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High-resolution anion photoelectron spectra of cryogenically cooled C7
− and C9

− clusters obtained
using slow photoelectron velocity-map imaging are presented, providing insight into the vibronic
structure of neutral C7 and C9. These spectra yield accurate measurements of vibrational frequencies
for the neutral clusters as well as electron affinities of 3.3517(4) and 3.6766(14) eV for C7 and C9,
respectively. In the C7

− spectrum, transitions involving the previously unreported v1 and v2 sym-
metric stretching modes, as well as the v9, v10, and v11 asymmetric bending modes, are assigned.
Spin–orbit splitting is observed for several transitions in this spectrum, giving an energy difference
of 28(6) cm−1 between the 2Π1/2g and 2Π3/2g spin–orbit levels of the C7

− anion. In the spectrum of
C9
−, transitions involving the previously unreported symmetric stretch v1 and the asymmetric bend

v11 are observed. In both spectra, several features are assigned to Franck-Condon forbidden transi-
tions involving the doubly degenerate v10 and v11 modes of C7 and the v13 and v14 modes of C9.
The appearance of these transitions is attributed to Herzberg-Teller coupling between the electronic
states of the neutral clusters. Additional FC-forbidden transitions to states previously observed in gas-
phase infrared experiments are observed and attributed to vibronic coupling between the electronic
states of the anion, resulting in non-totally symmetric character in the anion’s full vibrational ground
state. Finally, consideration of the energy dependence of detachment cross sections and Dyson orbital
analyses reveal that addition of more carbon atoms to the linear chain results in photodetachment
from delocalized molecular orbitals with increasing nodal structure, leading to threshold photode-
tachment cross sections that differ considerably from simple symmetry considerations. Published by
AIP Publishing. https://doi.org/10.1063/1.5054792

I. INTRODUCTION

Carbon clusters (Cn) are an extensively researched family
of clusters with relevance to interstellar, plasma, and combus-
tion chemistry.1–5 Spectroscopic signatures of small (n < 10)
carbon clusters have been identified in a variety of astrochem-
ical measurements, establishing their presence in comets,6 the
circumstellar shells of carbon-rich stars,7,8 and the interstel-
lar medium.9 Given the apparent ubiquity of these species
throughout the known universe, there is considerable inter-
est in accurate measurements of their vibrational frequencies
and energetics, as these quantities aid in the assignments of
astronomical data and in the formulation of chemical mecha-
nisms by which these species are generated and depleted. Here,
we report the high-resolution anion photoelectron spectra of
cryogenically cooled C7

− and C9
− linear carbon chains, pro-

viding a number of previously unreported vibrational frequen-
cies and insight into the vibronic structure of these important
species.

The vast body of experimental and theoretical work
concerning carbon clusters has demonstrated clear structural
trends in the anionic and neutral Cn species. Small carbon
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clusters (n < 10) containing an odd number of atoms have lin-
ear geometries while even-numbered clusters have additional
energetically low-lying ring structures.10–12 Larger species
(n ≥ 10) preferentially form rings and fullerenes.13,14 Follow-
ing this trend, both neutral and anionic C7 and C9 are found
to be linear cumulenes through experimental and theoretical
studies. The neutral clusters have been characterized with ion
mobility spectrometry,15 matrix isolation spectroscopy,16–23

infrared laser absorption spectroscopy,24–31 resonant multi-
photon ionization spectroscopy,32 and electronic structure cal-
culations.12,33–35 This body of work shows that both neutral
species have closed-shell 1Σ+

g ground electronic states.11,33,36

While not as well characterized as their neutral counterparts,
the C7

− and C9
− anions have been found to have open-

shell 2Πg and 2Πu ground states, respectively, from investi-
gations using rare gas matrices,18,37–39 resonance enhanced
multiphoton electron detachment,40–42 and electronic structure
calculations.43–45

Anion photoelectron spectroscopy (PES) is a powerful
technique for interrogating the vibronic structure of size-
selected neutral clusters via photodetachment of the corre-
sponding anion.46,47 The first PES study on C7

− and C9
− was

carried out by Yang and co-workers,48 though these spectra
did not have sufficient resolution to extract any vibrational
properties of the neutral clusters. Higher resolution PE spectra
by Arnold et al.49 yielded vibrationally resolved spectra and
electron affinities (EAs) of 3.358(14) and 3.684(10) eV for C7
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and C9. Several neutral vibrational frequencies were extracted
from these experiments, but these spectra showed a consider-
able additional unresolved vibrational structure underlying the
more intense transitions.

Slow electron velocity-map imaging (VMI) of cryogeni-
cally cooled anions (cryo-SEVI) is a high-resolution variant of
traditional anion PES wherein cryogenically cooled anions are
detached by a tunable laser. The resultant electrons are then
detected using a velocity-map imaging (VMI) spectrometer
optimized for the detection of slow electrons, giving photo-
electron spectra with sub-meV resolution.50 Previously, we
have applied this technique to the C5

− carbon chain.51,52 Here,
we report the cryo-SEVI spectra of C7

−and C9
−, revealing

a considerably more vibrational structure than was seen by
Arnold et al.,49 much of which can be assigned by com-
parison to Franck-Condon (FC) simulations and enabling the
measurement of previously unreported vibrational frequencies
for C7 and C9. The spectra also show the spin–orbit struc-
ture, giving a splitting of 28(6) cm−1 for the C7

− anion, and
provide refined EAs of 3.3517(4) and 3.6766(14) eV for C7

and C9. A number of FC-forbidden features are observed for
both clusters and are attributed to vibronic coupling effects
in either the neutral or anionic species, depending on the
symmetry of the neutral excited vibrational state. Finally,
an inspection of the photon energy dependence of the cryo-
SEVI spectra, complemented by a Dyson orbital analysis,
suggests that increasing the length of small linear carbon
chains results in the detachment of photoelectrons with higher
angular momentum than expected based purely on symmetry
considerations.

II. EXPERIMENTAL METHODS

The cryo-SEVI method has been described in detail pre-
viously.51,53,54 In this work, carbon cluster anions are gener-
ated with a laser ablation source using a frequency-doubled
Nd:YAG laser focused onto a rotating and translating graphite
disk. The resulting plasma is entrained within a pulse of He car-
rier gas from an Even-Lavie solenoid valve55 before passing
through a skimmer. The ions then pass through a radiofre-
quency (RF) hexapole ion guide and a RF quadrupole mass
filter before being directed into a linear RF octupole ion trap
held at 5 K and filled with a buffer gas mixture of 20:80 H2:He.
Collisions with the cold buffer gas result in effective vibra-
tional, rotational, and electronic cooling of the ions, leading to
internal temperatures of around 10 K.51,56

After approximately 40 ms, the ions are extracted into
an orthogonal Wiley-McLaren time-of-flight mass spectrom-
eter57 and focused into the interaction region of a VMI elec-
trostatic lens assembly.58 The cryo-SEVI spectra of C7

− and
several of the C9

− scans were taken using a standard three-
plate Eppink-Parker VMI lens assembly, while the remaining
C9
− data were taken using an updated design utilizing a seven-

plate VMI lens.59 In the VMI spectrometer, ions are photode-
tached by the frequency-doubled output of a dye laser pumped
by the second harmonic of a Nd:YAG laser operating at
20 Hz.

The resulting photoelectrons are projected onto a 2D
detector comprising two chevron-stacked microchannel plates

coupled to a phosphor screen, which is photographed by a
CCD camera after each laser shot.60 Each image is analyzed
for individual electron events for which the centroids are
calculated and binned in a 1024 × 1024 grid.61 The three-
dimensional electron velocity distribution is reconstructed
from the accumulated images using the Maximum Entropy
Velocity Legendre Reconstruction (MEVELER) algorithm.62

The radial position of features in the reconstructed image is
related to electron kinetic energy (eKE) by acquiring VMI
images for detachment from atomic F− at several photon
energies.63

In addition to the eKE distributions, VMI provides the
photoelectron angular distribution (PAD) associated with each
detachment transition, given by64

dσ
dΩ
=
σtot

4π
[1 + βP2(cos θ)], (1)

where σtot is the total detachment cross section, P2(x) is
the second-order Legendre polynomial, θ is the angle of
the outgoing photoelectron velocity vector with respect to
the laser polarization axis, and β is the anisotropy parame-
ter. The anisotropy parameter, which ranges from −1 (per-
pendicular detachment) to +2 (parallel detachment), reflects
the angular momentum of the detached electron and is thus
tied to the electronic character of each photodetachment
transition.65

The VMI spectrometer has an approximately constant
resolving power, ∆eKE/eKE,58 yielding the best eKE resolu-
tion for slow electrons. As such, a SEVI spectrum is acquired
by first taking an overview spectrum at a relatively high photon
energy before tuning the detachment laser to energies slightly
above the features of interest. This procedure results in a col-
lection of high-resolution spectra over narrow energy windows
that are concatenated and scaled to match intensities in the
overview spectrum, which is less sensitive to variation of the
photodetachment cross section with photon energy. Spectra are
plotted as a function of electron binding energy (eBE), given
by eBE = hv − eKE.

III. COMPUTATIONAL METHODS

Electronic structure calculations for C7
0/− were carried

out at the Spin-Restricted Coupled Cluster Singles Doubles
and non-iterative Triples, RCCSD(T)/aug-cc-pVTZ, level of
theory66–68 in order to determine the geometries, normal
modes, and harmonic frequencies of the anionic and neu-
tral clusters. Due to the computational expense of performing
calculations on C7

0/− at the RCCSD(T) level, the MP2/cc-
pVDZ level of theory was chosen to calculate the geometries,
normal modes, and harmonic frequencies of C9

0/− given its
successes in previous studies of carbon clusters20,69 and sim-
ilar performance compared to the CCSD(T) level of theory
for small clusters.70 Calculations for C7

0/− were carried out
using the Molpro 2010.1 software package,71 while those for
C9

0/− were performed using Gaussian 09.72 Clusters were
restricted to linear geometries, as recommended by previous
theoretical and experimental studies.11,36,49 Calculated elec-
tron affinities are zero-point corrected, and calculated geome-
tries are presented in Tables S1 and S2 of the supplementary
material.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
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FIG. 1. Cryo-SEVI spectra of the
X̃1Σ+

g ← X̃2Πg and X̃1Σ+
g ← X̃2Πu

photodetachment of C7
− (a) and C9

−

(b) taken with the ion trap held at 5 K.
Low-resolution overview spectra are
presented in blue atop high-resolution
composite spectra taken at many
photon energies. A FC simulation stick
spectrum is shown in red.

The equilibrium geometries and normal modes were used
to calculate the Franck-Condon profile for the X̃1Σ+

g ← X̃2Πg

and X̃1Σ+
g ← X̃2Πu detachment transitions of C7

− and C9
−,

respectively, with the ezSpectrum v3.0 software package.73

All modes were treated in the harmonic approximation, and
FC overlap integrals were calculated using full Duschinsky
mixing of all normal modes.74 To better match the experi-
ment, FC simulations presented in Fig. 1 use scaled vibra-
tional frequencies, as described in Sec. S2 of the supple-
mentary material and presented in Tables S3 and S4. Those
using calculated frequencies are presented in Figs. S1 and
S2 of the supplementary material, alongside the experimental
spectra.

Dyson orbitals for the X̃1Σ+
g ← X̃2Πg and X̃1Σ+

g ←

X̃2Πu detachment transitions of C7
− and C9

−, respectively,
were calculated using Q-Chem 4.4 at the EOM-EA-CCSD/6-
311++G∗∗ level.75–77 These orbitals are one-electron wave-
functions that reflect the change in the electronic structure
of the anion upon detachment.78,79 They were used as an
input for the ezDyson v4.0 software package80 to calculate the
total detachment cross section and the partial wave component
decomposition of the outgoing electron as a function of eKE
(see Table S5 of the supplementary material) by determining
the overlap of the Dyson orbital with a plane-wave expan-
sion in a spherical wave basis at the centroid of the Dyson
orbital.81 The resultant anisotropy parameters as well as those
extracted from experiment are shown in Figs. S3 and S4 of the

supplementary material, and the cross sections are discussed
in Sec. V C.

Excited state energies for C7
0/− and C9

0/− clusters were
calculated utilizing the time-dependent density functional the-
ory (TDDFT) framework at the B3LYP/cc-pVDZ level within
Q-Chem 4.4.75 Calculations were performed using the opti-
mized ground state geometries. To assess the likelihood of
vibronic coupling playing a role in the experimental spectra,
the derivative coupling vectors82 (see Sec. S1 of the sup-
plementary material) between the neutral ground states and
excited 1Πu and 1Σ+

u states were calculated for both neutral
clusters at the same level of theory. These vectors are illus-
trated in Figs. S5 and S6 of the supplementary material and
discussed in Sec. V B.

IV. RESULTS

The cryo-SEVI spectra of the X̃1Σ+
g ← X̃2Πg and X̃1Σ+

g ←

X̃2Πu transitions of C7
− and C9

− are presented in Figs. 1(a) and
1(b), respectively. In both figures, lower resolution overview
spectra taken relatively far from threshold (blue) are shown
atop higher resolution SEVI scans (black) taken at several
photon energies. Simulated FC profiles, scaled to match the
intensity of peak A1, are shown as red sticks.

The spectra of both species are dominated by a sin-
gle peak (A1) attributed to the vibrational origin, above
which a considerable vibrational structure is resolved spanning

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841


174306-4 Babin et al. J. Chem. Phys. 149, 174306 (2018)

∼3000 cm−1 in eBE. In the spectrum of C7
−, a less intense peak

(A1′) lies 28 cm−1 below A1. As our experiment yields vibra-
tionally cold anions,56 it is unlikely that this structure below
the vibrational origin corresponds to a vibrational hot band. We
thus assign A1 and A1′ to detachment from the lower (2Π1/2g)
and upper (2Π3/2g) spin–orbit state of the anion, respectively,
to the vibrational ground state of the 1Σ+

g neutral. The mini-
mum peak width achievable for features A1 in the spectrum
of C7

− and C9
−, respectively, is 6 and 22 cm−1.

Beyond the vibrational origin, both high-resolution spec-
tra reveal two sets of peaks (A2-A10/B1-B13 in the C7

−

spectrum and A2-A10/B1-B6 in the C9
− spectrum) that cor-

respond to transitions to vibrationally excited states of neutral
C7 and C9. Positions in eBE and assignments (see Sec. V)
of these features are summarized in Tables I and II for the
spectra of C7

− and C9
−, while calculated and experimental

parameters obtained for C7 and C9, along with literature val-
ues, are summarized in Tables III and IV, respectively. Features
are assigned as belonging to the “A” or “B” series of peaks
based on several attributes. As discussed below, the “A” and
“B” peaks exhibit differing degrees of attenuation at low eKE
as well as differing photoelectron angular distributions (in
the case of C7

−). Additionally, only the “A” peaks appear in
Franck-Condon simulations of the spectra.

TABLE I. Peak positions, shifts from peak A1, and assignments for the SEVI
spectra of the X̃1Σ+

g ← X̃2Πu photodetachment of C7
� given in Fig. 1(a).

All transitions originate from the X̃2Π1/2u state of the anion except those
marked with a prime; these transitions originate from the X̃2Π3/2u anion state.
Uncertainties in peak positions correspond to one standard deviation obtained
from a Gaussian fit to the high-resolution scan of the experimental peak.

Peak eBE (cm�1) Shift (cm�1) Assignment

A1′ 27005(5) �28 00
0

A1 27033(3) 0 00
0

A2 27195(31) 162 112
0

B1′ 27242(5) 209 101
0

B1 27270(3) 237 101
0

A3 27346(11) 313 101
0111

0
A4 27499(10) 467 102

0
B2′ 27526(4) 493 102

0111
0

B2 27553(2) 521 102
0111

0
A5 27614(14) 581 31

0
B3′ 27696(4) 663 103

0
B3 27722(4) 690 103

0
A6 27860(15) 827 92

0
A7 28004(15) 971 72

0
A8 28076(11) 1044 31

0102
0

B4 28131(2) 1098 31
0102

0111
0

B5 28231(7) 1198 72
0101

0
B6 28311(5) 1278 31

0103
0

A9 28602(10) 1570 21
0

B7 28931(11) 1899 51
0

A10 29152(14) 2119 11
0

B8 29171(3) 2138 41
0

B9 29385(4) 2352 11
0101

0
B10 29412(4) 2380 21

0103
0111

0
B11 29647(6) 2614 21

0104
0111

0
B12 29664(4) 2631 21

031
0102

0
B13 29679(4) 2647 11

0102
0111

0

TABLE II. Peak Positions, shifts from peak A1, and assignments for the
SEVI spectra of the X̃1Σ+

g ← X̃2Πg photodetachment of C9
� given in Fig. 1(b).

Uncertainties in peak positions correspond to one standard deviation obtained
from a Gaussian fit to the high-resolution scan of the experimental peak.

Peak eBE (cm�1) Shift (cm�1) Assignment

A1 29654(11) 0 00
0

A2 29844(17) 190 112
0

B1 29906(7) 252 141
0

A3 30102(12) 448 41
0

B2 30152(4) 498 131
0

B3 30344(11) 690 41
0141

0
A4 30560(14) 906 42

0
B4 30604(4) 950 41

0131
0

A5 30924(16) 1270 31
0

A6 30984(19) 1330 43
0

A7 31049(23) 1395 42
0142

0
B5 31669(16) 2015 61

0
A8 31920(18) 2266 11

0
A9 31987(22) 2333 43

0132
0

B6 32173(9) 2519 11
0141

0
A10 32307(14) 2653 11

041
0

For both clusters, the distinction between these two groups
of features is best depicted in Fig. 2 where the intensity of
A1 relative to B1 is shown at several photon energies. Far
from threshold (blue curve), A1 is more intense than B1,
but as the photon energy decreases, corresponding to detach-
ment of lower-eKE electrons, the cross section of feature A1
is more rapidly attenuated leading to a lower relative inten-
sity. Such differences in the threshold behavior can be related
to the relative scaling of the detachment cross sections for
low-eKE detachment, which is given by the Wigner threshold
law83

σ ∝ (eKE)l+1/2, (2)

TABLE III. Experimental parameters for C7 extracted from the cryo-SEVI
spectrum of the corresponding anion and comparison to the theoretical values
obtained in the current work (RCCSD(T)/aug-cc-pVTZ) as well as avail-
able literature values. Note that the frequency for v10 is determined from
the location of feature B1, as this provides a more precise value than that
of A4.

Parameter RCCSD(T) Cryo-SEVI Literature

EA (eV) 3.2677 3.3517(4) 3.358(14)a

v1 (σ+
g ) 2159 2119(14)

v2 (σ+
g ) 1554 1570(10)

v3 (σ+
g ) 570 581(14) 548(90) a

v4 (σ+
u ) 2198 2138(11) 2138.315b

v5 (σ+
u ) 1922 1899(5) 1898.376c

v6 (σ+
u ) 1080 1100.1d

v7 (πg) 476 485(10) 496(110) a

v8 (πg) 138
v9 (πu) 449 414(15)
v10 (πu) 240 237(5)
v11 (πu) 60 81(22)

aReference 49.
bReference 24.
cReference 27.
dReference 23.
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TABLE IV. Experimental parameters for C9 extracted from the cryo-SEVI
spectrum of the corresponding anion and comparison to the theoretical values
obtained in the current work (MP2/cc-pVDZ) as well as available literature
values.

Parameter MP2 Cryo-SEVI Literature

EA (eV) 4.3029 3.6766(14) 3.684(10)a

v1 (σ+
g ) 2260 2266(21)

v2 (σ+
g ) 1901 1871b

v3 (σ+
g ) 1246 1270(19) 1258(50) a

v4 (σ+
g ) 450 448(17) 484(48) a

v5 (σ+
u ) 2415 2079.67c

v6 (σ+
u ) 2104 2015(19) 2014.278d

v7 (σ+
u ) 1608 1601e

v8 (σ+
u ) 865

v9 (πg) 579
v10 (πg) 320
v11 (πg) 131 95(15)
v12 (πu) 635
v13 (πu) 477 498(17)
v14 (πu) 230 252(12)
v15 (πu) 51

aReference 49.
bReference 23.
cReference 29.
dReference 28.
eReference 22.

where σ is the detachment cross section and l is the angu-
lar momentum of the detached electron. According to Eq. (2),
photodetachment is suppressed more strongly at low eKE for
detachment of higher l electrons, owing to the centrifugal bar-
rier experienced by the departing electron. Hence, the “A”
peaks appear to correspond to detachment at higher values of

FIG. 2. Detachment spectra of C7
− (a) and C9

− (b) at several photon energies
illustrating the differing signal attenuation for peak A1 versus peak B1 as eKE
decreases. The intensity of each scan has been normalized to the intensity of
peak B1. For C7 (a), photon energies used are 28 967 (blue), 27 675 (red), and
27 302 cm−1 (black), while for C9 (b), the energies used are 31 249 (blue),
30 768 (red), and 30 280 cm−1 (black).

l than the “B” peaks. As a consequence, spectra for the “B”
peaks can be obtained closer to threshold where cryo-SEVI res-
olution is better, leading to narrower features. Note that peaks
A1 and B1 can be seen at considerably lower eKE values for
C7
− than for C9

−. Since the resolution of cryo-SEVI is highest
at low eKE, this difference leads to the larger minimum peak
width of A1 in the C9

− spectrum, a point considered in more
detail in Sec. V C.

The partial wave components that play a role in Eq. (2)
are intimately connected to the PADs of different detachment
transitions, and differences in threshold behavior often occur
concurrently with different PADs.84 Figure S3 shows that at
low eKEs, the PADs of all features in the C7

− spectrum are
nearly isotropic (β ≈ 0). As the photon energy increases,
a discrepancy between the measured values of β for fea-
tures A1 and B1 begins to form, with feature B1 maintaining
β ≈ 0 and peak A1 showing a more negative anisotropy. This
pattern is not apparent in the C9

− spectrum; Fig. S4 shows
that features A1 and B1 display similar PADs, with roughly
isotropic (β ≈ 0) distributions at eKEs ranging from 0.01
to 0.37 eV.

In order to better understand the differing threshold behav-
ior and PADs of these two classes of features, we used the
ezDyson software package to calculate total cross sections for
the X̃1Σ+

g ← X̃2Πg and X̃1Σ+
g ← X̃2Πu transitions of C5

−, C7
−,

and C9
−, shown in Fig. 4. These calculations also provided the

expected value of β for these transitions (Figs. S3 and S4 of the
supplementary material) and the partial wave component for
the detached electron (Table S5 of the supplementary material)
as functions of eKE. While all cross sections increase mono-
tonically with eKE, the curvature of the cross section is more
complex for C9

− than for the other two clusters. The predicted

FIG. 3. Dyson orbitals of the X̃1Σ+
g ← X̃2Πu, X̃1Σ+

g ← X̃2Πg, and X̃1Σ+
g ←

X̃2Πu transitions of C5
−, C7

−, and C9
− calculated at the EOM-EA-CCSD/6-

311++G∗∗ level.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
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value of β for detachment from C7
− as a function of eKE is

slightly positive at low eKE (0.01 eV) and decreases dramat-
ically as the eKE increases (0.75 eV), while that of the C9

−

spectrum is nearly isotropic (β ≈ 0) at low-eKEs and becomes
roughly parabolic over a similar energy range.

These quantities are intimately related to the Dyson
orbitals, which represent the molecular orbital from which the
photoelectron is detached.79,81 Our calculated Dyson orbitals
for detachment from C7

− and C9
−, presented in Fig. 3, are not

localized around a single atom as in the case of photodetach-
ment from closed shell anions to form free radicals,59,85,86 but
encompass the entire carbon chain. Additionally, these cal-
culations reveal that the Dyson orbitals display an increasing
number of nodes as the chain is lengthened from 5 to 9 atoms.
The implications of these findings will be discussed in more
detail in Sec. V C.

V. DISCUSSION
A. Franck-Condon allowed features

The vibrational assignments of peaks in the C7
− and C9

−

cryo-SEVI spectra are provided in Tables I and II, respec-
tively. These assignments were informed by the results of
our FC simulations as well as the previously reported pho-
toelectron spectrum by Arnold et al.49 Features A1-A10 in the
spectra of C7

− and C9
− are largely reproduced in the simu-

lated spectra and are thus assigned to Franck-Condon allowed
transitions within the X̃1Σ+

g ← X̃2Πg and X̃1Σ+
g ← X̃2Πu

photodetachment bands of C7
− and C9

−, respectively. FC
allowed transitions include all ∆v transitions in totally sym-
metric vibrational modes (σg

+ for these species) and even ∆v
transitions in non-totally symmetric modes, with the latter typ-
ically being weak for ∆v , 0. A number of features (B1-B13
in C7

− and B1-B6 in C9
−) are not present in the FC simula-

tion and are assigned to FC-forbidden transitions terminating
in states with odd quanta of excitation along a πu or σ+

u vibra-
tional mode; these assignments will be justified in Sec. V B.
Tables S3 and S4 list the symmetries for all vibrational
modes of both species, as well as experimental and theoretical
frequencies.

Several features—A1, A5, and A7 in C7
−, and A1, A3,

and A5 in C9
−—were resolved in the lower-resolution spec-

trum of Arnold et al.;49 these were assigned as the 00
0, 31

0,
and 72

0 transitions in C7 and the 00
0, 41

0, and 31
0 transitions in

C9. Our improved resolution gives refined values for the EA
(3.5117 ± 0.0004 eV) as well as the symmetric stretching and
πg bending frequencies (v3 = 581 ± 14 cm−1 and v7 = 485
± 10 cm−1) of neutral C7, neglecting anharmonicity in the v7

mode. Similarly, we are able to extract improved values for the
EA (3.6766 ± 0.0014 eV) as well as the symmetric stretching
frequencies (v3 = 1270 ± 19 cm−1 and v4 = 448 ± 17 cm−1) of
neutral C9.

In the spectrum of C7
−, comparison of the cryo-SEVI

spectrum to our simulated FC profile allows the assign-
ment of newly resolved stretch fundamentals 21

0 (A9) and
11

0 (A10) as well as the doubly excited πg bends 112
0 (A2),

102
0 (A4), and 92

0 (A6). These give frequencies of 2119(14),
1570(10), 414(15), 234(7), and 81(22) cm−1 for the previously

unreported v1, v2, v9, v10, and v11 modes, respectively. A sim-
ilar analysis in the spectrum of C9

− allows for the assignment
of the stretch fundamental 11

0 (A9) and the doubly excited
asymmetric bend 112

0 (A2), giving frequencies of 2266(21) and
95(15) cm−1, respectively, for these two previously unreported
modes.

As a result of the spin–orbit splitting in the 2Πg state of
the C7

− anion, several peaks are split into doublets (A1/A1′,
B1/B1′, B2/B2′, B3/B3′). Peaks A1′, B1′, B2′, and B3′ each
sit 28 cm−1 below sharp features with similar labels (A1,
B1, B2, and B3, respectively), corresponding to the splitting
between the 2Π1/2g and 2Π3/2g spin–orbit levels of the C7

−

2Πg ground state, in good agreement with values calculated
at the RCCSD(T) level of theory.42 Due to the lower inten-
sity of the peaks originating from the 2Π3/2g spin–orbit state,
compounded with the low intensity relative to A1 for features
B4-B13 and A2-A10, only the transitions corresponding to
detachment from the lower anion spin–orbit level are observed
for these vibrational transitions. Based on the intensity ratio
A1′/A1 and the extracted spin–orbit splitting, we obtain a
spin–orbit temperature of 14 K for C7

−, consistent with
temperatures previously reported for ions cooled in our ion
trap.51,87,88

B. Franck-Condon forbidden features

We now consider the vibrational assignments of the “B”
series of peaks in both spectra, which are not present in our
FC simulations. The spacing in both the B1-A4-B3 progres-
sion and between a number of A and B features in the spectrum
of C7

− (A7→B5, A8→B6, A10→B9) is ∼235 cm−1, which
matches well with our experimentally determined value for
v10 of 234(7) cm−1. Additionally, the separation between a
number of A and B features (B1→ A3, A4→ B2, A8→ B4)
is on the order of ∼60 cm−1, which is congruent with our
calculated and experimental values for the v11 mode of 60 and
81(22) cm−1. Similarly, in the spectrum of C9

−, features B1 and
B2 sit 252 and 498 cm−1 above the vibrational origin, matching
well with our unscaled MP2/cc-pVDZ frequencies of the v14

and v13 bending modes at 230 and 477 cm−1, respectively. We
again see other features with anomalous threshold behavior
sitting either ∼250 cm−1 (A3→ B3, A8→ B6) or ∼500 cm−1

(A3→ B4) above features with poor threshold behavior, sug-
gesting involvement of the v14 and v13 bending modes in
these features as well. We thus tentatively assign peaks B1-B6,
B9-B13 in the C7

− spectrum (B1-B4, B6 in the C9
− spectrum)

to transitions involving odd quanta along the non-totally
symmetric v10 and v11 (v14 and v13) vibrational modes, which
are of πu symmetry.

Such transitions are Franck-Condon forbidden, but can
arise from Herzberg-Teller (HT) coupling to an excited
electronic state with the appropriate symmetry.89 Consider
vibronic states a and b with electronic and vibrational sym-
metries Γelec and Γ

vib, respectively. These two states can be
HT-coupled provided

Γ
a
elec ⊗ Γ

a
vib ⊗ Γ

b
elec ⊗ Γ

b
vib ⊃ ΓTS , (3)

where ΓTS is the totally symmetric representation within the
molecular point group. If detachment to state b is FC-allowed,
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i.e., 〈b|Ψanion〉 , 0, detachment to state a will reflect the
electronic character of state b. This will then be reflected
in the PADs and threshold behavior of these detachment
transitions.

Following Eq. (3), these levels with Γa
vib = πu and

Γa
elec = Σ

+
g can only be observed if they mix with a state b that

is FC-allowed for detachment from the anion, i.e., Γb
vib = σ

+
g .

Thus, the observed features must arise from HT-coupling to
an excited electronic state of Πu symmetry. In C7, such a
state has been found experimentally in neon matrices18 to lie
2.28 eV above the ground electronic state; this has been con-
firmed by Kolbuszewski who calculated a vertical term energy
of 2.64 eV at the Multi-Reference Double-Excitation Config-
uration Interaction using the Langhoff-Davidson correction,
denoted MRD-CI(+Q), level.33 While the analogous excited
state for C9 has not been seen experimentally, our TDDFT
calculations indicate that a 1Πu state exists 2.80 eV above the
ground state of the neutral.

In the case of C7
−, the presence of vibronic coupling is

affirmed by the discrepancy observed in the deferring PADs
of features A1 and B1 at high eKE,84,90 as shown in Fig. S3.
Peaks A1-A10 display a decrease in the anisotropy param-
eter β with increasing eKE, consistent with our calculated
PAD for the X̃1Σ+

g ← X̃2Πg transition (see Fig. S3 of the
supplementary material). Conversely, features B1-B13 show
isotropic PADs for all eKEs, which is characteristic of l = 0
detachment channels and consistent with these features origi-
nating from a state with different electronic character than that
giving rise to A1-A10.

The assignment of these features as involving neutral
states with excitation along v10 and v11 (v13 and v14 in C9)
is further supported by the derivative coupling vector82,91 cal-
culated between the 1Σ+

g ground and the 1Πu excited state of
C7 and C9, which appear as a superposition of the v10 and v11

(v13 and v14 in C9) vibrational modes (see Fig. S5 and S6 of
the supplementary material). This indicates that the coupling
between these electronic states occurs along the v10 and v11

(v13 and v14 in C9) normal coordinates, resulting in relatively
strong mixing of vibronic states involving excitation along
these modes.

Note that three features, B7 and B8 in C7
− and B5 in C9

−,
are assigned to transitions involving odd quanta along the σ+

u
symmetric v5 and v4 modes of C7 and the v6 mode of C9,
respectively. These assignments are made based on the agree-
ment between the peak centers (1899, 2138, and 2015 cm−1)
and the experimentally observed gas-phase frequencies of
2138.315, 1898.376, and 2014.278 cm−1 for the v5 and v4

modes of C7 and the v6 mode of C9, respectively.24–28,31 Tran-
sitions involving odd quanta along this FC forbidden mode
could be explained by invoking HT-coupling in the neutral,
which would require an excited neutral state of Σ+

u symmetry
according to Eq. (3). The lowest state of this symmetry has
been observed in neon matrices to reside 5.535 and 4.20 eV
above the ground state of C7 and C9, respectively.18 Our cal-
culations at the TD-B3LYP/cc-pVDZ level, however, indicate
that the matrix coupling element between the ground electronic
and 1Σ+

u excited state of both C7 and C9 is identically zero, sug-
gesting that these features do not originate from HT-coupling
to an excited neutral state.

These nominally FC-forbidden transitions may, however,
result from vibronic coupling in the anion. If the vibronic
ground state of the anion (Γa

vib = σ
+
g , Γa

elec = Πg for C7
−, and

Γa
elec = Πu for C9

−) couples to another vibronic level b which
has σ+

u vibrational symmetry, the b-character in the anion
ground state would result in nonzero Franck-Condon overlap
with the σ+

u -symmetric neutral vibrational levels for detach-
ment from the vibrationally cold anions. This would require
coupling to an excited state with Πu (Πg) symmetry for the
C7
− (C9

−) anion. Forney and co-workers have observed these
states as the lowest-lying excited states for both species, resid-
ing 1.978 and 1.622 eV above the ground state92 of the C7

−

and C9
− anions, respectively. This proposition is supported by

our TD-B3LYP/cc-pVDZ calculations, as the magnitude of the
matrix coupling element between the ground and excited state
for both anions is comparable to the coupling element between
the neutral ground and 1Πu excited state invoked above (see
Table S6 of the supplementary material).

C. Angular momentum trends in detachment
from linear carbon chains

Based on symmetry arguments alone,93 s-wave (l = 0)
photodetachment near threshold is expected to dominate for
detachment from a πu orbital, the singly occupied molecular
orbital in C5

− and C9
−, whereas in C7

−, p-wave detachment is
the lowest-order partial wave that can occur. From the Wigner
threshold law, Eq. (2), one would expect the photodetachment
cross section of C5

− and C9
− to be larger than for C7

− near
threshold due to the centrifugal barrier inhibiting detachment
for larger l. While this expectation is fulfilled for C5

−, the
results in Fig. 2 indicate that the intensity of the vibrational
origin actually drops off more quickly for C9

− than for C7
−

as the eKE is lowered. This effect limits the attainable reso-
lution for FC-allowed peaks in C9

−, as the signals are weak
at low eKE where the experimental resolution is the highest.
To explore the origin of this effect, consideration of the Dyson
orbitals for the three anions and the partial wave contributions
to the photodetachment cross section is necessary.

To assess the cross sections associated with the detach-
ment transitions described by the calculated Dyson orbitals, we
have utilized the ezDyson software package. Given the sym-
metry of the Dyson orbitals and the linear Cn (n = odd) cluster
family, the partial-wave expansion performed by ezDyson is
localized on the central atom of each molecule and at low eKEs,
is dominated by contributions from that atom’s local environ-
ment. The structure of our Dyson orbitals around this central
atom thus impacts these calculations both in the shape of the
orbital locally around this central atom and the amplitude of
this wavefunction.

From Fig. 3, the Dyson orbitals around the central atom
of C5

− and C9
− appear similar to an atomic p orbital, while for

C7
−, the local orbital looks like an atomic d orbital, leading to

s-wave detachment from the former and p-wave detachment
from the latter at low eKEs. At higher energies, where effects of
the centrifugal barrier are less dominant, the increasing nodal
structure of these orbitals for longer carbon chains favors spa-
tial overlap with outgoing partial-waves of higher l. As can
be seen in Table S5 of the supplementary material, photoelec-
trons with eKE = 0.10 eV are predominantly detached via the

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-149-038841
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FIG. 4. Calculated cross sections using ezDyson v4.0. The input to ezDyson
was Dyson orbitals for the X̃1Σ+

g ← X̃2Πu, X̃1Σ+
g ← X̃2Πg, and X̃1Σ+

g ←

X̃2Πu detachment transitions of C5
−, C7

−, and C9
−, respectively. All calcu-

lations were performed at the EOM-EA-CCSD/6-311++G∗∗ level. The total
cross section is in atomic units.

s-wave for both C5
− and C9

−, while C7
− is detached via the

p-wave. Upon reaching eKE = 0.51 eV, s- and p-wave detach-
ment is still dominant for C5

− and C7
−, respectively, while

d-wave detachment has become dominant from C9
−. These

findings are commensurate with our PAD measurements for
detachment from C5

− and C7
−.52 Furthermore, as the three

Dyson orbitals presented have similar amplitude, the increased
nodal structure results in lower amplitude at the expansion cen-
ter. This results in lower calculated detachment cross sections
near threshold, as seen in Fig. 4, and is in agreement with the
observation that the signal near threshold worsens as the chain
length is increased.

Collectively, this analysis reveals that while conventional
symmetry arguments correctly assess the detachment behavior
of this family of clusters very near to threshold (eKE ∼ 0.10
eV), they fail to correctly predict behavior at moderate eKEs.
Conversely, a Dyson orbital analysis qualitatively predicts the
behavior of this class of linear clusters for all observed eKEs
and can be understood by treating the local character of the
Dyson orbital on the central atom as a quasi-atomic orbital
from which the photoelectron is detached. As such, the nodal
trend of our calculated Dyson orbitals in which the number of
nodes observed increases with the chain length explains the
trends we observe in the signal attenuation of this family of
clusters near threshold as well as their PADs.

VI. CONCLUSIONS

High-resolution cryo-SEVI spectra of C7
− and C9

− clus-
ters are reported. We identify the previously unreported v1 and
v2 symmetric stretches as well as the v9, v10, and v11 asymmet-
ric bending modes in the neutral C7 cluster, report a spin–orbit
splitting in the C7

−, and confirm the assignment of the v3 and
v7 modes previously reported by Arnold et al.49 In the C9

cluster, we identify both the v1 symmetric stretch and asym-
metric v11 bend and confirm the previously assigned v3 and
v4 modes. Coupled cluster and MP2 calculations for C7 and
C9, respectively, are used to produce FC-simulated spectra that
are able to reproduce one set of our observed features. Those
features not explained by FC-simulations are ascribed to the
v10 and v11 modes of C7 and the v13 and v14 modes of C9, both

of which appear through Herzberg-Teller coupling between
electronic levels of the neutral cluster. Even though s-wave
detachment is symmetry-allowed for both C5

− and C9
−, our

experimental results and accompanying calculations indicate
that higher partial waves contribute to the photodetachment
signal near threshold as the carbon chain length increases.

SUPPLEMENTARY MATERIAL

See supplementary material for details regarding the
electronic structure, derivative coupling, and Franck-Condon
calculations as well as Figs. S1-S6 and Tables S1-S6.
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