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Slow photoelectron velocity-map imaging of the CnH� (n ¼ 5–9) anions
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High-resolution photoelectron spectra of the CnH� anions with n¼ 5–9 are acquired with slow electron

velocity-map imaging (SEVI). Spectral features are assigned with the help of electronic structure

calculations and Franck–Condon simulations. Well-resolved transitions to the linear ~X 2P and ã4S�

neutral states are observed for species with an odd number of carbon atoms. For C6H� and C8H�,

transitions to the ~X 2P neutral ground state and the low lying Ã2S+ excited state are observed. Precise

electron affinities, term energies, fine structure splittings, and gas-phase vibrational frequencies are

determined. The C5H�, C7H� and C9H� SEVI spectra are consistent with the anions having ~X 3S� linear

triplet ground states.
Introduction

The linear carbon monohydride radical chains, CnH, are

important species in hydrocarbon combustion1 and in the

interstellar medium.2 In both environments, these radicals serve

as precursors for the formation of larger hydrocarbon chains and

polycyclic species. The neutral chains with n ¼ 2–8 have been

observed in the circumstellar envelope of evolved stars,3 where

they can be formed by reactions of C and C2 with unsaturated,

closed-shell hydrocarbons.3–5 The negatively charged carbon

monohydrides C4H�, C6H�, and C8H� were among the first

anions to be detected in interstellar and circumstellar media,6–11

where they are formed by radiative attachment.12 The chemistry

of these species is closely coupled to their spectroscopy, moti-

vating the work described in this paper, in which we continue our

investigation of the carbon monohydride chains via negative ion

photodetachment.13–17 High resolution photoelectron spectra

(PE) of the CnH� (n ¼ 5–9) anions are measured using slow

electron velocity-map imaging (SEVI). The SEVI spectra provide

a detailed probe of the neutral and anionic states of these species,

and yield insights into their geometries, vibronic structure,

energetics, and the possibility of structural isomers.

Carbon monohydride radical chains have been the subject of

numerous experimental and theoretical studies. Maier and co-

workers have measured the UV-visible electronic absorption

spectra of several neutral2,18–23 and anionic24–27 CnH� (n ¼ 5–9)

species in the gas phase and in rare-gas matrices. Thaddeus and

co-workers have used Fourier transformed microwave (FTMW)

spectroscopy and millimetre-wavelength absorption spectros-

copy to study the neutral C5–9H species28–36 as well as the C6H�

and C8H� anions.6,37 PE spectra of CnH� (n ¼ 5, 6, 8) have also

been reported.13,16 Reaction kinetics and bond dissociation

energies have been measured using flowing afterglow and guided

ion beam mass spectrometry.38,39 Many electronic structure

calculations at various levels of sophistication have been carried
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out on the neutral and anionic carbon monohydrides in the size-

range of interest here.16,40–51

This body of experimental and theoretical work has revealed

significant differences in CnH neutrals and anions depending on

whether n is odd or even. In particular, there is evidence for multiple

structural isomers for the odd-n anionic and neutral species. For

example, theory and experiment indicate that the cyclic-C3H

isomer lies slightly lower in energy than the linear-C3H isomer for

both the anion and the neutral species.17,52 Both linear and cyclic

isomers of C5H have been observed in microwave spectroscopy.28,35

High level ab initio calculations43,44 have identified the linear isomer

of C5H to be lower in energy. Using these energetics and PE spec-

troscopy, Sheehan et al.16 recently suggested that a cyclic isomer

was the lowest energy structure for the C5H� anion. Bowie and co-

workers46,53 have also reported the synthesis of several anionic and

neutral isomers of C5H and C7H using mass spectrometry tech-

niques and precursors with the proper bond connectivity.

In contrast, it is well-established that the neutral and anionic

even-carbon CnH species are linear. The anions have closed-shell
1S+ ground states with strong acetylenic character.48 The neutral

species have low-lying 2P and 2S+ states whose ordering switches

with chain length.13,40 The C2H and C4H radicals have 2S+

ground-states, while the longer chains have 2P ground-states; the

Ã2P� ~X 2S+ splitting is only 213 cm�1 in C4H.15 The proximity of

these two states in C2H and C4H leads to considerable spectral

complexity attributed to strong vibronic coupling in both

species,14,15,54,55 while vibronic coupling in the longer chains with
~X 2P ground states has not been investigated.

In this paper, we report high resolution PE spectra of the

CnH� anions, n ¼ 5–9, acquired with SEVI.56 These spectra are

analyzed with the help of electronic structure calculations and

Franck–Condon (FC) simulations. For all species, well-

resolved vibrational and spin–orbit transitions to the linear
~X 2P ground state are observed. A second band of peaks is also

observed for all species. It is assigned to the ã4S� excited state

for C5H, C7H and C9H and to the low-lying Ã2S+state for C6H

and C8H. Several vibrational frequencies of the neutral species

are determined for the first time. This work also demonstrates

that the C5H�, C7H� and C9H� anions have 3S� linear ground

states, in contrast to the bent structures previously

reported.16,46,53
This journal is ª The Royal Society of Chemistry 2010



Fig. 1 SEVI spectra of C5H� covering the electron binding energy

ranges of 19 000 to 23 500 cm�1 (panel a) and 29 500 to 32 000 cm�1

(panel b). Franck–Condon simulations show as gray-shaded peaks. Inset

shows high-resolution scan of indicated feature.
Experimental

The SEVI apparatus has been described in detail elsewhere.57,58

SEVI is a high resolution variant of PE spectroscopy in which

mass-selected anions are photodetached at a series of wave-

lengths.56 The resulting photoelectrons are collected by velocity-

map imaging (VMI)59,60 using relatively low extraction voltages,

with the goal of selectively detecting slow electrons with high

efficiency and enlarging their image on the detector. At each

photodetachment wavelength, one obtains a high resolution

photoelectron spectrum over a limited range of electron kinetic

energies.

In this experiment, CnH� anions were produced from of a gas

mixture comprising 1% acetylene and 1% propyne in a balance of

Ar. The gas mixture, at a stagnation pressure of 300 psi, was

expanded into the source vacuum chamber through an Even–

Lavie pulsed valve61 equipped with a grid discharge described in

detail elsewhere.62 Briefly, gas from the pulsed valve passed

through a 2.5 mm � 23 mm channel made from Teflon and

aluminium, within which were two fine grids made of stainless

steel wire mesh and separated by 1 mm. The first grid was held to

ground while the second was floated to around �500 VDC

through a 1 kU resistor; the discharge was induced by passage of

the expanding gas through the grids. Anions formed in the gas

expansion were perpendicularly extracted into a Wiley–McLaren

time-of-flight mass spectrometer and directed to the detachment

region by a series of electrostatic lenses and pinholes. A pulse on

the last ion deflector allowed only the desired mass into the

interaction region.

Anions were photodetached between the repeller and the

extraction plates of the VMI stack by the focused output of

a Nd:YAG pumped tunable dye-laser. The photoelectron cloud

formed was then coaxially extracted down a 50 cm flight tube and

mapped onto a detector comprising a chevron-mounted pair of

time-gated, imaging quality microchannel plates coupled to

a phosphor screen, as is typically used in photofragment imaging

experiments.59 Events on the screen were collected by a 1024 �
1024 charge-coupled device (CCD) camera and sent to

a computer. Electron velocity-mapped images resulting from

50 000–100 000 laser pulses were summed, quadrant symme-

trized and inverse-Abel transformed.63 Photoelectron spectra

were obtained via angular integration of the transformed images.

The spectra presented here are plotted with respect to electron

binding energy (eBE), defined as the difference between the

energy of the photodetachment photon and the measured elec-

tron kinetic energy (eKE).

The apparatus was calibrated by acquiring SEVI images of

atomic Cl� and S� at several different photon energies, using the

accurate electron affinities of these species reported previously.64

With the �350 V VMI repeller voltage used in this study, the full

widths at half maximum of the chloride peaks were 7.5 cm�1 at

150 cm�1 eKE and 18 cm�1 at 715 cm�1. In the SEVI experiment,

within the same image, all observed transitions have similar

widths in pixels (Dr), so transitions observed further from

threshold (larger r) are broader in energy. By varying the laser

wavelength, a series of images in which the transitions of interest

are close to the detachment threshold can be acquired, yielding

a complete, high resolution photoelectron spectrum. Linewidths

in the spectra presented here are limited by unresolved rotational
This journal is ª The Royal Society of Chemistry 2010
structure. Since the origin of an unresolved rotational profile

may not be aligned with the observed peak maximum, we report

error bars of one Gaussian standard deviation for all energy

determinations, typically 8 cm�1 for the highest resolution scans

performed here.

SEVI also provides information on the photoelectron angular

distribution (PAD). For one-photon detachment, the PAD is

given by:65,66

ds

dU
¼ stotal

4p

�
1þ bP2ðcosqÞ

�

where q is the angle between the direction of the photoelectron

ejection and the polarization vector of the incident photon. The

anisotropy parameter b lies between 2 and �1 and provides

information on the orbital angular momentum (l) of the ejected

photoelectron; l ¼ 0 (s-wave) detachment leads to b ¼ 0, l ¼ 1

(p-wave) to b ¼ 2, and l ¼ 0 and 2 with equal amplitude and

phase (s+d wave) to b ¼ �1.
Results

SEVI spectra of the odd-carbon anions, C5H�, C7H� and C9H�,

are shown in Fig. 1–3, while the SEVI spectra of the two even-

carbon species, C6H� and C8H�, are shown in Fig. 4 and 5. The

peak positions, shifts from the band origin, PADs, and assign-

ments (see Analysis section) are summarized in Tables 1–5.
Chem. Sci., 2010, 1, 192–201 | 193



Fig. 2 SEVI spectra of C7H� covering the electron binding energy

ranges of 22 500 to 26 500 cm�1 (panel a) and 32 500 to 35 500 cm�1

(panel b). Franck–Condon simulations show as gray-shaded peaks.

Insets show high-resolution scans of indicated features.

Fig. 3 SEVI spectra of C9H� covering the electron binding energy

ranges of 24 750 to 27 500 cm�1 (panel a) and 34 500 to 35 800 cm�1

(panel b). Franck–Condon simulations show as gray-shaded peaks.

Insets show high-resolution scans of indicated features.
Because the anisotropy parameter varies with photon energy,67

we reported PADs as ‘‘p’’ or ‘‘s+d’’ for features having b > 0 and

b < 0, respectively.

For each anion, panels a and b illustrate lower and higher eBE

regions, respectively, of the SEVI spectra. Higher resolution

SEVI traces taken at photon energies �100–150 cm�1 above the

feature at lowest eBE in the upper panels reveal each to be

a closely spaced doublet, as shown in the insets in Fig. 1a–5a.

These traces show doublet splittings of 25 cm�1, 15 cm�1, 27 cm�1,

21 cm�1 and 30 cm�1 for C5H� to C9H�, respectively. Doublets

with the same splittings were also resolved for the other intense

transition in the first band of C7H� (peaks F and G) and C9H�

(I and J). The same splittings are presumably found on other

features in Fig. 1a–5a. However, their weak intensities prevented

the acquisition of SEVI spectra sufficiently close to their

respective detachment thresholds to observe these small split-

tings. No doublets were found in high resolution traces of the

more intense features in Fig. 1b–5b.

In the C5H�, C6H�, C7H� and C8H� spectra, all the features in

panel a have ‘‘s+d’’ PADs while those in panel b have ‘‘p’’ PADs.

In the C9H� spectra, peaks A, B, I and J in Fig. 3a have ‘‘s+d’’

PADs, while the remaining smaller peaks all have ‘‘p’’ PADs. The

single peak N in Fig. 3b also has a ‘‘p’’ PAD. In the SEVI spectra

of C5H�, C7H� and C9H�, the lowest eBE transitions (peak A) of

the first band are found at eBE of 19 539 cm�1, 22 724 cm�1 and

24 980 cm�1, respectively, while those of the second band are
194 | Chem. Sci., 2010, 1, 192–201
higher in energy by 10 502 cm�1, 10 235 cm�1 and 9904 cm�1,

respectively. The large energy separation and different PADs

indicate the features in panels a and b of Fig. 1–3 belong to

different electronic states. Compared to the odd-carbon species,

the SEVI spectra of C6H� and C8H� show higher electron

binding energies for the lower energy band. The lower band

origins are found at eBE of 30 722 cm�1 and 32 028 cm�1 in the

C6H� and C8H� spectra, respectively, while the first bands in

panel b are only 1492 cm�1 and 2112 cm�1 higher in energy.

Although these relatively small energy intervals could represent

vibrational frequencies, the different PADs for the features in

panels a and b of Fig. 4–5 imply that the spectra in Fig. 4b and 5b

are from transitions to low-lying excited electronic states of C6H

and C8H, consistent with the assignment of earlier anion

photoelectron spectra.13

For C5H�, C6H� and C8H�, the observed band structures and

positions are consistent with the previously reported anion PE

spectra.13,16 However, the improved resolution of SEVI over

conventional PE spectroscopy reveals numerous new features,

especially in the lower bands of C5H� and C6H�. The SEVI

spectra of C7H� and C9H� are the first photodetachment spectra

reported for these species.
Computational details

Electronic structure calculations were performed on the relevant

neutral and anionic states of CnH. The current calculations serve
This journal is ª The Royal Society of Chemistry 2010



Fig. 4 SEVI spectra of C6H� covering the electron binding energy

ranges of 30 600 to 32000 cm�1 (panel a) and 32 000 to 35 500 cm�1 (panel

b). Franck–Condon simulations show as gray-shaded peaks. Inset shows

high-resolution scan of indicated feature.

Fig. 5 SEVI spectra of C8H� covering the electron binding energy

ranges of 31 750 to 34 000 cm�1 (panel a) and 34 000 to 35 500 cm�1

(panel b). Franck–Condon simulations show as gray-shaded peaks. Inset

shows high-resolution scan of indicated feature.

Table 1 Peak positions, shifts from band origins, angular distributions
(PAD), and assignments for the C5H� SEVI spectra

Peak
Position/
cm�1

Shift/
cm�1 PAD

Assignments
(Vibs) States

A 19 539 0 s+d 00
0

~X 2P½ ) ~X 3S�

B 19 564 25 s+d 00
0

~X 2P3=2 ) ~X 3S�

C 19 851 312 s+d 61
1

~X 2P ) ~X 3S�

D 20 372 833 s+d 51
0

~X 2P ) ~X 3S�

E 20 960 1421 s+d 62
0

~X 2P ) ~X 3S�

F 21 060 1521 s+d 41
0

~X 2P ) ~X 3S�

G 21 434 1895 s+d 31
0

~X 2P ) ~X 3S�

H 21 527 1988 s+d 21
0

~X 2P ) ~X 3S�

I 23 014 3475 s+d 11
0

~X 2P ) ~X 3S�

J 30 101 0 p 00
0 ã4S� ) ~X 3S�

K 30 391 290 p 61
1 ã4S� ) ~X 3S�

L 31 098 997 p 62
0 ã4S� ) ~X 3S�
to produce, at a uniform level of theory, all geometries, normal

modes and vibrational frequencies necessary to perform Franck–

Condon simulations and interpret the photoelectron spectra.

Our calculations were carried out with density functional theory

(DFT) using the Becke three-parameter Lee, Yang, and Parr

exchange–correlation functional68,69 (B3LYP) and the

augmented correlation consistent polarized valence triple-zeta

basis set70 (AVTZ).

All computations were performed using the GAUSSIAN03

program.71 Franck–Condon simulations were performed with

the FCFgaus03 and PESCAL programs72,73 using the Sharp–

Rosenstock–Chen method74 that treats all the modes as inde-

pendent harmonic oscillators and relates the normal mode

coordinates of the initial and final states via the Duschinsky

transformation.75 The calculated geometries and harmonic

vibrational frequencies were used as a starting point for the FC

simulations. The neutral frequencies were adjusted to the

experimental values and the normal mode displacements were

adjusted to fit the experimental spectra.

For C5H� and C7H�, several low-lying isomers with singlet

and triplet spin multiplicity have been previously reported.16,46,53

The carbon backbone of these isomers can be a single chain,

a branched chain, or a branched three-membered ring. Conse-

quently, we searched for the lowest energy isomers of C5H�,

C7H� and C9H� by performing electronic structure calculations

at the B3LYP/6-311+G level of theory on several different initial
This journal is ª The Royal Society of Chemistry 2010
geometries for both the singlet and triplet surfaces. The lowest

energy isomers were then re-optimized at the B3LYP/AVTZ

level. We found that the isomer comprising a single carbon chain

terminated by one hydrogen was lower in energy than the next-

lowest isomer by 0.29 eV, 0.65 eV and 0.84 eV, for n¼ 5, 7, and 9,

respectively. These lowest energy isomers were found to have

a triplet ground state with the first singlet state lying higher in

energy by 0.31 eV, 0.43 eV and 0.47 eV. The next-lowest isomers
Chem. Sci., 2010, 1, 192–201 | 195



Table 2 Peak positions, shifts from band origins, angular distributions
(PAD), and assignments for the C7H� SEVI spectra

Peak
Position/
cm�1

Shift/
cm�1 PAD

Assignments
(Vibs) States

A 22 734 0 s+d 00
0

~X 2P½ ) ~X 3S�

B 22 761 27 s+d 00
0

~X 2P3=2) ~X 3S�

C 22 957 223 s+d 81
1

~X 2P) ~X 3S�

D 23 258 524 s+d 71
0

~X 2P) ~X 3S�

E 23 776 1042 s+d 82
0

~X 2P) ~X 3S�

F 24 549 1815 s+d 41
0

~X 2P½) ~X 3S�

G 24 576 1842 s+d 41
0

~X 2P3=2) ~X 3S�

H 24 793 2059 s+d 41
081

1
~X 2P ) ~X 3S�

I 26 379 3645 s+d 42
0

~X 2P ) ~X 3S�

J 32 969 0 p 00
0 ã4S�) ~X 3S�

K 33 149 180 p 81
1 ã4S�) ~X 3S�

L 33 506 537 p 71
0 ã4S�) ~X 3S�

M 33 980 1011 p 61
0 ã4S�) ~X 3S�

N 34 041 1072 p 82
0 ã4S�) ~X 3S�

O 34 572 1603 p 41
0 ã4S�) ~X 3S�

P 34 863 1894 p 31
0 ã4S�) ~X 3S�

Table 3 Peak positions, shifts from band origins, angular distributions
(PAD), and assignments for the C9H� SEVI spectra

Peak Position/cm�1 Shift/cm�1 PAD
Assignments
(Vibs) States

A 24 980 0 s+d 00
0

~X 2P½ ) ~X 3S�

B 25 010 30 s+d 00
0

~X 2P3=2) ~X 3S�

C 25 487 507 p
D 25 671 691 p
E 25 928 948 p
F 26 157 1177 p
G 26 495 1515 p
H 26 603 1623 p
I 26 735 1755 s+d 51

0
~X 2P½) ~X 3S�

J 26 766 1786 s+d 51
0

~X 2P3=2) ~X 3S�

K 26 934 1954 p
L 27 024 2044 p
M 27 236 2256 p
N 34 884 9904 p 00

0 ã4S�) ~X 3S�

Table 5 Peak positions, shifts from band origins, angular distributions
(PAD), and assignments for the C8H� SEVI spectra

Peak
Position/
cm�1

Shift/
cm�1 PAD

Assignments
(Vibs) States

A 32 028 0 s+d 00
0

~X 2P3=2) ~X 1S+

B 32 049 21 s+d 00
0

~X 2P½) ~X 1S+

C 33 725 1697 s+d 51
0

~X 2P ) ~X 1S+

D 34 140 2112 p 00
0 Ã2S+ ) ~X 1S+

Table 4 Peak positions, shifts from band origins, angular distributions
(PAD), and assignments for the C6H� SEVI spectra

Peak
Position/
cm�1

Shift/
cm�1 PAD

Assignments
(Vibs) States

A 30 722 0 s+d 00
0

~X 2P3=2) ~X 1S+

B 30 737 15 s+d 00
0

~X 2P½) ~X 1S+

C 30 828 106 s+d ~X 2P) ~X 1S+

D 30 937 215 s+d ~X 2P ) ~X 1S+

E 32 214 0 p 00
0 Ã2S+ ) ~X 1S+

F 32 880 651 p 61
0 Ã2S+ ) ~X 1S+

G 34 474 2260 p 21
0 Ã2S+ ) ~X 1S+
also consisted of a single carbon chain, but with the hydrogen

located on the third carbon for n ¼ 5, 7 and the fifth carbon for

n¼ 9. Hence, only triplet states with H-terminated carbon chains

were analyzed in more detail for the odd-carbon anions, For the

even-carbon species, only the well-known linear 1S+ anion state

and the accessible low-lying 2P and 2S+ neutral states were

considered.
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Calculated geometries and relative energies of the anionic and

neutral states of the CnH species are shown in Table 6, while

harmonic vibrational frequencies are presented in Table 7.

Vibrational mode labels for the neutral ground state are used

throughout even if the ordering of the frequencies changes. For

C5H�, the minimum energy structure is a 3A0 state with an almost

linear carbon backbone and a CCH angle of 164.1�. However,

the corresponding linear 3S� first-order transition state was

found to be only 0.001 eV above the minimum energy structure.

With such a small energy difference, the zero-point energy of the

CCH bending mode certainly exceeds the barrier to linearity.

Thus, the C5H� ground state will be considered to be the linear
3S� state with the expectation that this state is either quasilinear

or has a very shallow CCH bending potential. This result differs

from previous theoretical studies16,46,76 using the same B3LYP

functional with smaller basis sets that yielded strongly bent

structures for the triplet ground-state of C5H�. This basis set

effect might also explain why Blanksby et al.46 did not find the

chain isomer to be the lowest in energy by using single-point

energy calculations at the RCCSD(T)/AVDZ level on the

geometries obtained at the B3LYP/AVDZ level. For C7H� and

C9H�, the truly linear 3S� state was found to be the minimum

energy structure. This result is again in contrast with previous

DFT studies53,76 using smaller basis sets that found slightly bent

structures for the triplet ground states of C7H� and C9H�.

All the neutral isomers considered here were found to have

linear 2P ground-states. The calculated bond lengths in the

ground states of C5H, C6H and C7H are very similar to those

obtained from microwave spectroscopy36 and previous high level

electronic structure calculations.40,43 The calculations yield non-

degenerate bending modes, as expected for vibrational modes of

a 2P state subject to Renner–Teller (RT) coupling. For the

neutral odd-carbon species, a linear 4S� excited state lying �1.3

eV above the ground-state was found, similar to previous

calculations on C3H17 and C5H.16 The calculated geometries for

these 4S� states are similar to those of the 3S� anion state but

with a shorter C1–C2 bond. For C6H and C8H, a low-lying 2S+

excited state was found, in accordance with previous experi-

mental and theoretical work.13,40,47 The other observed or pre-

dicted excited states18–21,23,44,47 of the linear neutral CnH species

are outside the energy range of the current study and thus were

not considered theoretically here.
Analysis

In this section, detailed analyses and assignments of the SEVI

spectral features are performed using the electronic structure
This journal is ª The Royal Society of Chemistry 2010



Table 6 Relative energies (eV, including zero-point correction) and geometries (�A, degrees) of the C5–9H anionic and neutral states calculated at the
B3LYP/AVTZ level. The experimental (ref. 36) or recommended (ref. 48) bond lengths are shown in parentheses

Species State DE Geometry

C5H C1–C2 C2–C3 C3–C4 C4–C5 C5–H C1C2C3 C2C3C4 C3C4C5 C4C5H
Anion ~X 3A0 �2.56 1.284 1.302 1.305 1.25 1.061 180.0 179.5 176.9 164.1

3S�a �2.56 1.285 1.301 1.308 1.245 1.058
Neutral ~X 2P 0.00 1.304

(1.308)
1.264

(1.267)
1.321

(1.329)
1.221

(1.224)
1.063

(1.055)
ã4S� 1.35 1.253 1.287 1.311 1.23 1.061

C6H C1–C2 C2–C3 C3–C4 C4–C5 C5–C6 C6–H
Anion ~X 1S+ �3.64 1.252

(1.2575)
1.342

(1.3518)
1.231

(1.2313)
1.348

(1.3581)
1.218

(1.2189)
1.059

(1.0594)
Neutral ~X 2P 0.00 1.281

(1.257)
1.312

(1.332)
1.24

(1.237)
1.334

(1.341)
1.215

(1.216)
1.063

(1.056)
Ã2S+ 0.60 1.21 1.355 1.214 1.354 1.207 1.061

C7H C1–C2 C2–C3 C3–C4 C4–C5 C5–C6 C6–C7 C7–H
Anion ~X 3S� �2.95 1.275 1.309 1.28 1.271 1.321 1.233 1.059
Neutral ~X 2P 0.00 1.295

(1.301)
1.275

(1.273)
1.298

(1.309)
1.243

(1.243)
1.332

(1.341)
1.215

(1.217)
1.062

(1.057)
ã4S� 1.31 1.241 1.304 1.281 1.259 1.326 1.221 1.061

C8H C1–C2 C2–C3 C3–C4 C4–C5 C5–C6 C6–C7 C7–C8 C9–H
Anion ~X 1S+ �3.79 1.255

(1.2600)
1.334

(1.3440)
1.236

(1.2360)
1.332

(1.3435)
1.230

(1.2284)
1.347

(1.3592)
1.216

(1.2166)
1.059

(1.0598)
Neutral ~X 2P 0.00 1.281 1.306 1.248 1.315 1.233 1.339 1.212 1.062

Ã2S+ 0.71 1.212 1.351 1.218 1.343 1.218 1.352 1.208 1.062

C9H C1–C2 C2–C3 C3–C4 C4–C5 C5–C6 C6–C7 C7–C8 C8–C9 C9–H
Anion ~X 3S� �3.25 1.271 1.312 1.268 1.284 1.294 1.256 1.330 1.225 1.059
Neutral ~X 2P 0.00 1.290 1.280 1.287 1.254 1.311 1.235 1.338 1.212 1.062

ã4S� 1.27 1.233 1.315 1.265 1.276 1.298 1.246 1.334 1.217 1.061

a Transition state.

Table 7 Calculated harmonic vibrational frequencies (cm�1) at the B3LYP/AVTZ level of theory

State n1 n2 n3 n4 n5 n6 n7 n8 n9 n10 n11 n12 n13 n14 n15 n16 n17

C5H s s s s s p p p p
~X 3S� 3473 1909 1790 1479 761 130i 456 396 135
~X 2P 3449 2054 1952 1461 771 438/756 393/582 289/363 128/133

ã4S� 3453 1975 1721 1563 780 502 432 393 139

C6H s s s s s s p p p p p
~X 1S+ 3480 2222 2142 1979 1206 641 483 550 494 264 111
~X 2P 3451 2101 2132 1898 1224 650 574/701 512/554 393/466 191/245 89/107

Ã2S+ 3466 2285 2220 2114 1212 642 659 530 655 304 118

C7H s s s s s s s p p p p p p
~X 3S� 3474 2023 1949 1769 1611 1071 564 334 488 470 387 198 81
~X 2P 3453 2139 2051 1908 1581 1085 569 531/725 475/612 436/536 312/367 185/191 78/79

ã4S� 3455 2056 1999 1677 1628 1093 569 569 503 430 376 203 81

C8H s s s s s s s s p p p p p p p
~X 1S+ 3478 2231 2200 2096 1982 1354 945 493 515 563 532 467 278 166 65
~X 2P 3454 2189 2109 2044 1904 1373 959 499 604/694 543/595 508/528 399/447 248/266 145/162 62/63

Ã2S+ 3463 2279 2241 2174 2109 1346 947 491 654 619 572 493 318 178 66

C9H s s s s s s s s s p p p p p p p p
~X 3S� 3473 2072 2055 1945 1735 1658 1245 860 446 434 532 498 464 377 230 133 52
~X 2P 3454 2180 2130 2021 1850 1638 1255 869 448 583/706 563/663 485/580 438/506 322/364 218/224 126/131 49/50

ã4S� 3457 2104 2048 2003 1735 1521 1260 869 448 600 588 498 420 348 235 134 51
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Table 8 Experimentally determined electron affinities (eV), term ener-
gies (eV) and vibrational frequencies for the C5–9H species. Uncertainty is
�0.0010 eV for the energies and �8 cm�1 for the vibrational frequencies

Species State Energy n1 n2 n3 n4 n5 n6 n7 n8

C5H ~X 3S� 208
~X 2P EA ¼

2.4225
3462 1975 1882 1508 820

ã4S� T0 ¼
1.3095

498

C6H ~X 2P EA ¼
3.8090

Ã2S+ T0 ¼
0.1751

2260 651

C7H ~X 3S� 356
~X 2P EA ¼

2.8187
1815 510

ã4S� T0 ¼
1.2690

1894 1603 1011 537 536

C8H ~X 2P EA ¼
3.9701

Ã2S+ T0 ¼
0.2619

1697

C9H ~X 2P EA ¼
3.0971

1755

ã4S� T0 ¼
1.2279
calculations and FC simulations. Because of their different

electronic character, leading to qualitatively different PE spectra,

the odd- and even-carbon species will be considered separately.

Peak assignments are shown in Tables 1–5, while experimentally

determined electron affinities, term energies and vibrational

frequencies are summarized in Table 8.
C5H�, C7H� and C9H�

In the C5H�, C7H� and C9H� SEVI spectra shown in Fig. 1–3,

the splittings between the bands in the upper and lower panels are

very similar to the calculated splittings in Table 6 between the

neutral ~X 2P and ã4S� states. Both states are accessible from the

C2n + 1H� (n¼ 2–4) 3S� ground states, which have a [.]p4p4s2p2

molecular orbital (MO) configuration. Removal of an electron

from the highest occupied p or s MO produces the neutral ~X 2P

or ã4S�state, respectively. As shown previously,14,15,62 photo-

detachment from p and s MOs often proceeds via ‘‘s+d’’ and ‘‘p’’

scattering, respectively. We thus assign the lower energy band of

peaks to the ~X 2P neutral ground state and the second band to the

ã 4S� first excited state, with both bands originating from the

anion ~X 3S� state.

In the ~X 2P bands, the splitting of the vibrational origin into

two closely spaced peaks, labeled A and B in Fig. 1a–3a, is

attributed to spin–orbit coupling in the neutral vibrational

ground state, and peaks A and B are assigned as transitions to

the P1/2 and P3/2 spin–orbit components of this state. In C5H

and C7H, the doublet splittings are 25 cm�1 and 27 cm�1,

respectively. These values are in good agreement with the spin–

orbit splittings of 24.22 cm�1 and 26.17 cm�1 derived from

FTMW and millimetre-wavelength absorption measure-

ments33,34 as well as the splittings seen in the visible Ã2D) ~X 2P
198 | Chem. Sci., 2010, 1, 192–201
bands of C5H and C7H.23 In C9H, peaks A and B are spaced by

30 cm�1; our spectrum is the first experimental determination of

the spin–orbit splitting for this species. From the eBE of peak A,

we obtain a refined electron affinity (EA) of C5H and the first

experimental EA of C7H and C9H. These values are EA(C5H) ¼
2.4225 � 0.0010 eV, EA(C7H) ¼ 2.8187 � 0.0010 eV and

EA(C9H) ¼ 3.0971 � 0.0010 eV. The calculated EAs at the

B3LYP/AVTZ level of theory, including zero-point energy

corrections, are 2.56 eV, 2.95 eV and 3.25 eV for C5H, C7H and

C9H, respectively, as indicated in Table 6. Thus, the calculations

systematically overestimate the EA of these species by around

0.15 eV.

FC simulations of the ~X 2P bands are shown as gray-shaded

peaks in Fig. 1a–3a. Only the s vibrational modes were included

in these simulations; inclusion of the bending modes would

require incorporating Renner–Teller coupling into the simula-

tions and is beyond the scope of this work. The good agreement

between the simulated and experimental spectra allows us to

assign most of the observed features. In C5H, peaks D, F, G and

H are assigned to the 51
0, 41

0, 31
0 and 21

0 transitions, respectively.

These four modes are all carbon backbone stretching vibrations.

Peak I is assigned to the 11
0 transition in which the C–H stretching

mode is excited. In C7H, peak D is assigned to the 71
0 transition

while peaks F and G are assigned to the P1/2 and P3/2 spin–orbit

components of the 41
0 transition, respectively. Similarly, in C9H,

peaks I and J are assigned to the P1/2 and P3/2 spin–orbit

components of the 51
0 transition, respectively. All of these modes

are also carbon backbone stretching vibrations and their vibra-

tional frequencies agree well with the calculated values.

Several smaller peaks are not reproduced by the FC simula-

tions and are thus assigned to transitions involving bending

modes. While the definitive assignments of these features would

require a fuller understanding of RT coupling in these species,

some tentative assignments can be made on the basis of the

calculated harmonic bending vibration frequencies shown in

Table 7. In C5H and C7H, the most likely active bending vibra-

tions are the CCH bending modes (n6 and n8, respectively)

because of the large changes in frequency between the anion and

the neutral. This change in frequency would give rise to n2
0

transitions as well as n1
1 sequence bands located at higher eBE

than the origin transition. For C5H, peaks C and E could arise

from the 61
1 and 62

0 transitions, while peaks C and E in the C7H�

spectrum could be the 81
1 and 82

0 transitions. These assignments

yield n6 frequencies (ignoring anharmonicities and RT effects) of

398 and 710 cm�1 in C5H� and C5H, respectively, and n8

frequencies of 298 and 521 cm�1 for anionic and neutral C7H.

While these values are within range of our calculated frequencies

in Table 7, evaluation of these assignments and frequencies is

difficult because the calculated bend frequencies in the neutral

are non-degenerate, the experimental levels have unknown RT

splittings, and the calculation for C5H� yields an imaginary n6

frequency at the linear geometry.

The situation is different in the ~X 2P band of C9H, where all

the weaker transitions that are not reproduced by the FC simu-

lations have a different PAD than the main spectral features

(peaks A, B, I, and J). While these weaker features could origi-

nate from a different C9H isomer, the lowest lying isomers of

C9H� are calculated to lie more than 0.84 eV above the linear

isomer and thus are unlikely to contribute to the spectrum. These
This journal is ª The Royal Society of Chemistry 2010



features are more likely to be nominally forbidden transitions to

the ~X 2P state, such as bending vibrations with odd Dn, which

gain intensity through vibronic coupling. In this case, those

vibronically allowed transitions normally have the same PAD as

the transitions to the electronic state from which intensity is

borrowed.14,77 The closest electronic state which can couple via

bending modes with the ~X 2P state is the Ã2D state. This state is

expected to lie 1.88 eV above the ground state based on electronic

structure calculations and extrapolations of the corresponding

Ã2D) ~X 2P transitions in C5H and C7H.23 This term energy is

0.45 eV and 0.21 eV higher in C5H and C7H, respectively,

providing a possible explanation as to why vibronic coupling

effects appear stronger in C9H than in the shorter chain species.

We next consider the ã4S� bands in Fig. 1b–3b. The dominant

peak in each panel, labeled J in the C5H� and C7H� spectra and

N in the C9H� spectrum, is assigned to the 00
0 transition. The term

energies of the ã4S� states of C5H, C7H and C9H are thus

determined to be 1.3095 � 0.0010 eV, 1.2690 � 0.0010 eV and

1.2279 � 0.0010 eV, respectively. These values are in excellent

agreement with our calculations that predicted ã4S� term ener-

gies of 1.35 eV, 1.31 eV and 1.27 eV for these species. FC

simulations, shown in shaded gray in Fig. 1b–3b, result in

assignments of all the remaining features in the ã4S� bands of

C5H and C7H.

In the C5H� spectrum, peaks K and L can be reproduced in the

FC simulation by assigning them to the 61
1 and 62

0 transitions,

respectively, by assigning a frequency of 208 cm�1 for the cor-

responding anion bending mode, and by setting the anion

vibrational temperature to 150 K. This assignment of peak L

yields a value of 498 cm�1 for the n6 fundamental of the ã4S�

state, close to our calculated value of 502 cm�1 (Table 6). The low

n6 anion frequency implied by this assignment is consistent with

the very shallow CCH bending potential of C5H� inferred from

our calculations. This anion frequency is preferable to that

inferred from our assignment of peak C in the ~X 2P band, given

the absence of RT splittings in the ã4S� band.

Similar CCH bending activity is found in the SEVI spectrum

of C7H� where peaks K and N are assigned to the 81
1and 82

0

transitions, respectively. These assignments of peak yield

356 cm�1 and 536 cm�1 for the anion and neutral n8 fundamentals

(CCH bend), both of which are in reasonable agreement with

calculated values in Table 7. The remaining peaks in the C7H�

spectrum, labeled L, M, O and P, are assigned to the 71
0, 61

0, 41
0and

31
0 transitions, respectively. These modes are all stretching

vibrations of the carbon backbone and their frequencies are in

good agreement with the calculated values.
C6H� and C8H�

In the C6H�and C8H� SEVI spectra shown in Fig. 4 and 5, the

lower energy band is assigned to the ~X 2P neutral ground state

and the second band to the Ã2S+ first excited state. Both states

are accessible from the C6H� and C8H� ~X 1S+ ground states,

which have a [.]p4p4s2p4 MO configuration. Removal of an

electron from the highest occupied p or s MO produces the

neutral ~X 2P or Ã2S+ state, respectively. As discussed earlier,

photodetachment from p and s MOs often proceeds via ‘‘s+d’’

and ‘‘p’’ scattering, respectively, consistent with the observed

PADs.
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In the ~X 2P bands, the two closely spaced peaks, labeled A and

B in Fig. 4a–5a, are assigned as transitions to the P3/2 and P1/2

spin–orbit components, respectively, of the vibrational ground

state. The splittings between those two peaks are 15 cm�1 and 21

cm�1, in good agreement with the spin–orbit splittings of �15.11

cm�1 and �19.33 cm�1 derived from FTMW and millimetre

wavelength absorption measurements33,34 on C6H and C8H,

respectively. From the eBE of the peaks labeled A, we obtain

refined EAs for these two species: EA(C6H) ¼ 3.8090 � 0.0010

eV and EA(C8H) ¼ 3.9701 � 0.0010 eV. These values are within

the uncertainties of those previously determined by Taylor et al.13

They are also close to the calculated EAs, at the B3LYP/AVTZ

level, of 3.64 eV and 3.79 eV for C6H and C8H, respectively.

The dominant peaks E and D in Fig. 4b and 5b, respectively,

are assigned to the 00
0 transitions of the Ã2S+ state. The term

energies of the first excited state are thus determined to be

0.1751 � 0.0010 eV and 0.2619 � 0.0010 eV, for C6H and C8H

respectively. These values are within the uncertainties of the term

energies reported by Taylor et al.13 They are smaller than our

calculated term energies of 0.60 eV and 0.71 eV for these species.

However, the C6H Ã2S+ state experimental term energy is in

good agreement with the vertical transition energy of 0.22 eV

calculated by Cao and Peyerimhoff.47

The C6H� and C8H� SEVI spectra display little vibrational

activity. Some vibrational transitions can be assigned with the

FC simulations, the results of which are shown in shaded gray in

Fig. 4 and 5. In the Ã2S+ band of C6H, peaks F and G are

assigned to the 61
0 and 21

0 transitions, respectively. In the ~X 2P

band of C8H, peak C is assigned to the 51
0 transition.

Peaks C and D in the ~X 2P band of C6H are not reproduced by

the FC simulations and are thus assigned to bending vibrational

modes. Again, the definitive assignment of these features would

require a fuller understanding of the RT coupling in C6H. Peaks

C and D are shifted by only 106 cm�1 and 215 cm�1 from the

origin. These positions roughly correspond to the calculated

frequencies of the n10 and n11 modes. However, transitions to

non-totally symmetric modes with odd Dn are nominally

forbidden, even in the presence of RT coupling. These peaks

could be the 112
0 and 102

0 transitions; such an assignment would

imply that the n11 and n12 frequencies are much smaller than the

calculated values or that the RT coupling for these modes is very

strong.

Another possibility is that peaks C and D are Dn ¼ 1 bending

transitions that gain intensity through vibronic coupling with the

nearby Ã2S+ state, similar to what was observed in the SEVI

spectra14,15 of C2H� and C4H�. Usually, we would expect these

features to have ‘‘p’’ PADs, similar to the features associated with

the Ã2S+ state,14 and not the observed ‘‘s+d’’ PADs. However, in

the SEVI spectrum of C4H�, features were assigned to vibroni-

cally allowed Dn ¼ 1 bending transitions even though the PADs

were the same as for nearby, fully allowed transitions.15
Discussion

This study addresses the key issue of the structure of CnH�

anions with an odd number of carbon atoms. Previous DFT

studies on C5H�, C7H�and C9H� have reported bent geometries

for the triplet ground state of the isomer comprising a single

carbon chain terminated by a hydrogen.16,46,53,76 In contrast, the
Chem. Sci., 2010, 1, 192–201 | 199



electronic structure calculations presented here predict a quasi-

linear geometry for C5H� and linear geometries for C7H�and

C9H�. The FC simulations involving transitions from these

calculated linear 3S� anion ground electronic states to the ~X 2P

and ã4S� neutral states were found to be in excellent agreement

with the well-resolved features of the SEVI spectra. The ~X 2P

states of C5H, C7H and C9H, which can be unambiguously

identified from the resolved spin–orbit splitting, are known to be

linear from FTMW spectroscopy.33,36 The observed small

vibrational activity in the ~X 2P band is therefore consistent with

linear-to-linear transitions. If the anion had a bent geometry,

extensive bending progressions would be expected.78 We thus

conclude that the triplet ground states of the C5H�, C7H�and

C9H� anions are linear, in accordance with our electronic

structure calculations.

Another issue addressed here is the energy ordering of the

various isomers of the odd-carbon anion species. For C5H�,

a theoretical study by Blanksby et al.46 found two isomers to

be more stable than the single chain with terminal hydrogen (l-

C5H�) discussed here. One isomer has a hydrogen located on the

middle of a single carbon chain (C2[CH]C2
�, 1A1), and the other

a branched three-membered ring with the hydrogen located on

the ring ([c-C3H]C2
�, 1A0); they were found to be 0.15 eV and

0.12 eV below l-C5H�, respectively. A third isomer, consisting of

a branched three-membered ring with the hydrogen located at

the end of the branch ([c-C3]C2H�, 1A1), was found to lie 0.13 eV

above l-C5H�. A recent PE study of C5H� invoked the presence

of both l-C5H� and [c-C3]C2H� isomers in order to assign all the

observed spectral features. Based on their electron affinities and

the calculated energetics of the neutral C5H isomers,43 the [c-

C3]C2H� isomer was assigned to lie 0.16 eV below the l-C5H�

isomer.

The electronic structure calculations and the C5H� SEVI

spectra presented here point toward a somewhat different

conclusion. First, the B3LYP/AVTZ calculations predict that

l-C5H� is the most stable isomer by 0.29 eV. Secondly, only the

l-C5H� isomer was necessary to assign the all the observed spectral

features in the C5H� SEVI spectra. The main difference between

the analysis of the current SEVI spectra and the previous PE

spectra comes from the linear 3S� l-C5H� anion geometry used in

the FC simulations instead of the bent 3A0 geometry. The large

vibrational activity expected for a bent-to-linear transition was

not compatible with some of the observed features in the PE

spectrum and these were thus assigned to a cyclic isomer. Since the

current study used short chain precursors (acetylene and propyne)

that would not have hindered the formation of the various

isomers, we conclude that the l-C5H� (3S�) isomer is the lowest

energy structure on the C5H� potential energy surface. Similar

conclusions can be reached for the l-C7H� (3S�) and l-C9H� (3S�)

isomers on the same basis of the present DFT calculations and the

analysis of the C7H� and C9H� SEVI spectra.

Our SEVI spectra also probe vibronic coupling in the carbon

monohydrides. In C2H, the small 3600 cm�1 spacing between the
~X 2S+ and Ã2P states results in strong pseudo-Jahn–Teller

coupling that is well-documented and understood.14 For C4H,

the ~X 2S+ state lies only 213 cm�1 below the Ã2P state which

presumably yields even larger perturbations of the vibronic

levels,15 but these effects have not been theoretically addressed

yet. For the larger even-carbon species studied here, the ordering
200 | Chem. Sci., 2010, 1, 192–201
of the two states is reversed and the splittings are 1492 cm�1 and

2112 cm�1 for C6H and C8H, respectively. While the appearance

of peaks C and D in the C6H� SEVI spectra might be an indi-

cation of vibronic coupling, depending on their assignments, no

indication of vibronic coupling is found in the C8H spectra. This

suggests that the amplitude of pseudo-Jahn–Teller coupling

between the low-lying 2S+ and 2P states of the even-carbon is

small in C6H and even smaller in the longer chains. The situation

is reversed in the odd-carbon species; evidence of vibronic

coupling is found in the SEVI spectra of C9H� but not in the

spectra of the smaller chain species. If this coupling occurs

between the ~X 2P and the Ã2D states, as proposed above, vibronic

coupling could be increasingly important for the longer-chain

odd-carbon species because the ~X 2P–Ã2D splitting decreases

with chain-length.23
Conclusions

High-resolution photoelectron spectra of the C5–9H� species

acquired with SEVI are reported. The spectra of C5H�, C7H�,

and C9H� show well resolved transitions to the ~X 2P and ã4S�

neutral states. For C6H� and C8H�, transitions to the ~X 2P and

Ã2S+ neutral states are observed. Most of the observed spectral

features are assigned with the help of electronic structure

calculations and FC simulations. Precise electron affinities and

term energies are determined and several gas-phase vibrational

frequencies are determined for the first time. For the odd-

carbon species, the observed spectral features and electronic

structure calculations are consistent with linear ~X 3S� ground

states for the anions, with no other isomers contributing to the

spectra.
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