labeling of the modes� with quantum numbers
n1

�0�=0, 1, and 2. In addition, we can identify a peak at
�122�5� meV binding energy as a hot band of the anionic
NO2 wagging mode 	1

�−�, i.e., corresponding to the transition
n1

�0�=0←n1
�−�=1 and a peak at �77�5� meV as a hot band

in the same mode, but with quantum numbers n1
�0�=0

←n1
�−�=2. We therefore arrive at an experimental frequency

for the anionic NO2 wagging mode of �380�56� cm−1. A
band at �195�5� meV binding energy is the signature of the
transition n1

�0�=1←n1
�−�=1. The higher members of this

progression are very weak, but observable as shoulders on
the high energy sides of the intense neutral progression. We
note that other low-frequency modes may contribute to the
observed hot bands. We will discuss the assignment of the
observed vibrational features based on calculated FCF below
�see Sec. IV C�.

The PE spectra of bare CH3NO2
− show a weak feature at

a binding energy of �8�8� meV. This feature does not cor-
respond to any of the possible anion vibrational modes with
any appreciable Franck–Condon intensity �see below�, which
makes it highly unlikely to be a hot band. Compton et al.1

determined the binding energy of the dipole-bound state of
CH3NO2

− populated in Rydberg electron transfer experi-
ments to be �12�3� meV, in agreement with the feature we
observe in the PE spectrum. We tentatively assign this fea-
ture at low binding energies to the dipole-bound state of
CH3NO2

−, which has not been observed previously by PE
spectroscopy. A proof of this assignment would be the obser-
vation of this feature in the PE spectrum of CH3NO2

−·Ar.
However, the dipole-bound state seems to be strongly sup-
pressed in CH3NO2

−·Ar, and its signature is not intense
enough to create a peak significantly above the noise level in
the corresponding PE spectrum �see Fig. 5�. This behavior
might suggest it to be a hot band. However, the anisotropy of
the photodetached electrons from this feature �taken at sev-
eral photon energies� does not fall into the same trend as
those from the clearly valence-bound hot bands, hinting at a
different electronic state involved, as will be discussed in
Sec. IV B.

FIG. 4. PE image of CH3NO2
− at 322 meV �2600 cm−1� photon energy,

based on one quadrant of the raw photoelectron image �see Sec. II�. The left
half of the figure contains the raw PE image with the intensity in the upper
portion doubled to better show the dynamic range of the image without
saturating the gray scale. The right half of the figure shows the BASEX
transformed image with the “center line artifact” from the BASEX transfor-
mation removed. The signature belonging to the dipole-bound state has been
labeled “D.”

FIG. 5. PE spectra of CH3NO2
− �upper trace� and CH3NO2

−·Ar �lower
trace� at 397 meV �3200 cm−1� photon energy. The dashed lines and arrows
show how the vibrational progression of the neutral molecule shifts by 63
meV toward higher binding energies upon solvation by one Ar atom.
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B. Photoelectron angular distributions

PE angular distributions f�
� from photodetachment by
linearly polarized light as a function of the emission angle 

with respect to the polarization axis can be described using
the expression35,36

f�
� =
�0

4�
�1 + ��,EK�P2�cos 
�� , �1�

where �0 is the total detachment cross section, P2�cos 
�
= �1 /2��3 cos2 
−1� is the second order Legendre polyno-
mial in cos 
, and  is the anisotropy parameter �in older
parts of literature also known as asymmetry parameter�,
ranging from =−1 �emission predominantly perpendicular
to polarization vector� to = +2 �emission predominantly
parallel to polarization vector�.  depends on the orbital an-
gular momenta of the contributing partial waves and on the
kinetic energy EK of the emitted electron. EK is connected to
the electron binding energy EB by

EB = h	 − EK. �2�

The PE spectra of atoms can often be described by linear
combinations of only a few partial waves that contribute sig-
nificantly to the PE angular distributions, because of the high
symmetry of atomic orbitals. For photodetachment from
molecules, however, the often complicated shapes of mo-
lecular orbitals generate contributions from high angular mo-
mentum partial waves. At low electron kinetic energies EK,
however, the relative weights of these partial waves are gov-
erned by Wigner’s threshold law,37 stipulating that the rela-
tive cross section �� of a partial wave with given orbital
angular momentum � behaves as

�� � EK
�+1/2. �3�

As s waves �i.e., �=0� are isotropic �=0�, and dominate at
low kinetic energies over the contributions of partial waves
with higher orbital angular momentum, we expect the aniso-
tropy parameter to progressively deviate from =0 as EK

increases. For a given electronic final state, the variation of 
with energy is expected to be monotonic and smooth. In-
specting the experimental results for CH3NO2

− �see Fig. 6�,
we observe that the values of the anisotropy parameter for
the valence states �including the hot bands� follow a consis-
tent trend, increasing from �0 �outgoing s-wave� at low
EK to �1.25 for EK�325 meV. This is consistent with the
contribution from the s partial wave dominating at low ki-
netic energies, while higher angular momenta play an in-
creasing role as EK increases. We caution that Wigner’s
threshold law strictly only holds for electron-molecule inter-
action potentials that fall off faster than 1 /r2. Interactions
with polar molecules, especially those with a dipole moment
sufficiently large to support a bound state, can behave step-
wise and oscillatory.38

In contrast to the valence state �including the hot bands�,
photodetachment from the dipole-bound state results in 
�2 for all data points corresponding to this state for all
photon energies �see Fig. 6�. This dramatic difference con-
firms that the electrons in this feature originate from a dif-
ferent electronic state than the electronic ground state of the

anion. Moreover, the large  value is consistent with a nearly
pure p character of the outgoing wave, similar to photode-
tachment from H− ions,36,39 resulting from photodetachment
out of an s-like orbital. The dipole-bound state is expected to
be spatially extended and s-like in shape. This is consistent
with our observations along the lines of this simple argu-
ment. We note, however, than an outgoing p-wave is not the
only possibility to generate an anistropy parameter �2.
Moreover, the presence of a strong dipole moment can also
modify the predicted anisotropy parameters from this simple
expectation.40

C. Franck–Condon analysis of the PE spectrum
of CH3NO2

−

In the photodetachment transition from CH3NO2
− to

CH3NO2, the largest geometry displacement is along the
NO2 wagging normal coordinate with the known frequency30

of 603 cm−1 in the neutral. As discussed above, this mode
accounts for the major Franck–Condon active progression in
the photoelectron spectrum according to the simulation based
on the DFT calculations. Four other modes, listed as modes
2–5 in Table I, also show substantial Franck–Condon activ-
ity, primarily for their 1←0 and 2←0 transitions. Together,
these five modes account for over 90% of the Franck–
Condon profile intensities. Combination bands involving
modes 3–5 with frequencies of 1100–1300 cm−1 tend to
overlap with the transitions from the NO2 wagging at mod-
erate resolution, causing shifts in the observed peaks. That
accounts for the observed spacing of 645 cm−1 reported by
Compton et al.1

As a consequence of the differences in geometry be-
tween anion and neutral, the character of the internal rotation
of the methyl group changes completely upon electron de-

FIG. 6. Anisotropy parameters as a function of electron kinetic energy for
different photon energies. Squares, circles, triangles, and stars correspond to
data taken at 2300, 2500, 2600, and 3200 cm−1, respectively. Filled symbols
correspond to the valence electronic state, while the open symbols belong to
the dipole-bound state. The data points marked with larger circles belong to
the hot bands at binding energies of 77 and 122 meV. Error bars have been
conservatively estimated to be �0.1, except in cases where the fits of the
angular distributions to Eq. �1� resulted in larger error bars because of
poorer signal-to-noise ratios. The dashed line shows the theoretical maxi-
mum of the value for the anisotropy parameter �=2�.
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tachment. In the anion, the methyl rotor is strongly hindered,
while it is essentially a free rotor in the neutral. This leads to
each vibrational band being accompanied by combination
bands involving the hindered-to-free rotor transitions. Figure
7 shows the simulated spectrum for CH3NO2

− at 100 K in
comparison with the experimental PE spectrum of
CH3NO2

−·Ar at a photon energy of 322 meV �2600 cm−1�.
We chose this particular ion because its PE spectrum will be
virtually free of hot bands, as it should be quite cold. While
the individual transitions are not resolved in the experimental
spectrum, the shape of the 0←0 band is clearly asymmetric
with a steeper low binding energy slope. On the basis of our
FCF calculations, we argue that this asymmetry is mainly
due to the hindered-to-free methyl rotor transitions. A stick
spectrum of the Franck–Condon transitions for the torsional
mode is shown in Fig. 7. Because the upper state is a near-
free rotor and the lower state hindered rotor ground-state
wave function includes components of a series of free-rotor
basis set functions that overlap with the free-rotor wave
functions, the simulated spectrum is qualitatively reminiscent
of rotational structure. In the independent oscillator approxi-
mation, this structure is repeated for every vibrational tran-
sition in the nitromethane spectrum. At the available experi-
mental resolution, the individual torsional transitions are not
resolved but they contribute to the broadening of the ob-
served transitions.

Rotational contours were calculated as described
previously41,42 using the DFT geometries and treating the
anion and neutral as asymmetric tops. At the experimental
resolution, the rotational contours are only slightly asymmet-
ric and the peak shift is �1.2 meV at 250 K. However, the
contour due to the internal torsional transitions shifts the
peaks in the opposite direction. Simulation of both the tor-
sional and rotational transitions �both calculated for 250 K

and using an instrumental resolution of 7.5 meV� gives a net
shift of �+2�1� meV This shift has been accounted for in
the electron affinity values reported above.

Because the low-energy imaging photoelectron spectra
exhibit only the first few transitions of the Franck–Condon
envelope, Franck–Condon fits where the geometry displace-
ments are optimized are not well constrained by the present
experiments. In addition, variations in the photodetachment
cross sections are expected owing to threshold effects for
imaging spectra taken at low photon energies. Therefore, we
first compare the Franck–Condon simulations to the
CH3NO2

− photoelectron spectrum of Compton et al.,1 which
was taken at a photon energy of 2.54 eV and exhibits the
entire Franck–Condon band profile. Figure 8 compares the
experimental spectrum with Franck–Condon simulations us-
ing normal coordinates from the DFT calculations, frequen-
cies given in Table I, and the origin assignment as obtained
from our imaging experiments. The peaks are convolved by a
Gaussian function with a FWHM of 30 meV as reported for
the instrumental resolution.1 An anion vibrational tempera-
ture of 300 K is assumed. The raw calculated displacements
already gave a very good match with the experimental spec-
trum, but the displacements for the first five modes, the elec-
tron affinity, and a scaling factor were optimized to provide a
least-squares fit to the experiment over the electron binding
energy range of 0–1.3 eV. The optimized displacements are
given in Table I. The changes from the calculated displace-
ments are minor and should be considered as qualitative val-
ues because individual transitions for the five optimized
modes are not resolved in the experiment. Additional details
of the simulation are provided in the Supplementary
Information.49 The optimized electron affinity is 168 meV, in
good agreement with the imaging result of �172�6� meV.
As shown in Fig. 8, the simulation provides an excellent fit
to the experimental photoelectron spectrum, especially con-
sidering that anharmonicity effects are not included, even
though the progression of the NO2 wagging mode extends to
fairly high vibrational levels. This agreement confirms that

FIG. 7. Comparison of the torsional FCF calculation �vertical sticks� at 100
K temperature and the experimental results for CH3NO2

−·Ar, shifted by the
EA of the Ar complex �full line�.

FIG. 8. Comparison of the experimental photoelectron spectrum by Comp-
ton et al. �Ref. 1� with a fitted FCF simulation �see text�.
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the photoelectron spectrum of Compton et al.1 is consistent
with our origin assignment from low-energy photoelectron
imaging. As indicated by Compton et al.,1 however, their
spectrum alone is insufficient for a definitive assignment of
the origin. Indeed, we could also produce reasonable
Franck–Condon fits with assignments of EA�20, 95, or 245
meV. Therefore, the higher-resolution and lower-temperature
imaging experiments are essential for determining a precise
electron affinity.

For the present purposes, we now have a validated set of
Franck–Condon intensity parameters constrained to match
the full experimental photoelectron spectrum.1 These may be
used to compare Franck–Condon simulations with the
present experiments. A minor complication is that the imag-
ing spectra are acquired in the velocity domain, rather than
as a function of electron kinetic energy �EK� for conventional
photoelectron spectroscopy.1,43 The instrumental resolution
function has constant width in velocity space but varies as
EK

1/2 after the spectra are converted to EK or electron binding
energy, EB=h	−EK. To account for these effects properly,
PESCAL �Ref. 26� has been modified to calculate and fit pho-
toelectron spectra in the original velocity space �or time
space for time-of-flight techniques�, then perform the appro-
priate Jacobian transformation of both the data and the simu-
lation afterward to convert to electron binding energies for
presentation.

Because the imaging spectra are taken at near-threshold
photon energies, it is also necessary to consider the depen-
dence of the photodetachment cross section on photoelectron
velocity, which can modify the Franck–Condon intensities.
According to the Wigner threshold law �2�, the photodetach-
ment probability is proportional to EK

�+1/2 where �=0 for
s-wave electron detachment �removal from a p-electron or-
bital at low kinetic energy�, �=1 for p-wave �removal of an
s-electron�, etc. Above threshold, interference effects can be
observed, for example, between s- and d-electron waves for
detachment from a p-orbital.35,36 The situation is consider-
ably more complex for detachment from molecular orbitals.
Reed et al.42 and Clodius et al.45 applied theoretical methods
in a single-electron approximation to calculate the photode-
tachment intensity for molecules as a function of photon en-
ergy above the threshold. Unfortunately, there is no simple or
general functional form for the velocity dependence for mo-
lecular anion photodetachment intensities, as it depends on
the details of the interference of outgoing electron waves
from molecular orbitals arising from a mixture of atomic
orbitals on different centers. Nevertheless, some general con-
siderations apply �neglecting the influence of the dipole mo-
ment of the neutral molecule�: �1� First, the leading term for
the velocity dependence is proportional to EK

1/2. This elec-
tron velocity factor appears in the coefficient of the expres-
sions for atomic negative ion photodetachment cross sections
given by Massey,46 for molecular photodetachment by Reed
et al.,44 and was cited by Ervin and co-workers42,47 as appro-
priate for scaling Franck–Condon factors in photoelectron
spectroscopy simulations. Because EK

1/2 gives a relatively
slow variation at moderate electron kinetic energies EK, this
factor usually has a very minor effect on the simulation of
FCF for conventional negative ion photoelectron spectros-

copy, i.e., for photon energies in the 2–4 eV range and elec-
tron kinetic energies greater than 0.3 eV over the energy
range of typical vibronic transitions. The EK

1/2 scaling factor
is exact for pure s-wave detachment and will predominate
over higher-order terms very near threshold. However, scal-
ing proportional to EK

1/2 is incorrect in general when detach-
ment involves higher-order electron waves with possible in-
terference effects. Pure p-wave detachment �or higher-order
spherical harmonics� with EK

3/2 dependence �or higher pow-
ers� can become relevant at slightly higher kinetic energies,
until the detachment behavior is no longer governed by
Wigner’s law. Detailed evaluation of the photodetachment
matrix elements as a function of photon energy and averag-
ing over molecular orientations is required for a complete
treatment.44,45 �2� Second, Reed et al.44 introduced the prin-
ciple of comparing the overall group symmetry of the highest
occupied molecular orbital �HOMO� from which the electron
is detached to atomic orbital symmetry to assign the pre-
dominant near-threshold electron detachment symmetry. For
the present case, the HOMO of CH3NO2

− is an A� orbital
centered on the NO2 group composed predominantly of
p-orbitals pointing out of the ONO plane with the same
phase on the O atoms and the opposite phase on the N atom.
The orbital is pictured in Fig. 9; in the pseudoatomic limit
the HOMO exhibits d-like symmetry with two angular nodes
�one in the ONO plane and one passing between the N atom
and the two O atoms�. That would imply that the detachment
would result in a p-wave as a first-order approximation.
However, the HOMO also includes other atomic orbital com-
ponents with smaller coefficients, which will complicate this
picture. �3� Third, the angular distribution of the photode-
tachment relative to the electric field vector of the laser pro-
vides complementary information regarding the symmetry of
the photodetached electron wave. In the present case, the
detachment at the lowest electron velocities exhibits isotro-
pic s-wave behavior ��0� as shown in Fig. 6, which im-
plies �=0, but  increases with increasing photoelectron ve-
locities suggesting that higher-order terms become
important.

FIG. 9. �Color online� HOMO of CH3NO2
−. The HOMO is mainly localized

on the nitro group, but small parts also permeate into the rest of the mo-
lecular frame, even the �� antibonding orbital of the CH group syn to the
nitro group.
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Experimental evidence shows that near-threshold low-
electron-velocity detachment transitions in imaging experi-
ments are indeed suppressed compared to Franck–Condon
intensities. For example, Surber and Sanov48 noted the dimi-
nution of near-threshold transitions compared to Franck–
Condon intensities in the CS2

− imaging photoelectron spec-
trum. This effect is also evident in the present experiments,
as may be seen by comparing the relative intensities of the
0←0 and 1←0 NO2 wagging transitions in the spectra in
Fig. 3 taken at two different photon energies. The 1←0 tran-
sition has lower relative intensity in the spectrum that was
taken at lower photon energy and therefore closer to thresh-
old.

The imaging spectrum at 397 meV photon energy
�3200 cm−1� is compared to Franck–Condon simulations in
Fig. 10. Three simulations are shown, one without electron
velocity scaling �simple Franck–Condon approximation�,
one scaled by EK

1/2 �pure s-wave detachment�, and one
scaled by EK

3/2 �pure p-wave detachment�. Comparing the
simulation without velocity scaling, it is obvious that transi-
tions at low electron velocity �high electron binding energy�
are strongly suppressed. The simulations that are scaled by
EK

1/2 or EK
3/2 better match the relative intensities of the ob-

served spectrum, but neither is an exact fit over the whole
energy range. That behavior suggests that a more sophisti-
cated calculation of the photodetachment cross sections as a
function of photoelectron velocity including multiple terms
would be required to match the experimental intensities.
Nevertheless, the overall match between the experimental
spectrum and the simulations is sufficient to verify the as-
signments of the transitions discussed above.

The intensity of the hot band assigned in Fig. 10 as the
0←2 �EB�77 meV� transition of the NO2 wagging mode is
about a factor of four higher than predicted by the Franck–

Condon simulations. The simulations in Fig. 10 use an anion
temperature of 250 K, which roughly reproduces the relative
intensities of the 0←0 origin and nearby 1←1 sequence
band of the wagging mode. At this temperature, the observed
intensity of the 0←2 band is too high relative to the 0←1
and 0←0 transitions to be explained by a Boltzmann distri-
bution. However, if the anion vibrational temperature is in-
creased to 400 K to match the 0←2 hot band intensity, then
the intensities of the n←2 transitions for n=1, 2, and 3 are
too strong compared to the experiment. The source of this
intensity discrepancy is uncertain—anharmonicity effects
could be partly responsible. The disappearance of the peak in
the cold CH3NO2

−·Ar spectrum �Fig. 5� and the fact that its
anisotropy follows the same trend as the main progression
�Fig. 6� imply, however, that this feature is indeed due to hot
bands and is unrelated to the dipole-bound state �peak D in
Fig. 3�. Finally, we note that the two vibrational hot bands
predicted to be nearest the dipole-bound detachment peak at
EB= �8�8� meV are a 0←3 NO2 wag transition at
−1209 cm−1 or EB=19.1 meV and a combination of 0←1
in the NO2 wag and 0←1 in the CN stretch at −1239 cm−1

or EB=15.4 meV. Even allowing for frequency shifts �and
ignoring the distinctive anisotropy of peak D�, the calculated
Franck–Condon intensities of these hot bands are each less
than 0.3% of the 0-0 origin peak, much too small to account
for the observed feature.

V. SUMMARY AND CONCLUSIONS

We have studied the photoelectron energy spectra and
angular distributions for low-energy photodetachment of ni-
tromethane anions. We have determined a new and more
accurate value of the adiabatic electron affinity of ni-
tromethane of �172�6� meV, and we were able to unam-
biguously assign many of the vibrational features in the pho-
toelectron spectrum. The most intense peaks observed in the
photoelectron spectrum are due to progressions of the neutral
NO2 wagging mode. We observe the dipole-bound state of
the nitromethane anion, clearly identifiable through its aniso-
tropy, which is very different from the valence state based
vibrational features. We postulate the existence of bound-to-
free transitions of the internal methyl rotor, which are unre-
solved in the present photoelectron spectra, but are the cause
for an asymmetry in the prominent vibrational features, and
contribute strongly to the spectral congestion of the photo-
electron spectra. Future high resolution photoelectron spec-
troscopy experiments at even lower photon energies may be
able to resolve these features.
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