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TheC 2Pu←X 2Pg electronic transition of C4
2 has been studied by both one-color and two-color

resonant two-photon detachment~R2PD! spectroscopy. The one-color spectrum reveals vibrational
structure in the excited anion state. Transitions due to excitations in one of the symmetric stretching
modes as well as the bending modes are observed. Spectral resolution in the one-color experiment
is limited by power broadening; using two-color R2PD, rotationally resolved spectra of the origin
and 20

1 bands of theC 2Pu←X 2Pg transition are obtained. Molecular constants determined by
fitting the rotationally resolved spectra are generally in good agreement with a recentab initio
calculation by Schmatz and Botschwina@Int. J. Mass. Spec. Ion. Proc.149, 621 ~1995!#.
Perturbations in the 20

1 band are attributed to Fermi resonance interactions in theC 2Pu state.
© 1996 American Institute of Physics.@S0021-9606~96!00631-9#
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I. INTRODUCTION

The properties of carbon clusters have been of inte
interest to chemists for many years.1 It is only recently, how-
ever, that the techniques of high resolution spectrosco
have been successfully applied to these species. In 19
according to the classic review article by Weltner and v
Zee,2 rotationally resolved spectra had only been measu
for C2 and C3. Since then, rotationally resolved spectra ha
been obtained for several larger linear carbon clusters,
marily through infrared absorption spectroscopy;3 among
other things, these spectra show that carbon clusters as l
as C13 exist as stable linear isomers.4 It has been consider-
ably more difficult to obtain high resolution spectra of ca
bon cluster ions. Prior to the work reported here, C2

2 was the
only such species for which rotationally resolved spectra h
been measured.5–9 In this paper, we present the rotational
resolved electronic spectrum of C4

2 obtained with resonant
two-photon detachment~R2PD!.

C4
2 has been generated in the gas phase by a numbe

methods,10 but only a few experiments have yielded info
mation on its spectroscopy and structure. Photoelect
spectroscopy11,12 of C4

2 indicates that C4
2 is a linear anion,

and that linear C4 has an electron affinity~EA! of 3.882
60.010 eV. The linear structure for the anion inferred fro
the photoelectron spectra is supported by ion chromatog
phy experiments.13 In a recent mass-selected matrix absor
tion study, Maier14 located an electronic transition in C4

2

with T052.71 eV, and assigned it to a2P←X 2P transition.
On the theoretical side,ab initio calculations of the elec-

tron affinities of C4 as well as the geometries of the linea
anion and neutral ground states have been carried ou
Bartlett15 and Adamowicz.16,17 The electronic spectroscopy
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of C4
2 has also been investigated. Adamowicz17 calculated

the vertical excitation energies of several low-lying excited
states of C4

2 , finding three low-lying excited doublet states:
the A 2Sg

1, B 2Su
1, and C 2Pu states. Recently, Schmatz

and Botschwina18 performed large-scale open-shell coupled
cluster calculations on C4

2 , and obtained spectroscopic con-
stants for the groundX 2Pu state and the three excited dou-
blet states. Based on these calculations, Botschwina assigned
the C4

2 transition at 2.71 eV to theC 2Pu←X 2Pg transi-
tion.

The matrix value ofT0 for theC
2Pu←X 2Pg transition

is greater than half of the EA. One can therefore access this
transition in the gas phase using the very high sensitivity
afforded by resonant two-photon detachment~R2PD!, as was
first demonstrated in the study of C2

2 by Lineberger.19 In this
paper, we report one- and two-color R2PD spectra of C4

2 .
The lower-resolution~0.3 cm21! one-color spectrum from
21 600–24 900 cm21 shows vibrationally resolved structure.
Our spectrum is in qualitative agreement with Maier’s matrix
results.14 However, additional features due to vibrational ex-
citation in the bending modes are observed in our spectrum.
Higher resolution~0.05 cm21! two-color experiments show
rotationally resolved structure in selected regions of the spec-
trum. Molecular constants are determined for both electronic
states by fitting the observed rotational line positions.

II. EXPERIMENT

The ion beam apparatus used in these experiments has
been described in detail elsewhere.20,21 Although the instru-
ment was originally designed for negative ion zero electron
kinetic energy~ZEKE! experiments, it can also measure pho-
todetachment cross sections as a function of photon energy,
and this is what is needed for the experiments described here.

Carbon cluster anions are generated in a pulsed dis-
charge source which has been described previously.22

Briefly, a gas mix of 3% acetylene, 1% CO2 in Ne is pulsed
from a piezoelectric valve and passes through the discharge

ent
in-
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region in which a pulsed electric field is applied just after t
valve opens. The resulting mixture of ions and neutr
passes through a short clustering channel~5 mm long, 2.5
mm I.D.! prior to expansion into the source vacuum cha
ber. To improve stability of the ion signal, a 1 keV electron
beam intersects the expanding molecular beam. The pu
beam then passes through a 2 mmdiam skimmer 1.5 cm
from the discharge assembly and into the next vacuum
gion. We found that the distance between the pulsed va
and the skimmer strongly affects the temperature of
negative ions, with the temperature dropping as this dista
is increased.

Negative ions that pass through the skimmer are c
linearly accelerated to 1 keV. Ions are separated accordin
their mass-to-charge ratios in a 2 mcoaxial beam-modulated
time-of-flight mass spectrometer. The mass-selected
packet is crossed by the laser beams, and all the elect
generated via photodetachment are extracted perpendicu
by a weak electric field and collected by a 40 mm dia
multichannel plate~MCP! detector. The ion signal is moni
tored by another MCP detector that lies along the ion be
axis about 20 cm downstream from the laser interaction
gion. The electron signal is normalized to the ion signal a
laser power.

In the one-color experiments, a single laser pulse is u
to excite and photodetach the C4

2 anions via R2PD. A dye
laser pumped by a XeCl excimer laser is used in these s
ies. The tuning element of this laser system is the grating
the dye laser. The measured bandwidth is ca. 0.3 cm21. The
laser fluence used in this type of experiments is typica
around 30 mJ/cm2. To obtain the wavelength scans report
here, the following laser dyes are used: Coumarin 460, C
marin 440, Exalite 416, and DPS.

The high photon fluence in the one-color experiments
required in order to achieve sufficient detachment. Unfor
nately, this level of fluence saturates the bound–bound e
tation transition and results in power broadening of the sp
trum. This problem is solved by carrying out a two-col
R2PD experiment. In the two-color experiment, the first la
pulse, which has weak photon fluence, excites the ion fr
its ground state to the excited electronic state. The sec
laser pulse, with smaller photon energy but much hig
photon fluence, then detaches the electron from the exc
anion. During the experiment, the frequency of the excitat
laser pulse is tuned while that of the photodetachment p
is fixed.

In the two-color experiments, the excitation laser pu
comes from the same excimer-pumped dye laser used in
one-color experiments. However, in order to obtain rotati
ally resolved spectra, a solid state intracavity etalon is u
to obtain a narrower bandwidth of 0.04–0.07 cm21. The ex-
citation laser fluence is kept around 1 mJ/cm2 to reduce
power broadening. No detectable C4

2 ions are detached with
this amount of laser fluence. The second laser beam, e
from a YAG-pumped dye laser or the second harmonic o
put of a YAG laser, is used to detach the photoexcited io
The wavelength of the second laser beam is fixed at ei
588 or 532 nm. Typical laser fluence of this laser beam is
J. Chem. Phys., Vol. 105
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40 mJ/cm2. This laser alone does not detach ground state C4
2 ,

because it is not resonant with an electronic transition. Pho-
toelectrons generated by the second laser beam are collected
as a function of the wavelength of the first laser beam. We
find that electron signal intensity changed very little when
the time delay between the two laser pulses is varied from 0
to 200 ns. This observation along with the multiphoton de-
tachment mechanism will be discussed in detail in a related
paper.23 For the spectra reported here, the two laser pulses
are separated by 120 ns temporally. The laser beams are also
spatially separated by 6 mm along the axis of ion beam so
that they interact with the same ions.

In the two-color scans, the intracavity etalon is stepped
in intervals of 0.02 cm21 every 80–100 laser shots. A total of
3–5 such scans are summed. Wavelength calibrations are
performed immediately after the scans are taken. Absolute
wavelength calibration is obtained by taking the absorption
spectrum of a Fe–Neon discharge lamp. Relative calibration
at wavelengths between the observed neon lines is obtained
by recording the fringe spectrum of a solid state monitor
etalon with a free spectral range of 0.67 cm21.

III. RESULTS

The one-color R2PD spectrum of C4
2 from 21 600 to

24 900 cm21 is shown in Fig. 1. The peak positions, spacings
and assignments~see below! are given in Table I. The spec-
trum appears to consist of a single electronic band, the origin
of which is at 21 872 cm21. The most prominent feature of
this band is a vibrational progression of four peaks with a
spacing of ca. 750 cm21. In addition, there is a broad peak
lying 450 cm21 to the blue of each member of the main
progression. Each peak consists of several partially resolved
features.

Higher resolution two-color R2PD scans were taken at
the origin and at the next strong transition at 22 630 cm21.
The resulting spectra are shown in Fig. 2. Rotational struc-
ture is well resolved in these spectra, particularly for the

FIG. 1. One-color resonant two-photon detachment spectrum of C4
2 .
, No. 7, 15 August 1996
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TABLE I. Peak positions, relative energies, assignments, and vibrational frequencies from one-color resona
two-photon detachment spectrum of theC 2Pu←X 2Pg transition in C4

2 .

Peak position
~nm!

Peak position
~cm21!

Relative
energies~cm21! Assignment

Frequencies~cm21!

Expt. Calc.

457.2 21 872 0 origin
448.2 22 311 445 50

2 pu 223 250a

441.9 22 630 750 21
0 sg 750 777b

433.4 23 073 1198 20
150

2

428.0 23 364 1490 20
2

422.6 23 663 1792
418.8 23 878 2005
414.8 24 108 2234 20

3

aThe calculatedpu frequency at UHF/6-31G* level usingGAUSSIAN 92.
bFrom Ref. 18.

Zhao, de Beer, and Neumark: Rotationally resolved spectrum of C4
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origin scan; typical peak widths are 0.1 cm21. There are two
prominent band heads, labeledR3/2 andR1/2, toward the blue
end of each spectrum. The separation between the two b
heads is noticeably smaller in the origin scan than in t
higher energy scan: 1.5 vs 6.4 cm21.

We also attempted to look at the transition near 22 3
cm21 with two-color R2PD, but were unable to resolve ind
vidual rotational lines in this band.

FIG. 2. High resolution two-color resonant multiphoton detachment sp
trum of C4

2 .
J. Chem. Phys., Vol. 105,
nd
e
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IV. ANALYSIS AND DISCUSSION

A. One-color spectrum

The one-color spectrum in Fig. 1 clearly corresponds to
the matrix absorption spectrum assigned by Maier14 to C4

2 .
The origin band in our spectrum occurs 24 cm21 to the red of
that in matrix spectrum, indicating a relatively small matrix
shift, and a four-peak vibrational progression with a 750
cm21 characteristic spacing is seen in both spectra. Schmatz
and Botschwina18 calculate the electronic term energy of the
C 2Pu state to be 22 600 cm21 and one of its totally sym-
metric vibrational frequencies, then2 symmetric stretch
mode, to be 777 cm21. By comparison, we assign the struc-
tures in our spectrum to theC 2Pu←X 2Pg electronic tran-
sition of C4

2 and the main progression to the 20
n progression,

in agreement with Maier’s assignment. Franck–Condon ac-
tivity in the n2 mode is consistent with the calculated
geometries18 which predict that the central C–C bond length-
ens by 0.15 Å upon excitation of theC 2Pu←X 2Pg transi-
tion.

The peaks lying 446 cm21 to the blue of the members of
the 20

n progression were not seen in the matrix spectrum.
These most likely involve double-quanta excitations in one
of the low frequency bend modes of theC 2Pu state. The
bending frequency thus obtained, 223 cm21, is in good
agreement with theab initio n5~pu! frequency of theC

2Pu

state, calculated by us at the UHF/6-31G* level to be 250
cm21 ~only frequencies for the totally symmetric modes were
calculated in Ref. 18!. We therefore assign these peaks to the
20
n50

2 progression.
The additional features seen in our spectrum but not in

the matrix spectrum are most likely due to saturation effects
in the one-color R2PD spectrum. The bound–bound excita-
tion transition is considerably stronger than the bound-free
photodetachment transition, so the high laser fluence neede
to achieve sufficient photodetachment signal begins to satu
rate the excitation transition. This is evident from the power-
broadening seen in the one-color experiments. Under such
circumstances, strong vibrational transitions within the elec-
tronic band are more likely to saturate than the weaker ones
and the intensity of the weaker transitions would be greater

c-
No. 7, 15 August 1996
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than would be predicted based on Franck–Condon fac
alone. Transitions involving double excitation in nontotal
symmetric modes are allowed by symmetry but are norma
much weaker than transitions involving excitation in total
symmetric modes. The appearance of 20

n50
2 transitions in our

spectrum but not in the matrix work is therefore most like
due to saturation of the bound–bound transition in our e
periment.

B. Two-color spectrum

Before analyzing the high resolution data, a brief discu
sion of theC 2Pu←X 2Pg transition in C4

2 is in order. Al-
though the spin–orbit coupling constant of C4

2 is not known,
one would expect it to be close to that of C5

2 and C6
2 . The

spin–orbit constants are known for theX 2Pu states of C5
2

and C6
2 from ZEKE spectroscopy of these two negative io

and are found to be 26 and 29 cm21, respectively.20,24 The
rotational constant of C4

2 is calculated18 to be around 0.16
cm21, which is much smaller than the spin–orbit splitting
Therefore, the rotational fine structure of C4

2 should belong
to Hund’s case~a!. Because the molecular orbital configura
tions of theX 2Pg and C 2Pu states are ...1pu

41pg
3 and

...1pu
31pg

4, respectively, theV53/2 state of each electronic
state should be lower-lying than theV51/2 state. In a
2Pu←2Pg electronic transition, if both electronic states b
long to Hund’s case ~a!, each of the 2P3/2←2P3/2,
2P1/2←2P1/2 manifolds should have six branches~two P,
two Q and twoR!. However, due to nuclear spin statistic
oneL-doublet level is missing for eachJ level. As a conse-
quence, one member of each pair of branches will be m
ing, resulting in only oneP, oneQ and oneR branch for
each spin–orbit manifold.

Figure 3 shows the first few rotational levels for the2Pu

and2Pg states. The rotational levels are labeled by the to
angular momentumJ. TheF1 andF2 manifolds correspond
to the 2P3/2 and

2P1/2 spin–orbit states, respectively. Th
dashed lines represent the levels that are not populated du
nuclear spin statistics. Thee/ f parity labeling for eachJ
level is determined using a scheme suggested by Kopp
Hougen,25 and Brownet al.26 The six transitions from the
J57/2 levels are shown; each of these transitions repres
one transition in each of the six branches.

In the origin band of the rotationally resolved C4
2 spec-

trum, shown in the top half of Fig. 2, the sixP3/2, Q3/2, R3/2,
P1/2, Q1/2, andR1/2 branches, are all present. However, th
Q1/2 branch, i.e., theQ branch of the2P1/2←2P1/2 manifold,
is buried underneath theP3/2 branch. TheP andR branches
are rotationally resolved; theQ3/2 branch is partially re-
solved. In general the transitions in theV51/2 manifold are
less intense because the cooling achieved in the free jet
source favors the lower energy2P3/2 state. Peaks in theP
andR branches are assigned using combination differenc
The peak positions andJ level assignments are listed in
Table II. The first transition in theP3/2 branch is theP~5/2!
transition, which confirms our assignment of the2P3/2 state
as the ground state. The assignment of peaks in the pa
J. Chem. Phys., Vol. 105,
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resolvedQ3/2 branch is aided by the molecular parameters
estimated from fitting the peaks in theP andR branches.

The same six branches are expected for the 20
1 band, but

only the P3/2 andR3/2 branches could be assigned through
combination differences; theP1/2 branch is too weak to pick
out individual transitions. The assigned peaks in this band
are also listed in Table II.

Once the peak assignments have been completed, the
line positions are fit to the effective rotational Hamiltonian
derived by Zareet al.27 using a nonlinear least-squares fitting
program. The parameters used for each electronic and vibra-
tional state wereTn , the electronic and vibrational term en-
ergy ~with T0 of X

2Pg state set to 0!; Bn andDn , the rota-
tion and distortion constants, respectively;pn and qn , the
L-doubling parameters as defined in Ref. 27; andAn , the
spin–orbit coupling constant.~In the discussion below,n51
refers to thev251 vibrational level.! The appropriate Hund’s
case~a! matrix elements for a2P molecule were taken from
Neumarket al.28 The above parameters were determined by
a nonlinear least-squares fit based on the method of Mar-
quardt that combines the Gauss method and the method of
steepest descent.29

The origin band and the 20
1 band are fit separately. All

the lines listed in Tables II and III are included in the fitting.
Line positions were weighted according to their uncertain-

FIG. 3. Energy levels of theX 2Pg andC
2Pg states C4

2 . The six possible
transitions originating fromJ957/2 are shown.
No. 7, 15 August 1996
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TABLE II. Observed transitions of the origin band of theC 2Pu←X 2Pg

transition in C4
2 from the two-color resonant two-photon detachment spe

trum ~in cm21!. Numbers in parentheses indicate estimated uncertainty
last digit.

Observed ~Obs.–Calc.!3102

F1 manifold ~V53/2!
P(2.5,f→ f ) 21 871.45~2! 1
P(3.5,e→e) 21 871.06~2! 0
P(4.5,f→ f ) 21 870.66~2! 0
P(5.5,e→e) 21 870.23~2! 0
P(6.5,f→ f ) 21 869.80~2! 1
P(7.5,e→e) 21 869.32~2! 21
P(8.5,f→ f ) 21 868.83~3! 21
P(9.5,e→e) 21 868.34~2! 0
P(10.5,f→ f ) 21 867.80~3! 22
P(11.5,e→e) 21 867.26~2! 21
P(12.5,f→ f ) 21 866.73~3! 2
P(13.5,e→e) 21 866.12~2! 21
P(14.5,f→ f ) 21 865.53~2! 1
P(15.5,e→e) 21 864.90~2! 0
P(16.5,f→ f ) 21 864.26~2! 0
P(17.5,e→e) 21 863.60~2! 1
P(18.5,f→ f ) 21 862.91~2! 0
P(19.5,e→e) 21 862.21~2! 0
P(20.5,f→ f ) 21 861.49~2! 0
P(21.5,e→e) 21 860.75~3! 1
P(22.5,f→ f ) 21 859.98~2! 0
P(23.5,e→e) 21 859.19~2! 21
P(24.5,f→ f ) 21 858.40~3! 0
P(25.5,e→e) 21 857.61~5! 3
P(26.5,f→ f ) 21 856.77~5! 1

R(1.5,e→e) 21 873.05~3! 0
R(2.5,f→ f ) 21 873.31~3! 21
R(3.5,e→e) 21 873.55~2! 21
R(4.5,f→ f ) 21 873.78~2! 0
R(5.5,e→e) 21 873.98~2! 0
R(6.5,f→ f ) 21 874.16~2! 0
R(7.5,e→e) 21 874.32~2! 0
R(8.5,f→ f ) 21 874.46~2! 0
R(9.5,e→e) 21 874.59~2! 1
R(10.5,f→ f ) 21 874.69~2! 0
R(11.5,e→e) 21 874.78~3! 1

Q(2.5,f→e) 21 872.24~3! 2
Q(3.5,e→ f ) 21 872.16~2! 1
Q(4.5,f→e) 21 872.06~2! 0
Q(5.5,e→ f ) 21 871.97~3! 2
Q(6.5,f→e) 21 871.81~2! 21

F2 manifold ~V51/2!

P(3.5,f→ f ) 21 869.48~2! 21
P(4.5,e→e) 21 869.06~5! 23
P(5.5,f→ f ) 21 868.68~3! 2
P(6.5,e→e) 21 868.22~2! 1
P(9.5,f→ f ) 21 866.79~6! 4
P(10.5,e→e) 21 866.22~2! 0
P(11.5,f→ f ) 21 865.67~2! 0
P(12.5,e→e) 21 865.10~2! 0
P(13.5,f→ f ) 21 864.52~2! 1
P(14.5,e→e) 21 863.91~2! 0
P(15.5,f→ f ) 21 863.27~2! 21
P(16.5,e→e) 21 862.63~2! 0
P(17.5,f→ f ) 21 861.96~2! 0
P(18.5,e→e) 21 861.27~2! 0
P(19.5,f→ f ) 21 860.56~2! 0
P(20.5,e→e) 21 859.84~3! 1
P(21.5,f→ f ) 21 859.07~2! 21

R(5.5,f→ f ) 21 872.43~2! 21
R(6.5,e→e) 21 872.63~3! 1
R(7.5,f→ f ) 21 872.80~3! 2
R(8.5,e→e) 21 872.90~3! 22
J. Chem. Phys., Vol. 105,
ties, typically 0.02–0.03 cm21. The origin band is fit first.
Some of the best-fit parameters are shown in Table IV. Thes
parameters are obtained by simultaneously fitting all the mo-
lecular parameters. In fitting the 20

1 band, the ground state
parameters are held fixed at the values obtained from the
origin band. These two bands both originate from the ground
electronic state, but many more lines are resolved in the ori
gin band and the signal-to-noise ratio is also better in the
origin band. The differences between the observed and ca
culated line positions are displayed in Tables II and III.
Table IV also shows the results of theab initio calculation by
Schmatz and Botschwina.18

The rotational constants are in excellent agreement with
the ab initio values.18 Although theab initio rotational con-
stantBe is calculated at the equilibrium geometry, the small
value ofa2 for theC

2Pg state indicates thatBe>B0 , so the
comparison betweenB0 andBe is valid for theC 2Pg state
and probably for the ground state, too.

The fitting procedure yields uncertainties in the
L-doubling parameters,pn andqn , and the centrifugal dis-
tortion constants,Dn , which are several times as large as the
values of these parameters. For this reason, these paramete
are not shown in Table IV. TheL-doubling parameters could
be determined more precisely if moreQ-branch transitions
were measured; this would require higher resolution mea-
surements since theQ-branch transitions are so closely
spaced.

-
of

TABLE III. Observed transitions of the 20
1 band of theC 2Pu←X 2Pg

transition of C4
2 from the two-color resonant two-photon detachment spec-

trum ~in cm21!. Numbers in parentheses indicate estimated uncertainty of
last digit.

Observed ~Obs.–Calc.!3102

F1 manifold ~V53/2!
P(2.5,f→ f ) 22 626.30~6! 23
P(3.5,e→e) 22 625.94~4! 21
P(4.5,f→ f ) 22 625.54~2! 0
P(5.5,e→e) 22 625.13~2! 1
P(6.5,f→ f ) 22 624.66~3! 21
P(7.5,e→e) 22 624.19~4! 22
P(8.5,f→ f ) 22 623.70~3! 22
P(9.5,e→e) 22 623.19~3! 22
P(10.5,f→ f ) 22 622.67~2! 21
P(11.5,e→e) 22 622.14~2! 1
P(12.5,f→ f ) 22 621.59~5! 3
P(13.5,e→e) 22 620.98~4! 1
P(14.5,f→ f ) 22 620.35~3! 0
P(15.5,e→e) 22 619.72~2! 0
P(16.5,f→ f ) 22 619.07~2! 1
P(17.5,e→e) 22 618.38~2! 0
P(18.5,f→ f ) 22 617.68~2! 0
P(19.5,e→e) 22 616.97~2! 1
P(20.5,f→ f ) 22 616.22~3! 0

R(1.5,e→e) 22 627.97~5! 3
R(2.5,f→ f ) 22 628.23~5! 3
R(3.5,e→e) 22 628.46~4! 2
R(4.5,f→ f ) 22 628.68~5! 2
R(5.5,e→e) 22 628.88~5! 2
R(6.5,f→ f ) 22 629.03~3! 21
R(7.5,e→e) 22 629.19~3! 0
No. 7, 15 August 1996
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TABLE IV. Best-fit parameters for C4
2 . All parameters are in cm21. Uncertainties in parentheses are 1s error

bars.

Parameters Present work Ab initio theorya

X 2Pg state B0 0.166 63~22! 0.166 10~40!
A0 239~9!

C 2Pu state T0 21 871.525~7! 22 599
B0 0.156 51~25! 0.155 20~40!
A0 237~9!

Between states B09(X) –B08(C) 0.010 12~13! 0.010 90~60!
A09–A08 21.536~7!
D09–D08 1.1~3!31029

T1 22 623.96~11!
C 2Pu state: B1 0.156 34~26!
~20

1 level! A1 233~9!
a1 17~16!31025

A09–A18 26.45~10!

aFrom Ref. 18.
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Since no transitions betweenF1 andF2 manifolds were
observed,An9 and An8 are highly correlated, and this is th
origin of their large error bars. However, for the origin ban
the differenceDA 5 (A09 2 A08) is accurately determined and
found to be approximately equal to the experimen
R1/2–R3/2 band head spacing of 1.7 cm21. For the 20

1 band,
no transitions in theV51/2 manifold were assigned, so th
spin–orbit constantA18 in Table IV is obtained from the
R1/2–R3/2 band head spacing of 6.45 cm21 and the best-fit
A09 value of theX state. As shown in Table IV, this yields
effective spin–orbit constants for thev250 andv251 levels
of theC 2Pu state that differ by;5 cm21.

Such an effect can occur in a polyatomic2P state
through Fermi resonance interactions with nearby vibratio
levels with the same vibronic symmetry. For example, in t
C 2Pu state, thev552 level, with two quanta in a degenerat
bending mode, lies about 300 cm21 below thev251 level
~see Fig. 1!. Thev552 level is split into several component
resulting from a combination of Renner–Teller and spin
orbit interactions.30 The differing strengths of interactions
between the2P1/2 and

2P3/2 components of thev251 level
with components of the same symmetry in thev552 level
may be sufficient to change the splitting in thev251 level
relative to the ground state by the observed amount, 5 cm21.

Similar but larger effects have been seen in theX 2P and
B 2P states of the NCO radical.31 For example, in the 10

1

band of theB←X electronic transition, the2P1/2–
2P1/2 and

2P3/2–
2P3/2 sub-bands are split by 64 cm21, rather than 19

cm21 as would be expected from the differenceA9–A8 de-
termined from the origin band. This is attributed to the tw
spin–orbit components of the~100! vibrational state of NCO
B 2P electronic state experiencing different strengths
Fermi interaction with the nearby~020! bending levels. In
the NCOB 2P state, the~100! and~020! levels are calculated
to lie only 40 cm21 apart,32 considerably less than the analo
gous spacing in the C4

2 C 2Pu state~;300 cm21!. On the
other hand, the magnitude of the perturbation in C4

2 is also
J. Chem. Phys., Vol. 105
,

al

al
e
e

–

o

of

-

smaller. The key to determining whether this mechanism i
operative in C4

2 would be to obtain a high resolution scan of
the 50

2 band, but we were unable to obtain a rotationally
resolved spectrum of this feature at our laser resolution
Thus, while the exact nature of the perturbation in the C4

2

C 2Pu state is unknown, this type of Fermi resonance inter
action is certainly a reasonable candidate.

Given the spectroscopic constants, the spectrum ha
been simulated by assuming a Boltzmann distribution for th
anion population. The simulated spectrum of the origin band
along with the experimental spectrum, is shown in Fig. 4
Relative line intensities in each manifold are calculated from

FIG. 4. Comparison of experimental with simulated rotational spectrum o
the origin band using fitted molecular constants.
, No. 7, 15 August 1996
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the product of the line strength, determined by Ho¨nl–London
formulas33 for a 2P←2P transition and the Boltzmann facto
A rotational temperature of 35 K and spin–orbit temperat
of 45 K were used in calculating Boltzmann factors. Pe
widths in the simulation at FWHM are assumed to be 0
cm21, resulting mostly from the laser linewidth combine
with some residual power broadening. Overall, the agr
ment between the simulated and experimental spectra is
good.

We close by considering a possible connection betw
the results presented here and earlier experiments by Z
manet al.34 In those experiments, hot C4

2 anions produced in
a sputtering source were found to have a much lower det
ment threshold,;2.1 eV, than C4

2 produced in laser
vaporization/pulsed beam sources~3.88 eV!.11,12 These re-
sults were used to infer the existence of a cyclic form of4

2

with a lower electron binding energy than linear C4
2 . How-

ever, our results show that cold, linear C4
2 readily undergoes

resonant two-photon detachment starting at 2.7 eV. Thus
C4

2 produced in the sputtering source may have been un
going two-photon rather than one-photon detachment;
lower threshold could easily be due to hot band transiti
due to the high internal temperature of anions produced
sputtering. Zajfmanet al. did find a linear dependence o
electron yield on laser power, but our experiments indic
that the bound–bound excitation transition saturates v
easily, so that a linear power dependence does not rule o
two-photon process. Hence, it is quite possible that Zajfm
et al. were observing two-photon detachment from vib
tionally excited linear anions, rather than one-photon deta
ment from cyclic anions. These issues and a more comp
discussion of multiphoton detachment dynamics in carb
cluster anions will be discussed more fully in an upcom
publication.23

V. CONCLUSIONS

Resonant two-photon detachment spectroscopy prov
a sensitive means of studying electronic transitions in ma
selected negative ions. In this paper, R2PD has been us
study theC 2Pu←X 2Pg electronic transition in C4

2 . The
one-color detachment spectrum of C4

2 reveals vibrational
structure of the excited anion state, and confirms that
band seen previously by Maier in the same spectral regio
from C4

2 . The two-color detachment spectrum, taken un
conditions which reduce power broadening, shows rotati
ally resolved bands of theC 2Pu←X 2Pg electronic transi-
tion. The observed rotational structure confirms the ass
ment of these two electronic states of C4

2 . The molecular
constants obtained for these two states are in good agree
with the results of high levelab initio calculations.

This technique can be applied to study other nega
ions with allowed electronic transitions below the electr
affinity, including C5

2 , C6
2 , and other even-numbered carbo

cluster anions.14,35 The characterization of the excited ele
tronic states of these anions will be invaluable in future
periments in which stimulated Raman pumping coupled w
resonant two-photon detachment will be used to determ
J. Chem. Phys., Vol. 105
.
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vibrational frequencies of the anion ground states. We hav
recently published the results of such an experiment on C2

2 ,36

and the existence of excited states for the larger carbon clu
ter anions suggests that these species, too, can be inves
gated with stimulated Raman pumping.
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