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Anion photoelectron spectroscopy is performed on the C5H− species. Analogous to C3H− and C3D−,
photodetachment transitions are observed from multiple, energetically close-lying isomers of the
anion. A linear and a cyclic structure are found to have electron binding energies of
2.421�0.019 eV and 2.857�0.028 eV, respectively. A cyclic excited state is also found to be
1.136 eV above the linear 2� C5H ground state. Based on our assignments of the observed
transitions and previous calculations on the energetics of neutral C5H isomers, the cyclic 1A1 anion
state is found to lie 0.163 eV below the 3A linear anion. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2912056�

I. INTRODUCTION

The C5H radical is believed to be an important interme-
diate in the reaction pathway to the formation of larger car-
bon containing molecules in molecular clouds and interstel-
lar envelopes and to the formation of larger polycyclic
aromatic hydrocarbons in combustion processes. Recent
crossed molecular beam studies have shown that C5H is
formed in its linear 2� ground state through a single colli-
sion processes with acetylene,1

C3 + C2H2 → C5H�X̃ 2�� + H. �1�

Equation �1� represents an example of a class of reactions,
Cp+CnHm→Cn+pHm−1+H, thought to account for the forma-
tion of molecules with large carbon chain backbones de-
tected in the interstellar medium.2,3 Due to the high abun-
dance of C�3P�4,5 and acetylene6 detected in interstellar
clouds, the smallest of these reactions �p=1, n=m=2� is
thought to be most important, followed by reactions of acety-
lene with larger bare carbon chains. Bare carbon chains up to
C5, carbon monohydride chains up to C8H, and the nega-
tively charged monohydrides C4H−, C6H−, and C8H− have
been discovered in space.7–11 In this paper, we report photo-
electron spectra of C5H− in order to characterize the energet-
ics and structure of both C5H and C5H−.

Most of the carbon chain species found in space have
been linear owing to their large dipole moments and amena-
bility to detection via radiotelescope. The linear form of C5H
was identified in the laboratory and in space by its micro-
wave spectrum in 1986.12,13 Since then the linear isomer has
been theoretically14–18 and experimentally studied.19,20 Most
of the theoretical work has focused on the ground 2� state,
but Haubrich et al.17 have computed the electronic spectra of

the linear isomer using multireference configuration interac-
tion methods. In the more recent experiments, McCarthy
and Thaddeus19 studied the hyperfine couplings of the linear
13C substituted chains, while Ding et al.20 identified the
A 2�←X 2�, B 2�−←X 2�, and C 2�+←X 2� electronic
transitions, all involving a �→� electronic excitation.

The C3H radical is now known to exist in cyclic and
linear forms, as the anion does.21–26 The laboratory and as-
trophysical detection22 of cyclic C3H has motivated several
theoretical16,17,27 and experimental27–29 studies aimed at iden-
tifying other nonlinear isomers of the larger CnH chains. For
even n, a single resonance structure of the linear chain with
alternating acetylenic bonds dominates the energy landscape.
Only linear isomers of both the anions and neutrals of the
even series with n�8 have been experimentally seen.20,30–34

For odd n, there is no dominant resonance structure,
and multiple close lying isomers may result.

Crawford et al.16 employed high level coupled-cluster
calculations on the C5H neutral potential energy surface and
found six other stable isomers ranging from 0.2 to 3 eV
above the linear 2� ground state. One of these isomers, a
cyclic C5H isomer with a three-carbon ring �Fig. 2, structure
II�, was unambiguously identified by Apponi et al.29 via
Fourier-transform microwave spectroscopy. Haubrich et al.17

calculated vertical excitation energies to excited states of
several neutral isomers. Bowie and co-workers27,28,35 have
theoretically investigated the anion, finding four low-lying
isomers at the B3LYP level of theory. The linear anion is a
triplet in its lowest energy state, followed closely by a singlet
state only 0.13 eV higher in energy. Although the linear spe-
cies was found to be the ground state in the neutral, C2CHC2

−

was found to be the anion ground state, lying 0.15 eV below
the linear isomer. Experiments by Bowie and Blanksby
et al.27 based on mass spectrometry showed evidence for this
form of the anion and the corresponding neutral.

Our laboratory has investigated several CnH radicals by
anion photoelectron spectroscopy and related
techniques.33,34,36 These results have yielded electron affini-
ties �EAs� and excited state energies in the radicals. Our
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recent study26 of C3H− was particularly instructive as we
were able to determine which close-lying photodetachment
transitions originated from either cyclic or linear C3H−. Here,
we present anion photoelectron spectra of C5H− at photode-
tachment wavelengths of 355 nm �3.495 eV�, 299 nm
�4.115 eV�, and 266 nm �4.661 eV�. We find evidence for
photodetachment from both linear and cyclic anion isomers
to the corresponding lowest lying neutral states as well as to
an excited state of the cyclic isomer. In the next section, we
give the details of our experiment, while Sec. III gives the
results of our experiments and electronic structure
calculations. Section IV provides assignments of our spectra
using previous experimental data, calculations, and Franck–
Condon �FC� simulations.

II. EXPERIMENTAL

The photoelectron spectrometer has been described
elsewhere37,38 and only details relevant to the current experi-
ment are given. C5H− is formed by expanding propyne
�H3CuCwCH� seeded in N2 through a pulsed valve
�Parker-Hannefin�, followed by a high voltage discharge. The
mixture consisted of 8% propyne and 1% CO2 in a balance
of N2. The gas pulse expands supersonically from the nozzle
through the orifices of a set of annular discharge plates
pulsed to 900–950 V. The throat of the discharge is inter-
sected by a 1 keV electron beam for stability of ion produc-
tion. The pulsed beam passes through a skimmer, after which
anions are extracted into a linear reflectron time-of-flight
�TOF� mass spectrometer with a mass resolution �m /�m� of
2000.39 Ion optics steer and focus the ion packets toward the
interaction region, where they are intersected by the detach-
ment laser. Detached electrons are detected and their flight
times recorded using a chevron-mounted dual microchannel
plate detector at the end of an �1 m long, magnetically
shielded flight tube perpendicular to both the molecular and
laser beam axes.

The electron kinetic energy �eKE� is related to the elec-
tron time-of-flight �TOF� by the following equation:

eKE =
1

2
me�vion

2 +
l2

TOF2� , �2�

where me is the electron mass, vion is the velocity of the
parent ion, and l is the length between the laser interaction
region and the electron detector. Under the best resolution,
the full width half maxima of an electron peak in kinetic
energy space ��E� has been found to be 8 meV at 0.65 eKE.
From Eq. �1�, it can shown that �E�eKE3/2 and the reso-
lution of a given electron peak �eKE /�E� will be lower with
increasing eKE.

For this experiment, the third �355 nm, 3.495 eV� and
fourth �266 nm, 4.661 eV� harmonics of a Nd:YAG �neo-
dynium:yttrium aluminum garnet� laser, as well as the first
Stokes line of 266 nm from a 325 psig H2 Raman cell
�299 nm, 4.115 eV� were used. The laser polarization angle
���, the angle between the electric field vector of the laser
and the direction of electron collection, was set to either 0°

or 90° in order to obtain angular information of the photo-
electrons. The angular distribution of the photoelectrons is
given by40

d�

d	
=

�tot

4�
�1 +




2
�3 cos2 � − 1�	 , �3�

where �tot is the total photodetachment cross section, and 

is the anisotropy parameter which varies from −1 to 2. Each
feature in the PE spectrum has a characteristic 
 calculated
from the spectra using the equation,


 =
I0° − I90°

1
2 I0° + I90°

, �4�

where I0° and I90° are the intensities of the peak taken at
�=0° and 90°. Anisotropy parameters can be useful as a
probe of vibronic coupling and as a means of distinguishing
close-lying neutral←anion electronic transitions.33

III. RESULTS

A. Photoelectron spectra

Figure 1 shows the photoelectron spectra of C5H− at
355 nm �3.495 eV, top�, 299 nm �4.115 eV, middle�, and
266 nm �4.661 eV, bottom�. Peak positions and anisotropy
parameters for the largest peaks are given in Table I. The
spectra show signal versus electron binding energy �eBE�
from 2.2 to 4.6 eV. The eBE scale is obtained from the eKE
using eBE=h�−eKE, where h� is the photon energy. No
features were observed below 2.2 eV. Spectra were collected
over 200 000 laser shots at laser polarization angles of 0°
�gray trace� and 90° �black trace� for each wavelength. Elec-

FIG. 1. TOF photoelectron spectra of C5H− at 355 nm �top�, 299 nm
�middle�, and 266 nm �bottom� plotted in electron binding energy �eBE�.
Black and gray traces are taken at laser polarization angles of 90° and 0°,
respectively.
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tron intensities versus eBE at the two polarizations were
scaled according to the raw electron intensities recorded as a
function of TOF.

The 355 nm spectra show four large peaks, X0, X1, A0,
and X2, superimposed upon a broad quasicontinuous signal
extending from 2.4 to 3.4 eV. The broad feature is not from
the background photoelectrons, the production of which is
minimal at 355 nm, and is apparently from photodetachment
of C5H−. Peaks X0, X1, and X2 are evenly spaced with an
average spacing of 0.244 eV �1964 cm−1� and appear to be a
vibrational progression with peak X0 as the vibrational ori-
gin. The nature of peak A0 is more complex, as discussed
below. The major peaks in the spectra all have slightly nega-
tive anisotropy parameters, as shown in Table I.

At both 299 and 266 nm, the major peaks seen at
355 nm are still apparent but with lower resolution due to the
increased eKE. In addition, two prominent new peaks appear
around 3.7 eV, labeled B0 and B1, and several smaller fea-
tures from 3.8 to 4.0 eV, which are collectively labeled C.
Peaks B0 and B1 have slightly positive anisotropy param-
eters. The most interesting point of comparison between the
spectra at different wavelengths is that the relative intensity
of peak A0 is substantially higher in both the 299 and 266 nm
spectra than at 355 nm. A0 appears to have a markedly dif-
ferent eKE dependence than band X, with much lower inten-
sities closer to threshold. This evidence suggests that A0 is
not a transition to a vibrational level of the same electronic
state responsible for the rest of the 355 nm spectrum, and
instead most likely originates from a different electronic
transition or structural isomer.

B. Electronic structure calculations

Electronic structure calculations were performed on the
relevant neutral and anionic isomers of C5H, as determined
by previous studies. Several calculations have already been
carried out on the anion18,27 and the neutral.15–18 The current
calculations serve to reproduce the representative force con-
stants for each state in order to generate FC factors for the
purpose of simulating and interpreting the photoelectron
spectra. Our calculations were carried out with density func-
tional theory �DFT� using the Becke three-parameter Lee,
Yang, Parr exchange-correlation functional41,42 �B3LYP�
along with the correlation consistent polarized valence
double-� basis set �cc-pVDZ�.43 All computations were per-
formed using the GAUSSIAN03 program.44

Crawford et al.16 performed coupled-cluster �CCSD and
CCSD�T�� and equation-of-motion coupled cluster
�EOMEA, EOMIP-CCSD� calculations with DZP and TZ2P
basis sets and found seven minima on the neutral potential
energy surface. Of these seven structures, Blanksby et al.27

found four to be stable on the anion potential energy surface.
They performed B3LYP calculations with an aug-cc-pVDZ
basis set for geometry optimization and RCCSD�T� calcula-
tions to find more accurate energies at potential energy
minima. Only these four isomers, whose structures are
shown in Fig. 2, are of interest in the current study. In the
present study, B3LYP calculations were undertaken on the
geometries, vibrational frequencies, and energetics of the
ground states of the anion and neutral for each of the four
isomers. In addition, neutral excited states of isomers I and II
were also calculated. Table II shows the current B3LYP cal-
culated bond lengths, bond angles, and dihedral angles cor-
responding to the labels in Fig. 2, along with the previous
calculations and experiment for comparison. No previous
calculations for comparison are given for the anion states
since our B3LYP calculations essentially reproduce the struc-

TABLE I. Peak positions in eV, anisotropy parameters, and vibrational and electronic assignments. Anisotropy
parameters were only measured for peaks with appreciable intensity or resolution in both the 355 and 266 nm
spectra.

Peak Energy �eV� 
355 nm 
299 nm 
266 nm Assignment

X0 2.421 −0.3 −0.2 −0.2 00
0 2�← 3A �isomer I�

X1 2.658 −0.2 −0.2 −0.2 30
1

X2 2.908 ¯ ¯ ¯ 30
2

A0 2.857 ¯ −0.1 −0.1 00
0 2B2← 1A1 �isomer II�

B0 3.720 ¯ 0.0 0.2 00
0 2A1← 1A1 �isomer II�

B1 3.755 ¯ 0.1 0.1 50
1

C 3.8–3.9 ¯ ¯ ¯ ¯

4�−← 3A �isomer I�

FIG. 2. Approximate geometries of the isomers relevant to the current work.
Bond lengths �r�, angles ��, and dihedrals ��� correspond to the values
given in Table II.
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tures found by Blanksby et al.27 at a similar level of theory.
Table III shows the current B3LYP calculated vibrational fre-
quencies for the anion and neutral states of each isomer.
Table IV shows current as well as previous calculated ener-
getics for both the anion and neutral manifolds.

Isomer I of C5H corresponds to the linear or slightly bent
chain form, analogous to the linear isomer of C3H. Accord-
ing to the B3LYP calculations, the anion has a bent 3A
ground state. The structure converged to a geometry with C1

symmetry, corresponding to a 3�− state at the linear

geometry. The 3�− electronic configuration is
¯�2��4�11��2�3�x�1�3�y�1 which upon bending to the C1

geometry gives ¯�13a�2�14a�2�15a�2�16a�1�17a�1. Ejection
of a �16a� or �17a� electron leads to the electronic configu-
ration for the 2� ground state of the neutral
¯�2��4�11��2�3��1. In the neutral, the B3LYP calculations
converge to a strictly linear structure. The acetylenic charac-
ter of the carbon chain, as evidenced by how much the bond
lengths alternate, is comparable to the RCCSD�T� calcula-

TABLE II. Geometries from current and previous calculations and experiment.

State Method Sym. ra rb rc rd re a b c d �a �b �c

I Anion 3A B3LYP/cc-pVDZa C1 1.078 1.272 1.312 1.316 1.296 150.5 174.3 174.8 178.4 173.5 −52.4 162.0
Neutral 2� B3LYP/cc-pVDZa C�v 1.074 1.234 1.331 1.277 1.318

2� EOMEA-CCSD/TZ2Pb C�v 1.061 1.216 1.346 1.256 1.319
2� RCCSD�T�/cc-pVTZc C�v 1.065 1.228 1.339 1.273 1.318
2� Expt. - FTMd C�v 1.055 1.224 1.329 1.267 1.308
4�− B3LYP/cc-pVDZa C�v 1.072 1.243 1.322 1.298 1.267

II Anion 1A1 B3LYP/cc-pVDZa C2v 1.070 1.229 1.393 1.407 1.469 180.0 180.0 148.5 58.5
Neutral 2B2 B3LYP/cc-pVDZa C2v 1.074 1.219 1.384 1.401 1.371 180.0 180.0 150.7 60.7

2B2 EOMIP-CCSD/TZ2Pb C2v 1.062 1.204 1.395 1.383 1.363 180.0 180.0 150.4 60.4
2A1 B3LYP/cc-pVDZa C2v 1.073 1.217 1.393 1.401 1.503 180.0 180.0 147.5 57.5

III Anion 1A� B3LYP/cc-pVDZa Cs 1.094 1.398 1.479 1.376 1.264 147.3 56.5 150.7 179.5 180.0 180.0 0.0
Neutral 2A B3LYP/cc-pVDZa Cs 1.088 1.348 1.460 1.328 1.291 155.8 60.5 156.8 179.1 180.0 180.0 180.0

2A� EOMIP-CCSD/TZ2Pb Cs 1.073 1.336 1.444 1.320 1.275 156.4 61.2 156.2 178.4 180.0 180.0 180.0

IV Anion 1A1 B3LYP/cc-pVDZa C2v 1.271 1.380 1.380 1.271 1.108 176.2 129.0 176.2 115.5 180.0 180.0 0.0
Neutral 2B2 B3LYP/cc-pVDZa C2v 1.293 1.371 1.371 1.293 1.098 176.0 112.2 176.0 123.9 180.0 180.0 0.0

2A EOIMP-CCSD/DZPb C1 1.308 1.376 1.403 1.296 1.096 171.7 120.1 161.2 119.1 116.7 −120.0 71.0

aThis work.
bReference 20.
cReference 14.
dReference 23.

TABLE III. Calculated frequencies.

State Method Sym. �1 �2 �3 �4 �5 �6 �7 �8 �9 �10 �11 �12 �13

I �+ /a �+ /a �+ /a �+ /a �+ /a �x /a �y /a �x /a �y /a �x /a �y /a �x /a �y

Anion 3A B3LYP/cc-pVDZa C1 3368 1890 1828 1475 770 609 631 397 160 435 443 162 ¯

Neutral 2� B3LYP/cc-pVDZ/TZ2Pa C�v 3462 2064 1970 1466 775 542 683 411 772 395 328 142 146
2� EOMEA-CCSD/TZ2Pb C�v 3478 2091 1945 1420 747 526 535 358 715 305 292 64 167
4�− B3LYP/cc-pVDZa C�v 3465 1984 1749 1566 783 491 491 499 499 403 403 149 149

II a1 a1 a1 a1 a1 b2 b2 b2 b2 b1 b1 b1

Anion 1A1 B3LYP/cc-pVDZa C2v 3490 2116 1600 979 691 181 527 207 1192 640 598 248
Neutral 2B2 B3LYP/cc-pVDZa C2v 3464 2163 1657 1286 745 646 536 175 458 743 572 230

2B2 EOMIP-CCSD/TZ2Pb C2v 3470 2191 1652 1279 728 722 539 202 365 672 527 132
2A1 B3LYP/cc-pVDZa C2v 3473 2200 1635 941 677 598 505 204 2223 746 556 230

III a� a� a� a� a� a� a� a� a� a� a� a�
Anion 1A� B3LYP/cc-pVDZa Cs 3136 2060 1659 1316 904 1065 701 513 223 844 567 237
Neutral 2A� B3LYP/cc-pVDZa Cs 3269 2020 1636 1289 969 842 731 450 172 823 541 194

2A� EOMIP-CCSD/TZ2Pb Cs 3316 2024 1632 1288 1000 851 736 449 151 822 511 139

IV a1 /a a1 /a a1 /a a1 /a a1 /a b2 /a b2 /a b2 /a b2 /a b1 /a b1 /a a2 /a
Anion 1A1 B3LYP/cc-pVDZa C2v 2987 2060 962 580 155 2035 1398 1170 323 902 286 309
Neutral 2B2 B3LYP/cc-pVDZa C2v 3133 1924 1043 510 97 1778 1295 1040 200 757 243 271

2A EOIMP-CCSD/DZPb C1 3198 1877 993 407 90 1466 1312 947 191 870 241 110

aThis work.
bReference 16.
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tions by Woon15 but is less than in the EOMEA-CCSD
study.16 The B3LYP bond lengths differ by about 0.01 Å
from the microwave data19 except for the CH bond length,
which is longer by about 0.02 Å. The lower bond length
obtained from experimental rotational constants is presum-
ably due to vibrational averaging over the large amplitude
CCH bend, as was the case in C3H.45

The 2� electronic state is susceptible the Renner–Teller
effect, the interaction of electronic and vibrational angular
momentum in a linear molecule, which serves to split the
energies of the normally degenerate bending modes. Calcu-
lated vibrational frequencies for the bending modes of C5H
show splittings suggestive of these effects. The largest split-
ting of 360 cm−1 occurs for �8 /�9, the predominantly CCH
bending mode, but these effects also appear in the three
CuCuC bending modes. Splittings are also seen for the
higher level EOMEA-CCSD calculations of Crawford
et al.16

Detachment of a �15a� electron from the 3A anion state
�isomer I� leads to the electronic configuration
¯�2��4�11��1�3�x�1�3�y�1, a linear quartet 4�− excited
state calculated to lie 1.357 eV above the 2� state. This state
lies considerably below any of the doublet excited states cal-
culated by Haubrich et al.17 Unlike the ground state, the
quartet state does not suffer from symmetry-breaking effects
in the bending modes. C3H also has a 4�− excited state to
which detachment transitions were observed.26

Isomer II is a ring-chain structure with the hydrogen at
the end of the chain, and is referred to henceforth as either
isomer II or the cyclic isomer. An analogy can be made be-
tween its anion and neutral electronic states and those of the
cyclic isomer of C3H. The anion �1A1� is closed shell with
C2v symmetry and a ¯�3b2�2�2b1�2�10a1�2�4b2�2 electronic
configuration. Two electronic states of the neutral were cal-
culated. Removal of an outer �4b2� electron leads to the
¯�3b2�2�2b1�2�10a1�2�4b2�1 electronic configuration of the
2B2 state, and removal of a �10a1� electron leads to the 2A1
state �¯�3b2�2�2b1�2�10a1�1�4b2�2�, lying 0.948 eV higher.
This value is close to but slightly lower than the previously
reported vertical excitation energy of 1.27 eV.17 The
EOMIP-CCSD calculations16 also converge to a symmetric

C2v structure. However, just as for C3H, the 2B2 state of C5H
is expected to undergo a pseudo-Jahn–Teller interaction with
the 2A1 excited state which may distort the equilibrium ge-
ometry to lower symmetry.46 Fourier-transform microwave
spectroscopy on C5H indicates a slightly distorted C3 ring
based on the observation of the nominally forbidden K=0
rotational ladder.29

Isomer III is also a derivative of the cyclic C3H isomer,
yet the electronic structure is very different. The Cs structure
gives rise to a ¯�12a��2�2a��2�13a��2�14a��2 electronic con-
figuration of a 1A� electronic state. Detachment of the outer-
most electron leads to a 2A� state. The calculated B3LYP
neutral structure is very similar to that of the EOMIP-CCSD
calculations.47 The frequencies at the B3LYP level also com-
pare very favorably to the higher level calculations, with the
largest discrepancy being only 55 cm−1 in the lowest
frequency mode.

Isomer IV is unique in that it is a bent chain with the
hydrogen at the center carbon, whereas most structures find
the hydrogen at the end of the chain or on a ring. The anion
calculation converges to a symmetric C2v structure �1A1�
with an electron configuration of ¯�5b2�2�1a2�2�8a1�2�6b2�2.
Photodetachment from the �6b2� orbital leads to the lowest
energy 2B2 neutral state. The B3LYP calculations on the neu-
tral converge to the more symmetric C2v structure, while the
higher level EOMIP-CCSD calculations of Crawford et al.16

find an asymmetric 2A �C1� state to be the minimum. Despite
this fact, the calculated frequencies show reasonable agree-
ment. The majority of the frequencies agree within
�100 cm−1 with the notable exception of �6, an asymmetric
carbon stretching mode.

Table IV gives the energies of the electronic states for
the four isomers calculated in the current and previous
works. Relative energies are given within both the anion and
neutral manifolds. Numbers in parentheses include zero-
point corrections. Numbers in square brackets are calculated
adiabatic detachment energies between anion and neutrals of
the same isomer. Within the anion and neutral manifolds, the
energy of the linear isomer is set to zero. The B3LYP calcu-
lations find the linear/bent isomer to be the ground state for
both the anion and neutral. In the anion, isomer IV is less
stable than the linear isomer by 0.173 eV. Isomers III and II

TABLE IV. Calculated relative energetics for the anion and neutral manifolds. The numbers in parentheses are zero-point corrected. Numbers in square
brackets are calculated detachment energies between the zero-point levels of the corresponding anion and neutral electronic states. The zero of the energy
scales for both manifolds are taken from isomer I.

Isomer I Isomer II Isomer III Isomer IV

Anion 3A 1A1
1A� 1A1

B3LYP/cc-pVDZa 0.000 �0.000� 0.688 �0.707� 0.285�0.351� 0.173�0.235�
RCCSD�T�/aug-cc-pVDZb 0.000 �0.000� 0.088 �0.133� −0.206�−0.114� −0.239�−0.150�

Neutral 2� 4�− 2B2
2A1

2A� 2B2 �2A�d

B3LYP/cc-pVDZa 0.000�0.000��2.209� 1.358�1.325� 0.472�0.443��1.944� 1.420�1.472� 0.980�0.967��2.825� 2.235�2.182��4.155�
RCCSD�T�/aug-cc-pVDZb 0.000�0.000��2.321� 0.147�0.199��2.388� 0.845�0.906��3.344� 2.026�2.063��4.538�
CCSD�T�/DZPc 0.000�0.000� 0.212�0.273� 0.954�0.975� 2.155�2.129�d

aThis work.
bReference 27.
cReference 16.
dEstimated from EOMIP-CCSD*/DZP calculations of Ref. 16 which converged to lower symmetry C1 structure.
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are 0.285 and 0.688 eV higher in energy, respectively. At the
RCCSD�T� level of theory, the linear isomer is destabilized
relative to isomer IV, while isomers II and III are more stable
in comparison. On the neutral potential energy surface, the
2� state of the linear isomer is universally the ground state,
with isomers II, III, and IV progressively higher in energy.

IV. DISCUSSION

A. General considerations

The spectra at 355 nm resemble a vibrational intensity
pattern arising from a single electronic transition. However,
close-lying electronic transitions from different isomers
could also produce the same effect. C3H−, in particular, dem-
onstrated the possibility of such isomers, showing over-
lapped photodetachment transitions from linear and cyclic
forms with similar eBEs.26 With a larger molecule such as
C5H−, in which many more stable isomeric forms are pre-
dicted, this possibility is even more likely. In C3H−, we were
able to distinguish photodetachment transitions originating
from the linear and cyclic isomers by means of the photo-
electron angular distributions and variations in relative peak
intensities depending on whether propyne or acetylene was
used as the starting material. Preliminary data on C5H− pro-
duced with acetylene were inconclusive as to whether or not
real intensity variations due to the formation of different iso-
mers were present. In regards to angular distributions, the
anisotropy parameter for A0 in the C5H− spectrum at both
299 and 266 nm is slightly less than that for X0 and X1 �−0.1
vs −0.2, see Table I�. The significance of this difference is
unclear given that A0 sits on top of significant underlying
signal, complicating the accurate determination of its inten-
sity. However, as mentioned in Sec. III A, the greatly in-
creased relative intensity of peak A0 at 299 and 266 nm com-
pared to 355 nm does suggest it arises from a different
electronic transition or isomer than band X.

Of the four isomers depicted in Fig. 2, only isomers I
and II are predicted to have detachment energies in the range
of eBEs reported for bands X and A0 �see Table IV�. The
detachment energies from Blanksby et al.27 for the 2�← 3A
�isomer I, 2.321 eV� and 2B2← 1A1 �isomer II, 2.388 eV�
transitions show a good agreement with the eBE of X0

�2.421 eV�. In fact, the analysis presented in the next section
strongly supports assigning band X to isomer I, in which case
A0 would most likely be from isomer II. For the higher en-
ergy bands, B0 at 3.720 and C at �3.8–3.9 eV, possible
candidates include transitions from anion isomers III and IV
to the corresponding neutral ground states, and transitions
from anion isomers I and II to the low-lying neutral linear
4�− and cyclic 2A1 excited states, as calculated in Sec. III B.
Assignments of bands B and C are considered further in the
following section once the origin of band X is established.

B. Franck–Condon simulations: Band X

In the assignment of band X, the first point to consider is
that peaks X0, X1, and X2 are spaced by 1964 cm−1, on aver-
age, which is in good agreement with the calculated frequen-
cies for the totally symmetric �3 mode of the neutral 2� state
�see Table III�. In contrast, the closest calculated frequencies

for the 2B2 cyclic state are either 200 cm−1 above or
300 cm−1 below this spacing. In addition, the 355 nm spectra
are unusually congested, showing a small number of peaks
superimposed on what appears to be a dense manifold of
partially resolved features. The overall appearance of this
band suggests a large number of active, low frequency
modes. The neutral 2� state has several low frequency bend-
ing modes, many of which will be active in the 2�← 3A
transition due to the difference in symmetry between the an-
ion and neutral. For these reasons, the 2�← 3A transition of
the linear isomer is an excellent candidate for band X. We
test both this assignment and the possibility that band X
arises from the 2B2← 1A1 transition of the cyclic isomer via
FC simulations used in conjunction with our electronic struc-
ture calculations.

The simulations were carried out treating each mode as
an independent harmonic oscillator under the parallel mode
approximation. The FCFGAUS program of Ervin et al.48 was
used to extract the normal coordinate displacement vectors
from the GAUSIAN03 output. These values as well as the vi-
brational temperature �300 K was used for all simulations�,
the anion and neutral vibrational frequencies, and a Gaussian
peak width were used as input into the PESCAL program.49

The program calculates FC factors and transition energies for
the stick spectra and convolutes them with Gaussian func-
tions to obtain the simulated spectrum. Figure 3 shows the
best-fit FC simulations of bands X and B overlapped with the
appropriate spectra. Band X was simulated using the 355 nm
data, while band B was simulated using the 266 nm data.
Gaussian peak widths of 25 meV were used in both the X
and B simulation. No account was taken in the simulation for
the variation in peak width with eKE, as described in Sec. II.

To reproduce band X, simulations were undertaken for
the two transitions discussed in the previous section: 2�
← 3A �isomer I� and 2B2← 1A1 �isomer II�. In each case, the
B3LYP frequencies and geometries were used as a starting
point. For the 2B2← 1A1 simulation, the dominant active
modes are the �4 ring scissoring motion at 1286 cm−1, fol-
lowed by the �3 symmetric ring stretch at 1657 cm−1. All
other modes show much less activity and contribute little
intensity to the simulation. The simulation is not shown but it

FIG. 3. Franck–Condon �FC� simulations of bands X and B in the 355
and 266 nm spectra.
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is immediately clear that the active frequencies are off by
626 and 255 cm−1, respectively, from the X0-X1 spacing of
1912 cm−1. Although the FC factors for the 1286 cm−1 mode
are approximately correct for the X0-X1-X2 series, the fre-
quency discrepancy is large enough to rule out the cyclic
isomer as a possibility for band X.

Now we discuss the 2�← 3A simulation. Upon photode-
tachment from the 3A �C1� state of the linear anion to the 2�
neutral state with C�� symmetry, all five stretching modes
and all eight bending modes of the neutral are nominally
active �each degenerate mode is counted as two, based on the
lower overall symmetry of the problem�. The simulation ob-
tained from the calculations with no adjustment predicts sig-
nificant activity in the 411 cm−1 CCH bend ��8�, the
395 cm−1 CCC bend ��10�, and the 1970 cm−1 asymmetric
stretch ��3�. The optimized simulation, shown in Fig. 3, was
obtained by increasing �Q3, the normal coordinate displace-
ment of mode 3 between the anion and neutral, to gain more
activity in the ��3 mode, while reducing Q8 to decrease ac-
tivity in the CCH bending mode. In addition, small adjust-
ments to displacements and frequencies were applied to re-
produce the shape of the partially resolved signal underlying
the main peaks.

Fixing the neutral geometry at the calculated values, the
optimized anion geometry has bond lengths ra–re of 1.074,
1.264, 1.289, 1.325, and 1.244 Å, respectively �see Fig. 2�
and CCH bond angle e=161.2°. Comparison to the calcu-
lated anion structure in Table II shows that the changes in
bond length are quite small, and that the largest discrepancy
is in e, which is 150.5° in Table II. It is perhaps not too
surprising that the CCH bending mode is problematic from
the perspective of our one-dimensional harmonic analysis,
given that the CCH bend is a large-amplitude motion likely
to experience strong Renner–Teller splitting, as was the case
for the analogous mode in linear C3H.50 In any case, based
on this simulation, band X is assigned as the 2�← 3A tran-
sition of the linear isomer with X0 as the origin giving an
eBE of 2.421�0.019 eV. X1 corresponds to the 30

1 transition
giving a frequency of 1912�40 cm−1 for the �3 antisymmet-
ric stretching mode. X2 corresponds to the 30

2 overtone. With
the assignment of band X, the assignment of other bands is
greatly facilitated.

C. Assignment of other bands

Peak A0 lies 0.434 eV �3516 cm−1� from X0, close to the
calculated frequency of the �1 CuH stretch of the neutral
2� state. In the absence of the 299 and 266 nm data, we
would assign it to the 10

1 vibrational transition, and this tran-
sition may, indeed, contribute some intensities to peak A0 at
355 nm. However, in light of our assignment of band X, peak
A0 is either a transition from the 3A anion to a low-lying
linear excited state of isomer I or a transition involving dif-
ferent structural isomers. Our calculations �Sec. III B� predict
the lowest linear excited state �4�−� to lie 1.325 eV above
the 2� state, which is significantly higher than the X0-A0

splitting. Therefore, we assign A0 as the 2B2← 1A1 transition
of isomer II. The detachment energy of isomer II implied by
this assignment, 2.857�0.028 eV, is somewhat higher than

the detachment energy calculated by Blanksby et al.,27

2.388 eV, but our assignment appears to be the most plau-
sible option based on the considerations given in Sec. IV A.

We now discuss the assignment of band B. Energetically
�see Table IV�, there are four unassigned transitions acces-
sible at both 299 and 266 nm that are candidates for this
band: 4�−← 3A �isomer I�, 2A1← 1A1 �isomer II�, 2A�← 1A�
�isomer III�, and 2B2← 1A1 �isomer IV�. Three supporting
pieces of evidence serve to narrow the choices and to iden-
tify band B as the 2A1← 1A1 transition of the cyclic isomer.
First of all, with the assignment of bands X and A to the
linear and cyclic isomers, we expect to see transitions to their
excited states. Second, assignments of bands X and A give
better estimates for the excited state detachment energies.
The 4�− state is calculated to lie 1.325 eV above X0, giving
a detachment energy of 3.746 eV, while the 2A1 cyclic state
is calculated to lie 1.029 eV above A0, giving 3.886 eV. Both
of these values are in excellent agreement with the eBE of B0

�3.720 eV�. Third, confirmation of the assignment is given
with the FC simulation, as described below.

Band B was simulated most readily using the calculated
cyclic 2A1← 1A1 transition; the optimized simulation is
shown in Fig. 3. Pure calculated simulations of the 2A�
← 1A� transition of isomer III, the 2B2← 1A1 transition of
isomer IV, and the linear excited state transition, 4�−← 3A,
showed much more extended vibrational progressions due to
larger geometry changes. From the simulation in Fig. 3, B0

corresponds to the origin with an eBE of 3.720�0.012 eV.
B1 is assigned as 50

1, the symmetric ring scissor mode with a
frequency of 282�40 cm−1. Peaks A0 and B0 are separated
by 0.863 eV, which is close to the calculated 2A1 term en-
ergy of 1.029 eV. Hence, the assignment of band B is not
only reasonable based on its vibrational structure but is also
also consistent with our assignment of peak A0 given above.

The assignment of band C warrants similar consider-
ations as for band B. The 4�−← 3A transition is the most
likely based on assignment of X0 to the 2� state and the
estimated detachment energy �3.746 eV�. However, the low
intensity and noisy background around band C did not allow
for proper FC analysis. In any case, a qualitative comparison
is still useful. Like the bent to linear transition of the ground
state, the 4�−← 3A transition shows significant activity in the
CCH bend ��8 /�9=499 cm−1� as well as moderate activity in
the other low frequency bending modes. Additionally, like
the 355 nm spectrum around band X, the 299 and 266 nm
data in the region of C show considerable noise. In conjunc-
tion, this evidence suggests a scenario identical to the hy-
pothesis for band X; a transition involving multiple, low fre-
quency active modes contributing to a broad, unresolvable
signal with faint structure superimposed thereupon. There-
fore, C is assigned as the transition from the anion to the first
excited linear quartet state: 4�−← 3A. A precise determina-
tion of the origin is not feasible due to the considerations
discussed above, although the detachment energy is approxi-
mately 3.80 eV.
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Figure 4 shows a schematic of the relative energetics of
the C5H isomers using current experimental numbers and
available calculations. Only isomers I and II are shown since
we have not assigned any observed bands to the other iso-
mers. The relative energies of the 2� and 2B2 neutral states
are fixed by the values calculated at the CCSD�T� level of
theory by Crawford et al.16 The energy of the excited state of
the cyclic isomer �2A1� is determined from the A0-B0 split-
ting �0.863 eV� to be 1.136 eV above the 2� ground state.
The 4�− state is estimated to be 1.38 eV above the 2�
ground state from the approximate eBE of band C. From the
experimental detachment energies for the linear �X0,
2.421 eV� and cyclic �A0, 2.857 eV� the relative energies of
the anion isomers I and II are determined. Using this scheme,
in which we assume the calculated neutral energetics by
Crawford et al. to be correct, the cyclic 1A1 state is found to
be 0.163 eV lower in energy than the linear 3A anion.

V. CONCLUSIONS

We have identified detachment transitions arising from
two isomers of the C5H anion in the photoelectron spectra.
Analogous to the transitions observed in C3H−, this work
presents evidence that both a linear and cyclic isomers of
C5H− lie very close in energy to one another, with the cyclic
form as the lower state. Peaks arising from different isomers
were assigned on the basis of Franck–Condon simulations
and intensity variations with detachment energy.
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