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ABSTRACT: We report a photoelectron imaging study of the
pyridinide anion, C5H4N−, obtained by deprotonation of
pyridine at the C4 position. The photoelectron angular
distributions are used to test the theoretical formalism for
photodetachment from mixed-character s−p states, demonstrating its ﬁrst application to a truly polyatomic system. The
mixed s−p model describes the initial state of the anion in
terms of a superposition of one s orbital and one p orbital
centered on the deprotonated carbon. Using the model
parameter values determined from ab initio calculations,
without any ﬁts to the experimental data, the theory yields good quantitative agreement to the experiment. The agreement is
demonstrated using either the canonical Hartree−Fock highest-occupied molecular orbital of the anion or the corresponding
Dyson orbital. The results conﬁrm the predictive power of the mixed s−p model and suggest that despite its approximate nature
it captures the essential physics of the photoemission process.
be described using the Cooper−Zare model,6,7 which is based
on the central-potential theory of Bethe.8,9 While a direct
application of the Cooper−Zare formula6,7 requires the
evaluation of transition matrix elements (not a trivial
undertaking in its own right),10 a more practical approach
was proposed by Hanstorp et al.,11 who assumed that the
relative scaling of the partial-wave cross sections follows the
Wigner law.12 Within this formalism, photodetachment from an
s or s-like orbital is generally expected to yield a parallel angular
distribution, described by a positive value of the photoelectron
anisotropy parameter β, with a limiting value of 2 for a pure s
orbital.6,7,13 Photodetachment from a p or p-like orbital, on the
other hand, is generally expected to yield a perpendicular PAD
(in the moderate electron kinetic energy, eKE, regime),11,14,15
with the value of β < 0 varying with eKE due to the interference
of s and d partial waves.6,7
Until recently, no practical analogue of the Cooper−Zare
formula6,7 similar to Hanstorp’s equation11 had existed for the
photodetachment from molecular orbitals described by superpositions of more than one initial S value.16 To this end, our
group has developed an approximate formalism for photodetachment from mixed-character s−p states. Initially proposed
by Grumbling et al.17 for the case of solvation-induced
polarization of the initial state, it was shown to be applicable
to PADs resulting from a broad class of hybrid spx molecular
orbitals.18 The formalism is rooted in a central-atom
approximation, which considers the s and p functions localized

1. INTRODUCTION
Representation of molecular orbitals (MO) in terms of
superpositions of atomic functions is a common approach to
describing the electronic structure of molecules. It may involve
the orbitals of individual atoms or the atomic-like functions
centered anywhere in the molecular frame. Both variants are
based on the same mathematical concept of basis-set expansion.
In a related realm, the conceptual description of chemistry
often involves deﬁning the primary character of the MOs that
control the molecular bonding structures. For example, hybrid
orbitals have long been used for predicting molecular
geometries and reactivity. Such general approaches have
indisputable theoretical and pedagogical value in introducing
the fundamental concepts of chemistry. While many modern
theoretical methods aim to provide an increasingly accurate and
detailed description of the electronic structure (demanding ever
increasing computing power and basis sets with myriads of
functions), the ultimate goal of scientiﬁc exploration remains
the conceptual understanding of the big picture, such as the
dominant character of chemical bonds.
A variety of experimental methods aim at the electronic
structure of molecules. Coupled with theoretical modeling, the
experiments expand our understanding of molecular bonding
motifs. Photoelectron imaging, in particular, focuses not only
on photoelectron spectra1,2 (and the energy levels that they
reﬂect) but also on the photoelectron angular distributions
(PAD),3,4 reﬂecting the symmetry properties of the electronic
wave functions and the physics of the photoemission process.5
Photodetachment from mixed-character states of negative
ions, involving, for example, the spx hybrid orbitals, presents an
interesting conceptual problem. In the limiting cases of atomic
or atomic-like states (with deﬁned or eﬀective values of the
orbital angular momentum quantum number S ), the PADs can
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In the present work, we approach this system from an
entirely diﬀerent angle. By measuring and modeling the
photoelectron angular distributions, we probe the properties
of the pyridinide anion HOMO and demonstrate the ﬁrst
application of the s−p mixing formalism to a truly polyatomic
system. A very good (nearly perfect) quantitative agreement
between the experiment and the model is achieved using the ab
initio properties of the system without any adjustable
parameters. Such agreement conﬁrms the predictive power of
the mixed s−p model and suggests that despite its approximate
nature it does capture the essential physics of the photoemission process.

on a single center in the parent molecular anion. This
assumption works well for certain MOs, such as the
HOMO−1 of NH2− (localized predominantly on the “central”
nitrogen atom), but is less applicable to other similar-size anion
orbitals, such as the HOMO−1 of CCl2− (which includes nonnegligible contributions of Cl orbitals, leading to the breakdown
of the central-atom approximation).18
In this paper, we apply the mixed s−p model17,18 to a more
complex system, the pyridinide anion, C5H4N−. This closedshell species is derived from deprotonation of pyridine, C5H5N,
at the C4 position.19,20 The optimized molecular geometry and
the a1 symmetry HOMO of C5H4N−, calculated21 at the
CCSD/6-31+G* level of theory, are illustrated in Figure 1a. As

2. EXPERIMENTAL AND THEORETICAL METHODS
The experiments were carried out using the negative ion
photoelectron imaging spectrometer described in detail
previously.22,23 The ions were generated by introducing a
neutral precursor gas mixture into the high-vacuum ion source
chamber through a pulsed supersonic nozzle (General Valve,
series 9) operated at a repetition rate of 20−70 Hz and a 20 psi
backing pressure. In the present experiments, the precursor gas
mixture consisted of room-temperature pyridine vapor seeded
in argon carrier gas, with minor O2 and water contaminants
from ambient air in the gas delivery lines. Negative ions were
formed via slow secondary electron attachment following
bombardment of the neutral precursors with high-energy (1
keV) electrons. Atomic oxygen anions generated from O2
impurities assisted with the deprotonation of pyridine. The
anions were separated and characterized in the time-of-ﬂight
mass spectrometer.
Anion photodetachment was performed at 306, 355, 392,
532, 612, and 777 nm. The 777 nm radiation was the
fundamental output of an ampliﬁed Ti:sapphire laser (Spectra
Physics; <1 mJ/pulse, 100 fs pulse width). The 392 nm light
was obtained by frequency doubling the fundamental output of
the same laser. The 532 and 355 nm radiation was the second
and third harmonics, respectively, of a Nd:YAG laser (Spectra
Physics; 25 and 5 mJ/pulse, respectively, ∼6 ns pulse duration).
The 612 nm radiation was the fundamental output of a
Continuum, Inc., Surelight II-20 Nd:YAG pumped (532 nm)
ND6000 dye laser, operating on the Rhodamine 640 dye and
delivering 20 mJ, ∼10 ns duration pulses. The 306 nm light was
obtained by frequency doubling the above output of the dye
laser. The laser beams were mildly focused using a 2 m focal
length lens positioned approximately 1.2 m before the laser−
ion interaction region.
Details of the photoelectron2 imaging24,25 assembly are
described elsewhere.22,23 Most photoelectron images in this
work were recorded with the repeller, middle, and acceleration
electrodes of the velocity-map26 imaging lens at −330, 0, and
900 V, respectively. Additionally, some 532 nm images were
taken with the −110/0/300 V potentials for improved
resolution. The images reported in the next section each
correspond to multiple experimental runs combined to span
∼106 experimental cycles at each wavelength. The results were
analyzed by means of the inverse Abel transformation25 using
the BASEX software package.27
Details of the mixed s−p model were published previously.17,18 For geometry optimization and calculation of the
canonical Hartree−Fock HOMO of C5H4N−, the Gaussian 09
software package21 was used. The corresponding Dyson orbital
was computed using the EOM-IP-CCSD method28 implemented in Q-Chem.29

Figure 1. (a) The ground-state geometry of the pyridinide anion,
optimized at the CCSD/6-31+G* level of theory, superimposed with
an isosurface plot of the HOMO. The dominant character of the
orbital is a hybrid s−p function localized on the C4 center (the
deprotonated C atom opposing the Nitrogen center). (b) The model
wave function obtained as a least-squares ﬁt of ψsp deﬁned in the text
to the ab initio orbital shown in panel a. The ﬁt yields an eﬀective
nuclear charge ξ = 3.10 and a fractional p character value f = 0.88. (c)
The Dyson orbital corresponding to the X 1 A 1 → X 2 A 1
photodetachment transition, computed at the EOM-IP-CCSD/631+G* level of theory. (d) The corresponding model wave function
ψsp with ξ = 3.13 and f = 0.86, obtained by ﬁtting a superposition of
hydrogenic 2s and 2p functions on the C4 center to the Dyson orbital
shown in panel c. The isosurface value for all orbitals shown in panels
a−d is 0.08.

expected, the dominant contribution to the HOMO is due to
the in-plane spx hybridized orbital of the deprotonated carbon
center (C4). Electron emission from this initial orbital is a good
candidate for modeling using the s−p mixing approach.
Wren et al. reported the vibrationally resolved photoelectron
spectra of pyridinide.20 From their measurements, Franck−
Condon calculations, and thermochemical analysis, they
determined the adiabatic electron aﬃnity of the pyridinyl
radical, EA(•C5H4N) = 1.480 ± 0.006 eV, and the C−H bond
dissociation energy of pyridine, 110.4 ± 2.0 kcal/mol.
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assumption, the anisotropy parameter β does not depend
explicitly on the vibrational state of the resulting neutral
molecule. It does, however, depend on it implicitly, through the
corresponding variation of photoelectron kinetic energy. Under
these assumptions, β (as a signature of the parent orbital) is
viewed as an explicit function of eKE rather than eBE, i.e., β =
β(ε), where ε ≡ eKE. By analyzing the photodetachment at
various wavelengths, we examine this dependence over a wide
energy range.
To determine the eKE-dependent β values, the PADs
observed at 777, 612, and 532 nm were analyzed in narrow
(0.06 eV) spectral intervals chosen to coincide approximately
with the partially resolved vibrational peaks. The 392, 355, and
306 nm PADs were integrated over the full width at halfmaximum of the entire photodetachment band, and the
resulting β values were assigned to eKEs of the corresponding
band maxima. Thus determined β(ε) values are plotted in
Figure 3, with the diﬀerent-color symbols representing data
obtained at diﬀerent wavelengths.

3. RESULTS
Photoelectron imaging experiments on the pyridinide anion
were carried out at 306, 355, 392, 532, 612, and 777 nm. The
representative photoelectron images (corresponding to 355,
532, and 777 nm) are shown in Figure 2 alongside the Abel-

Figure 2. Raw (left) and Abel-inverted (middle) photoelectron images
and spectra (right) for photodetachment of pyridinide obtained at 355,
532, and 777 nm. The polarization axis is vertical in the plane of the
images, as indicated by the double arrow in the bottom left corner.
Only the right halves of the Abel-inverted images are shown. The peak
marked EA in the 777 nm spectrum corresponds to the adiabatic
electron aﬃnity of •C5H4N, EA = 1.48 ± 0.02 eV. The peak marked
with an * is a vibrational hot band.

reconstructed data and photoelectron energy spectra. Only the
right halves of the reconstructed images are shown, as the
results are intrinsically symmetric with respect to the central
axis deﬁned by the laser polarization direction. The photoelectron spectra are plotted versus electron binding energy, eBE
= hν − eKE. All transitions observed at each wavelength
studied correspond to removing an electron from the a1
HOMO of the anion to form the ground state of the pyridinyl
σ-radical.
Partial vibrational resolution in the 777 nm data allows for
determination of the adiabatic electron aﬃnity of the radical,
EA(•C5H4N) = 1.48 ± 0.02 eV. This value agrees with the
previous report by Wren et al., EA = 1.480 ± 0.006 eV.20 There
is a lower-eBE peak seen in both our data (marked with an
asterisk in Figure 2), and the results of Wren et al. Franck−
Condon analysis unambiguously showed that this peak (*) is a
hot band due to vibrationally excited anions.20 The observed
progression corresponds to the excitation of the ν9 in-plane
ring-distorting vibrational mode of the neutral radical, with an
average spacing of 0.075 ± 0.003 eV (605 ± 25 cm−1). This
agrees with the value of ν9 = 600 ± 20 cm−1 reported by Wren
et al.20
In contrast to Wren et al.’s report,20 the main focus of this
work is the energy-dependent photoelectron angular distributions. Our interpretation of the PADs is based on the
assumption that, for a given electronic transition, the
photoelectron anisotropy is a signature of the parent orbital.
We will neglect vibronic coupling, since its eﬀects are mostly
averaged out in the observed congested transitions. Under this

Figure 3. Symbols: experimental photoelectron anisotropy parameter
values resulting from pyridinide photodetachment plotted versus
electron kinetic energy. Red circles: 777 nm. Yellow/blue squares: 612
nm. Green triangles: 532 nm. Purple diamonds: 392 nm. Blue open
circle: 355 nm. Green/yellow circles: 306 nm. Model curves are
marked with red numerals 1−5 along the right border of the graph.
Curves 1 and 2 are derived from the central potential model (eq 1)
with S = 1 and A = 0.75 eV−1. Curve 1 (solid gray) assumes cos(δ2 −
δ0) = 1, while for curve 2 (gray dash) cos(δ2 − δ0) = 0.68. Curves 3−5
are mixed s−p model predictions (eqs 2 and 3), assuming A = 0.75
eV−1 and B/A = 8/3. Curve 3 (black dash): f = 0.88 (corresponding to
the model ψsp function shown in Figure 1b) and cos(δ2 − δ0) = 1.
Curve 4 (black solid): f = 0.86 (corresponding to the model ψsp
function shown in Figure 1d) and cos(δ2 − δ0) = 1. Curve 5 (black
dash−dot): f = 0.86 and cos(δ2 − δ0) = 0.95.

4. DISCUSSION
We analyze the observed PADs within two diﬀerent conceptual
frameworks. First, in section 4.1 the parent molecular orbital is
represented as a p-like function within the Copper and Zare
central-potential model.6,11 Since the C5H4N− HOMO (Figure
1a) is hardly a simple atomic orbital with a deﬁned S quantum
number, this approach is obviously deﬁcient. Therefore, a more
appropriate, yet still conceptually straightforward description
treating the initial MO as an s and p hybrid orbital is presented
in section 4.2.
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4.1. Central-Potential Model. In Hanstorp et al.’s
formulation11 of the Cooper−Zare central-potential model,6
the photodetachment anisotropy parameter can be modeled as
an explicit function of electron kinetic energy:

The mixed s−p model of photodetachment from a hybrid
orbital predicts the following dependence of the anisotropy
parameter (β) on eKE (ε):17,18
β=

β(ε) =

2Zε + 2Aε 2 − 4ε cos(δ2 − δ0)
A−1 + 2Aε 2 + Zε

(2)

2 2

S(S − 1) + (S + 1)(S + 2)A ε − 6S(S + 1)Aε cos(δS + 1 − δS − 1)

where A has the same meaning as in eq 1 for the S = 1 case, i.e.,
it describes the relative scaling of the p → d and p → s
photodetachment channels with energy, while Z is a new
parameter introduced in our recent work:18

(2S + 1)[S + (S + 1)A2 ε 2]
(1)

where S is the orbital angular momentum of the initial (bound)
state, A is a proportionality constant reﬂecting the relative
scaling of the outgoing S + 1 and S − 1 partial waves, and δS +1 −
δS −1 is the corresponding phase shift.
The Cooper−Zare central potential model does not apply, in
general, to molecular systems. Nonetheless, eq 1 has been used
successfully to model the anisotropy of molecular-anion
photodetachment in cases where the initial state can be
assigned an eﬀective S value (e.g., S = 2 for the 2p πg* HOMO
of O2−).10,30−32 However, the range of molecular systems for
which this approach is useful33 is rather limited.
The a1 symmetry HOMO of C5H4N− shown in Figure 1a has
a dominant contribution from a 2p orbital of the deprotonated
carbon atom. Therefore, two of the model curves in Figure 3,
curves 1 and 2, were calculated using the Cooper−Zare model,
eq 1, with S = 1. The A coeﬃcient value of A = 0.75 eV−1,
corresponding to C−(4S) photodetachment, was used for both
curves, accounting for the similar electron binding energies in
C−(4S) and C5H4N−.18 Curve 1 further neglects any phase-shift
between the s and d partial waves, i.e., cos(δ2 − δ0) = 1. This
calculation captures the approximate location of the minimum
observed in the experimental β(ε) dependence, but the
agreement with the experimental results is poor.
While the energy position of the minimum of a curve deﬁned
by eq 1 is controlled by A, the depth of the minimum is aﬀected
by the cosine of the phase shift. Curve 2 in Figure 3 was
calculated using eq 1 with the same S and A values as those used
for curve 1, but using the s−d phase-shift as an adjustable
parameter. The corresponding ﬁt to the measured β(ε) values
yields a good agreement with the experimental data, but
requires a very large phase-shift, cos(δ2 − δ0) = 0.65. For
comparison, in the previous applications of the Cooper−Zare
model to molecular anions with eﬀective S values, the accepted
phase-shift was typically signiﬁcantly smaller, usually corresponding to cos(δ2 − δ0) ∼ 0.95.
4.2. Mixed s−p Model. We now provide a quantitative
interpretation of the experimental results using the recently
proposed generalization of the Cooper−Zare equation to s−p
mixed-character states.17,18 It is clear by inspection of Figure 1a
that a superposition of s and p functions is a more valid
description of the pyridinide anion HOMO than the singular S
= 1 approximation employed in section 4.1. In fact, the HOMO
of C5H4N− can be nominally described as a predominantly sp2
hybrid orbital centered on the deprotonated carbon, although
the actual amount of the s character warrants a more in-depth
examination. The addition of partial s character to the model
description of the initial anion orbital opens the p detachment
channel, not accounted for by the Cooper−Zare formalism
used in section 4.1. Here we show that a quantitative agreement
between the mixed s−p model prediction and the experimental
data can be achieved without resorting to any additional
assumptions or large phase-shifts.

Z=

1−f B
f A

(3)

In eq 3, f is the p fraction, i.e., the fractional p character of the
initial MO, while B is a constant, similar to A, describing the
relative scaling of the s → p and p → s photodetachment
channels.17 Hence, Z describes the relative intensities of the s
→ p and p → s, d channels (via B/A), weighted by the
contributions of the s and p components to the initial state, (1
− f)/f. Note further that eq 2 transforms into eq 1 for S = 1 in
the limit of Z = 0, corresponding to a pure p state limit. It also
simpliﬁes to eq 1 for S = 0 (i.e., β = 2) in the asymptotic limit of
Z → ∞, which corresponds to a pure s state.18 Thus, both the s
and p limits of the mixed s−p model are consistent with the
Cooper−Zare central-potential formula.
As shown previously, the B/A ratio for the calculation of Z
depends on the types of the s and p components of the parent
hybrid orbital. It is particularly sensitive to the long-range
behavior of the anionic wave function.18 However, under
certain assumptions, the B/A ratio for a 2s−2p mixed-character
orbital has been shown to simplify to B/A = 8/3.18 This value
will be used in the following analysis.
To determine the fractional p character of the parent orbital,
f in eq 3, we construct a model orbital ψsp, deﬁned as a
superposition of hydrogenic 2s and 2p functions (one of each)
on the deprotonated carbon center (C4) in C5H4N−. The
spatial extent of the hydrogenic functions is described by an
eﬀective nuclear charge ξ, assumed to be the same for both the
2s and 2p contributions (to be consistent with the above B/A =
8/3 value).18 Given a fractional p character f, the amplitudes of
the 2s and 2p contributions to ψsp are (1 − f)1/2 and f,
respectively.17,18 The model orbital is thus deﬁned by two
variable parameters, ξ and f, which were used to optimize the
overlap of ψsp with the HOMO of C5H4N−.
The least-squares ﬁt of ψsp to the CCSD/6-31+G* HOMO
shown in Figure 1a yielded the optimal values of ξ = 3.10 and f
= 0.88. The eﬀective charge of 3.10 compares favorably to the
Slater’s rules34 predictions of 3.25 and 2.9 for the n = 2
electrons in C and C−, respectively. As the excess charge in the
pyridinide anion is partially delocalized, the ξ value is indeed
expected to be intermediate between those for the atomic
neutral and singly charged anion. Similar ﬁts to the HOMO
calculated at the MP2/aug-cc-pVDZ and B3LYP/aug-cc-pVDZ
levels yielded ξ = 3.10, f = 0.88 and ξ = 3.13, f = 0.85,
respectively. All ﬁt results are summarized in Table 1.
An isosurface plot of the model orbital ﬁt to the CCSD/631+G* HOMO of pyridinide, i.e., ψsp(ξ = 3.10, f = 0.88), is
plotted in Figure 1b, alongside the HOMO itself. As expected,
the model orbital correctly captures the hybrid character of the
dominant part of the HOMO centered on C4, while missing
the delocalized parts of the orbital.
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Table 1. Optimized Fractional p Character ( f) and Eﬀective
Nuclear Charge (ξ) Describing the Model Function ψsp
Deﬁned in the Texta
method/basis set
b

CCSD/6-31+G*
EOM-IP-CCSD/6-31+G* (Dyson)b
MP2/aug-cc-pVDZb
B3LYP/aug-cc-pVDZc

f

ξ

0.88
0.86
0.88
0.85

3.10
3.13
3.10
3.13

An important point of this discussion is that curves 3 and 4 in
Figure 3 represent unaltered model predictions, calculated from
ﬁrst principles without any adjustable parameters or ﬁtting to
experimental data (unlike the Cooper−Zare model ﬁt given by
curve 2). The only ﬁt involved in the calculation of curves 3 and
4 is the determination of the p character values by ﬁtting the
model orbital ψsp to the calculated Hartree−Fock or Dyson
orbitals. This procedure, reducing the orbitals to a superposition of the 2s and 2p functions on C4, is purely ab initio in
nature, independent of the experimental results obtained in this
work; it is not a model ﬁt to the data. Comparing curves 3 and
4 to the experimental data in Figure 3 indicates a nearly
quantitative agreement, particularly in the Dyson orbital case
(curve 4), achieved without any adjustable parameters. The
agreement is very satisfying indeed, suggesting that the mixed
s−p model correctly captures the physics of the photodetachment process from the hybrid initial state.
Finally, one may question the assumption of a zero phaseshift used in the calculation of curves 3 and 4. Although the
calculation of the correct phase-shift magnitude is beyond the
scope of this work, in many previous attempts to model anion
photodetachment using the Cooper−Zare formula, the phaseshift corresponds to cos(δ 2 − δ 0 ) in the 0.86−0.96
range.10,11,14,30−32 Curve 5 in Figure 3 was calculated using
eq 2 with the Dyson orbital parameters (f = 0.86) and cosine of
the phase shift set arbitrarily to 0.95. Again, the resulting
agreement with the experiment is quite remarkable, but we
caution that, in contrast to curves 3 and 4, curve 5 does include
an adjustable parameter (the above cosine), with no solid
justiﬁcation given for the value used.

a
The parameter values are determined via least-squares ﬁtting of ψsp( f,
ξ) to the pyridinide anion HOMO or the corresponding Dyson
orbital, computed at the indicated levels of theory. The conﬁdence
limits are ±0.01 for f and ±0.02 for ξ. bCalculations are carried out
using the C2v symmetry geometry of the pyridinide anion optimized at
the MP2/aug-cc-pVDZ level. cCalculations are carried out using the
C2v symmetry geometry of the pyridinide anion optimized at the
B3LYP/aug-cc-pVDZ level.

Note that the above fractional p character value f does not
accurately reﬂect the hybridization state of the C4 atom in
pyridinide. The f value is determined by ﬁtting the model
orbital to the ab initio HOMO, including the contributions of
the neighboring carbon atoms to the MO in the vicinity of C4.
Calculating f from the molecular-orbital coeﬃcients for the sand p-type functions of C4 only, contributing to the HOMO,
yields a signiﬁcantly smaller f value of ∼0.6. The constructive
contributions of the neighboring-atom (C3 and C5) orbitals to
the HOMO density just below the C4 center (in the Figure 1
orientation) have the eﬀect of partially symmetrizing the orbital
with respect to C4, thus increasing the eﬀective p character of
the model orbital without aﬀecting the intrinsic hybridization
state of C4. It can be said that the f = 0.85−0.88 values
summarized in Table 1 include corrections for the partial
breakdown of the central-atom approximation implicit in the
model.18
Substituting f = 0.88 (CCSD/6-31+G* or MP2/aug-ccpVDZ in Table 1) and B/A = 8/3 into eq 3 yields Z = 0.36.
This Z value, together with A = 0.75 eV−1 and assuming no
phase shift, allows modeling the eKE dependence of the
anisotropy parameter β using eq 2. The resulting β(ε)
prediction is plotted in Figure 3 as curve 3. It is in nearly
quantitative agreement with the experimental results. Remarkably, using f = 0.85 (B3LYP/aug-cc-pVDZ in Table 1) instead
of f = 0.88 yields an essentially perfect agreement between the
model and the experiment. Although the corresponding curve is
not shown in Figure 3, it is very similar to curve 5 shown there.
Further improvement of the model can be achieved by taking
into account the electron correlation and relaxation eﬀects
inherent in the photodetachment of the many-electron system.
To this end, without much additional eﬀort the canonical
Hartree−Fock HOMO used in the above analysis can be
replaced with the corresponding Dyson orbital.35−37 The
Dyson orbital for the lowest-energy photodetachment transition in C5H4N− was computed using the EOM-IP-CCSD/631+G* method28 implemented in the Q-Chem software
package.29 The result is shown in Figure 1c. Despite some
diﬀerences between the Dyson orbital and the corresponding
Hartree−Fock orbital in Figure 1a, the resulting model
parameters are not too diﬀerent (Table 1). The model function
representing the Dyson orbital, ψsp(f = 0.86; ξ = 3.13), is
plotted in Figure 1d, while the mixed s−p model prediction
using the Dyson orbital f value (with no phase shift) is shown
in Figure 3 as curve 4.

5. CONCLUSIONS
The photoelectron angular distributions obtained in this
photoelectron imaging study of the pyridinide anion have
been used as a benchmark for testing the theoretical formalism
of photodetachment from mixed-character s−p states.17,18 By
measuring and modeling the PADs, we probe the hybridization
of the pyridinide anion HOMO and demonstrate the ﬁrst
application of the s−p mixing formalism to a truly polyatomic
system.
The observed PADs have been analyzed within two
conceptual frameworks. First, viewing the parent MO as a
predominantly p-like function within the Hanstorp et al.
formulation11 of the Copper−Zare central-potential model6−8
with eﬀective S = 1 yields poor agreement with the experiment,
unless a substantial phase-shift between the s and d
photodetachment partial waves is assumed, corresponding to
cos(δ2 − δ0) = 0.65 in eq 1. This disagreement is not surprising,
since the C5H4N− HOMO (Figure 1a) is hardly a simple p
orbital.
Using the mixed s−p model,17,18 which describes the parent
MO as a superposition of one s orbital and one p orbital
centered on the deprotonated carbon, yields a nearly perfect
quantitative agreement between the theory and the experiment.
Only the ab initio properties of the system are used in the
modeling, with no adjustable parameters. We demonstrate
good agreement between the model and the experiment by
viewing the photodetachment as a one-electron process
involving the Hartree−Fock HOMO of the anion, and an
even better (albeit only marginally better) agreement using the
corresponding Dyson orbital.
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The results conﬁrm the predictive power of the mixed s−p
model and suggest that despite its approximate nature it
captures the essential physics of the photoemission process.
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