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The H2CCC
2 ion is studied by autodetachment spectroscopy in a coaxial laser-ion beam

spectrometer. Sharp resonances at photon energies near the photodetachment threshold energy are
ascribed to a2A1←2B1 transition followed by autodetachment of the dipole-bound state~DBS!.
Some 2500 rotational transitions are assigned and the band origin is determined to be 14 284.420~5!
cm21. The observation of individual rotational lines allowed determination of the rotational
spectroscopic constants asA59.651 53~4! cm21 and (B1C)/250.346 461~3! cm21 for the DBS as
well as the spin-rotation coupling constanteaa52.17~6!31023 cm21. Based on an electron affinity
of 14 469664 cm21, the binding energy of the electron in the DBS is 170650 cm21. Anomalous
rotational line positions are found in the vicinity ofKa57–10 in the DBS and have been attributed
to the centrifugal distortion couplings caused by mixing with the CCC out-of-plane bending mode
~n6! and the CCC in-plane bending mode~n9!. The linewidths provide information about
autodetachment rates that make it possible to obtain electron detachment dynamics for individual
rotational states. ©1996 American Institute of Physics.@S0021-9606~96!02248-9#
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I. INTRODUCTION

It is a general feature of most light negative ions th
they do not possess excited valence states at or below
energy required to remove the excess electron. As a re
obtaining detailed structural information about negative io
through high resolution~bound–bound! spectroscopy is
sometimes difficult or impossible. While valence excit
states of negative ions are uncommon, the observation1–9 of
dipole-bound electronically excited states~DBS! of anions
greatly expands the scope of ions accessible to bou
bound, high resolution spectroscopic investigation. A m
ecule with a dipole moment greater than;2 D can possess
an electron bound in the 1/r 2 electron-dipole potential and
produce a ‘‘Rydberg-type’’ dipole-bound state~DBS!. In a
DBS, the electron is typically bound to the positive end o
molecular dipole by less than 10 meV~;80 cm21! and re-
sides in a very diffuse orbital. This DBS is structurally sim
lar to the neutral core, much like a Rydberg state, but un
Rydberg states, only one or a very few of these dipole-bo
electronic states are stable for each dipolar neutral molec
Excitation of the DBS with sufficient rotational and/or vibr
tional energy will result in autodetachment~via rotation/
vibration→electronic coupling! to produce a radical plus
free electron. High resolution autodetachment spectrosc
of dipole-bound states is, therefore, a valuable tool w
which to obtain structural information concerning negat
ions and neutral radicals.

In the past, several anions were confirmed to suppo
DBS.10–13 We have been carrying out extensive investig
tions of DBS of small molecules through high resoluti
autodetachment spectroscopy~;30 MHz! utilizing a coaxial

a!Present address: Department of Chemistry, Simon Fraser Unive
Burnaby, British Columbia, Canada, V5A 1S6.
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ion/laser beam geometry.14 By measuring bound–boun
transition energies and linewidths, we obtain both structu
and dynamical information on the DBS through autodeta
ment spectroscopy. Autodetachment rates can be probed
timescale of 5 ns to 1 ps with respect to vibrational, ro
tional, and spin-rotational motion of the neutral core.

In this paper, we focus on the autodetachment spect
copy and dynamics of the vibrational ground state of
DBS and the spectroscopy of the ground electronic state
H2CCC

2. The advantages of high resolution spectrosco
are fully utilized to observe spin-rotation splitting, asymm
try splitting, and to map out energy levels of the grou
electronic states as well as the excited DBS. In addition,
interaction in the DBS between thev850 state and a vibra-
tionally excited state is observed. Finally, we discuss
autodetachment lifetimes and attempt to elucidate the me
nisms of coupling between the electronic and nuclear deg
of freedom operative in negative ions in general a
H2CCC

2 in particular.

II. EXPERIMENT

A detailed description of the coaxial ion-beam spectro
eter used in this experiment has been reported elsewher1~b!

Here we briefly outline ion formation, mass selection of t
ions, the laser system, and data acquisition.

The CCCH2
2 ions are produced by the reaction15 of al-

lene with O2. A 1:1 mixture of allene and N2O gases at a
pressure of 3 Torr passes through a 1 mmpinhole into a
vacuum chamber at a pressure of 1024 Torr. The gas flow is
crossed with a 100mA, 100 eV beam of electrons. The ele
tron source consists of a coiled tungsten filament and a
peller plate.16 The O2 reactant is produced by dissociativ
attachment to N2O. The desired H2CCC

2 is formed via the
ty,
6/105(24)/10696/10/$10.00 © 1996 American Institute of Physics

¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp



a
a

d
u

it
d

n
gy
se
in
r
r
re
o
a
n

ot
en
e
re

ric
iv
-
o-

p-

ng
n
lu
F
u
f
d

n
re

g

th
e

te
s

io

er
to a
ent
am
tion

e
f
al

ent

e

on.
ed
c-

ovi-
dis-
gnal
d in

ra-
nd

ese
es in
ate
in

de-

of

py

10697Yokoyama et al.: Dipole bound states of H2CCC
2

H2
1 abstraction reaction,

H2CCCH21O2→H2CCC
21H2O.

Negative ions formed in the source region are extracted
sent into a 90° magnetic mass sector where a mass-to-ch
ratio ofm/e538 is selected. A typical H2CCC

2 ion current
is ;2.5 nA. This mass selected ion beam is accelerate
2.3 keV and bent another 90° by electrostatic bending q
drupoles where it enters the high vacuum~;1029 Torr! in-
teraction region. The ion beam is then merged coaxially w
a counterpropagating laser beam. Therefore, the observe
tachment energy is Doppler shifted;5 cm21 lower in fre-
quency~but precisely determinable from the ion beam e
ergy! than the actual transition energy. The initial ener
spread of the ions in the source is kinematically compres
to 30 MHz, and is the dominant component in determin
the experimental energy resolution. This effusive source p
duces ions of rather high temperature~estimated to be greate
than 500 K!. Usually a high temperature source is conside
to be a disadvantage resulting in congested spectra. H
ever, this high temperature source is both advantageous
necessary for this work. Because of the rather high electro
binding energy of the H2CCC

2 dipole-bound state~'170
cm21!, low J levels forKa8 < 4 are bound and thus are n
detected. Therefore, significant population of rotational
ergy levels withKa9 > 4 in the ground electronic state must b
present before we can observe the autodetachment
nances in the excited dipole-bound state.

As both C3H2 and its anion can exist in several isome
forms, it was necessary to confirm formation of the negat
ion of propadieneylidene~H2CCC

2! by photoelectron spec
troscopy~PES!.17 Further confirmation was obtained by is
topic substitutions. When D2CCCH2 was reacted with O2,
mass analysis showed only D2CCC

2 or H2CCC
2 as the ma-

jor C3 anionic products. Specifically, the formation of pro
argylene~HCCCD2! was not observed.

The light source is a homebuilt ring dye laser usi
DCM dye pumped by an Ar1 laser. This laser system ca
operate in two different configurations: one for low reso
tion survey scans and the other for high resolution scans.
survey scans the laser is used in a standing wave config
tion with a resolution of 1 cm21 and an average 800 mW o
output power. For high resolution scans, the laser is use
the ring configuration with single mode operation~1 MHz
linewidth! and an average 350 mW of output power. Sca
are computer controlled with the starting and ending f
quencies of each scan measured to60.005 cm21 by a
lambda meter~traveling Michelson interferometer! utilizing
a polarization stabilized He-Ne laser reference. The frin
patterns of a confocal Fabry–Perot etalon~FSR'250 MHz!
are collected simultaneously and are used to linearize
frequency scale of the data. High resolution data have b
obtained from 14 000 to 15 000 cm21.

Low kinetic energy photodetached electrons~,;35
meV! in the laser-ion interaction region of the spectrome
are captured inside a molybdenum tube surrounded by a
lenoid magnet which provides a weak magnetic field~;2 G!
along the beam axis. This produces cyclotron orbital mot
J. Chem. Phys., Vol. 105, N
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of the electrons which in turn discriminates against high
kinetic energy electrons. These electrons are guided in
ceramic electron multiplier and detected as photodetachm
signals. The electron counts are normalized to the ion be
current and the laser beam power and collected as a func
of laser frequency. The range of linewidths~lifetimes! that
can be measured is from 30 MHz~;5 ns! to 150 GHz~;1
ps!. As mentioned earlier, the 30 MHz limit arises from th
residual Doppler width from the initial velocity spread o
ions in the source region. The upper limit is an empiric
value which we are able to observe from the spectra.

III. OBSERVED SPECTRA

In the present experiment, a survey scan of detachm
signal was carried out with 1 cm21 resolution. The electron
affinity ~EA! of H2CCC was determined17 by negative ion
photoelectron spectroscopy to be 1.79460.008 eV, i.e.,
14 469664 cm21. We show the broadband scan of th
threshold electron spectrum in Fig. 1 over a 1000 cm21 range
in the vicinity of the EA.

Two processes are at work in this photon energy regi
The first is direct photodetachment from populat
vibrational-rotational levels of the negative ion ground ele
tronic state to a number of~neutral1electron! continuum
states. This is a bound-free process and the;500 K ion
temperature gives rise to a large number of unresolved r
bronic thresholds. Since the measurement technique
criminates against fast electrons, the direct detachment si
drops off at energies well above threshold, as is observe
the region of 14 800 cm21 in Fig. 1.

The second process involves a transition from rovib
tional levels of the ground electronic state to quasibou
levels of an excited, dipole-bound state~DBS! of the anion
which subsequently undergoes autodetachment. Th
bound–quasibound processes produce strong resonanc
the photodetachment spectrum which completely domin
the bound-free transitions throughout the region shown
Fig. 1. The low resolution spectrum exhibits strong auto

FIG. 1. Broadband scan of the threshold photodetachment region
H2CCC

2 ~resolution;1 cm21! detecting slow~;15 meV! electrons. The
electron affinity~EA! obtained by negative ion photoelectron spectrosco
is shown with an error bar of664 cm21.
o. 24, 22 December 1996
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FIG. 2. High resolution~3003! expansion of a selected portion of the spectrum in Fig. 1. The rotational assignments are shown in the portion.~See text for
labeling.! The lines originate primarily from 00

0 transitions, and only the band labeledqQ6 arises from 60
1. The spin-rotation splitting of each progression

marked under the rotational number assignment.
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tachment resonances both above and below the EA. In a
tion to the transition between vibrationless levels occurr
near the EA, there are substantial contributions to the sp
trum from populated excited vibrational levels, especially
CCC out-of-plane and in-plane bending modes. A deta
description of the structure and dynamics of these vib
tionally excited states is given in the accompanying pape18

In this paper, we focus on vibrational ground states for b
the electronic ground state and the DBS.

The H2CCC
2 ion is a near-prolate symmetric top. The0

0

band gives a type~c! transition with selection rules
DKa561 andDKc50,62. A total of 2538 transitions were
assigned to the 00

0 band. Rotational levels belonging toKa8
between 0 and 4 of the DBS were not observed, beca
these levels either were stable or, if quasibound, did not
todetach within our experimental time window. Therefo
analysis of the 00

0 band could not provide information abou
rotational levels ofKa<4 for the excited state~DBS! nor
those ofKa,4 for the ground state. Another band syste
was analyzed to obtain information on the lower stateKa

levels of the anion ground state. Since the 60
1 band accesse

energy levels above the binding energy, this band was
lized to obtain the ground state energy levels fromKa950
to 3.

A high resolution scan with a resolution of 0.001 cm21

was carried out in the region from 14 000 to 15 000 cm21. A
very small portion of this spectrum shown in Fig. 2 reve
the existence of many pairs of lines which have a splitting
;0.1 cm21. The electronic spin multiplicities of the groun
and dipole-bound states of H2CCC

2 are doublet states
Therefore, the observed transitions are doublet–doublet t
sitions and spin-rotation splitting is clearly observed. In t
present work, several bands frequently overlap, making
J. Chem. Phys., Vol. 105, N
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assignment of each line difficult and possibly uncerta
However, there are some important features that make
assignment simpler and ensure correctness.

Since H2CCC hasC2v symmetry, the nuclear spin statis
tics are similar to H2O, i.e., the asymmetric and symmetr
levels have statistical weights of 3:1 for symmetric vibron
states.19 For H2CCC

2, the ground electronic state has2B1
character. Thus, the statistical weights for the even and
Ka levels are in the ratio of 3:1. The resulting intensity a
ternation greatly facilitates spectral identification. Also, t
linewidths are vastly different depending on whether t
electron is detached from the vibrational ground state or
cited states. By using the above features, the set ofP, Q, and
R branches were assigned and combination differences w
then used to confirm the assignments.

A diagram of representative transitions is shown in F
3. Here, each transition is labeled as follows. The sup
scriptsp, q, and r indicateDKa521, 0, and11, respec-
tively; the middle letter is the selection rule forN ~DN521,
0, and11!, the subscript represents the startingKa9 , and the
number in parentheses is the startingN9.

IV. SPECTROSCOPIC ANALYSIS

Figure 4 depicts the radical H2CCC and its principal
axes. Since this molecule is a near-prolate symmetric to
has two asymmetry levels with different total parities. W
could not detect asymmetry splitting in the 00

0 band. How-
ever, the asymmetry splitting ofKa9 5 0–3 was observed in
the 60

1 band and then utilized to obtain the difference betwe
theB9 andC9 rotational constants of the ground state~00!. In
addition, there are two spin sublevels,F1(J5N11/2) and
F2(J5N21/2). To calculate the energy levels of an asy
o. 24, 22 December 1996
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metric rotor, we start with a symmetric top basis set. T
basis set used in this analysis is the Hund’s case~b! basis
functions given byuN K S J M&, whereN is the angular
momentum of the nuclei,K is the angular momentum alon
the molecular figure axis,J is the total angular momentum
about the space-fixed axis,M its projection onto the space
fixed axis, andS is the total electronic spin angular mome
tum. Then, we utilize the set of basis functionsuN K6 S J
M & by means of the Wang transformation20

uN O1 S J M&5uN O S J M&,

uN K1 S J M&

5
@ uN K S J M&1uN 2K S J M&]

&

,

uN K2 S J M&

5
@ uN K S J M&2uN 2K S J M&]

&

.

The model Hamiltonian,H used for analyzing this work, is
Watson’sS-reduced Hamiltonian,21HR with spin-rotation in-
teraction,HSR. That is,

FIG. 3. Partial energy diagram for H2CCC
2. The excited electronic state ha

2A1 character and is best described as a dipole-bound state~DBS!. Repre-
sentative optical transitions are labeled. The spin-rotation splitting is e
gerated for clarity.
J. Chem. Phys., Vol. 105, N
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H5HR1HSR

5FA2
B1C

2 GN̂z
21

B1C

2
N̂22DNN̂

4

2DNKN̂
2N̂z

22DKN̂z
41HNKN̂

4N̂z
21HKNN̂

2N̂z
4

1HKN̂z
62LNKN̂

4N̂z
42LKNN̂

2N̂z
61FB2C

4
1d1G

3~N̂1
2 1N̂2

2 !1d2~N̂1
4 1N̂2

4 !1HSR,

whereN̂65N̂x6 iN̂y andHSR is the spin-rotation operator
The matrix elements of theHR Hamiltonian are

^N K S J MuHRuN K S J M&

5SB1C

2 DN~N11!1FA2
B1C

2 GK22DN@N~N11!#2

2DNKN~N11!K22DKK
41HNK@N~N11!#2K2

1HKNN~N11!K41HKK
6

2LNK@N~N11!#2K42LKNN~N11!K6,

^N K62 S J MuHRuN K S J M&

5@ 1
4 ~B2C!1d1N~N11!#~@N~N11!2K~K61!#

3@N~N11!2~K61!~K62!# !1/2

and

^N K64 S J MuHRuN K S J M&

5d2@W X Y Z#1/2,

where

W5@N~N11!2K~K61!#,

X5@N~N11!2~K61!~K62!#,

Y5@N~N11!2~K62!~K63!#,

and

Z5@N~N11!2~K63!~K64!#.

The spin-rotation interaction HamiltonianHSR is expressed
with use of rankk irreducible tensorTk~e! as22

g-

FIG. 4. Schematic of the structure of the radical H2CCC. The two internal
axes and the direction of the dipole moment are shown with the hydrog
lying in the plane of the paper. The molecule-fixedc axis is perpendicular to
the page. The equilibrium geometry is given by Ref. 30
r e~C1C2!51.328360.0005 Å, r e~C2C3!51.29160.001 Å, r e~C1H!51.083
60.001 Å, and\~HC1H!5117.660.2°.
o. 24, 22 December 1996
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HSR5
1
2 (
k50

2

@Tk~e!•Tk~N̂,Ŝ!1Tk~N̂,Ŝ!•Tk~e!#,

where

Tp
k~N̂,Ŝ!5~21!p~2k11!1/2 (

p1 ,p2
Tp1
1 ~N̂!Tp2

1 ~Ŝ!

3S 1 1 k

p1 p2 2pD .
By transforming molecule-fixed components (q) to space
fixed components (p),23 we obtain

Tp
k~e!5(

q
Dpq
k* ~v!Tq

k~e!.

The spin-rotation interaction matrix elements are expres
as

HSR5^N8 K8 S J8 M 8uHSRuN K S J M&

5dMJ,MdJ8,J(
k50

2

~~2k11!S~S11!~2S11!~2N11!

3~2N811!!1/2~21!J1S1N8SN S J

S N8 1D
3 1

2 F ~21!k@N~N11!~2N11!#1/2S 1 1 k

N8 N ND
1@N8~N811!~2N811!#1/2S 1 1 k

N N8 N8
D G

3(
q

~21!N82K8S N8 k N

2K8 q KDTqk~e!.

In this analysis we retain only the dominant spin-rotati
matrix elements, corresponding toDN50 or 21,24

^N K S J MuHSRuN K S J M&

52@G~NSJ!/2N~N11!#@eaaK
21 1

2 ~ebb1ecc!

3@N~N11!2K2##,

^N21 K S J MuHSRuN K S J M&

52f~NSJ!~K/2N!~N22K2!1/2@eaa2
1
2 ~ebb1ecc!#,

where G(NSJ)5N(N11)1S(S11)2J(J11), f(NSJ)
5 @(N2 J1S)(N1 J1S1 1)(S1 J2N1 1)(N1 J2S)/
((2N11)(2N21))]1/2, andf(NSJ)51 for S51/2.

All observed lines were fitted to this model Hamiltonia
and best-fit parameters were derived by nonlinear le
squares analysis. However, significant deviations from
model Hamiltonian were observed in the region ofKa8
5 7–10. To visualize this phenomenon, the effective ro
tional constants of eachKa stack are plotted as a function o
Ka
2 in Fig. 5. Note the large discontinuity in the rovibron

levels of the DBS betweenKa8 5 7 andKa8 5 8 as well as a
deviation from the unperturbed value atKa8 > 8 of the 00

level. This interaction has been attributed to a centrifu
J. Chem. Phys., Vol. 105, N
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distortion coupling25 betweenv850 and 61 and between
v850 and 91 of the dipole-bound state with specificKa se-
lection rules, i.e.,DKa561. A detailed analysis of this in-
teraction is described elsewhere.26

A. Molecular structure

The molecular constants are determined for the DBS
the electronic ground states using the Hamiltonian descri
by Eqs.~2! and ~4! together with a nonlinear least squar
fitting procedure. Since in the DBS, the 00 level interacts
with the 61 and 91 levels as described above, the interacti
has to be included when the eigenstates of the 00 level are
obtained. However, we also observe strong Coriolis mix
betweenn6 andn9 modes in both ground electronic state a
the DBS. A complete description of this interaction appe
in the accompanying paper.18 This coupling must also be
included in the fitting procedure. For this reason, t
00
0,60

1,61
1,91

0, and 60
191

0 bands were fitted simultaneously t
obtain the final molecular constants. The standard devia
of the total fit for the nearly 9000 transitions iss57.731023

cm21. The derived molecular constants of 00
0 are listed in

Table I, along with those of H2CCC neutral obtained by
Virtilek et al.27

From these anion excited state molecular constants,
clear that the excited state has a geometry very similar to
neutral, as would be characteristic of a DBS. The molecu
A, B, andC constants of the DBS match those of the neut
to within 0.2%. Further evidence of the DBS charac
comes from the observation that the spin-rotation interac
constanteaa of the excited state is one order of magnitu
smaller than that of the ground electronic states of the an
The known spin-rotation constant of isoelectronic H2CCN is
eaa~H2CCN!522.19~2!31022 cm21,28 comparable to the
spin-rotation constant of H2CCC

2 in the vibrationless elec-
tronic ground state, found to beeaa9 (H2CCC

2)522.49(1)
3 1022 cm21. Similarly, one would expect the spin-rotatio
coupling constant for a valence state of H2CCC

2 to be on the
order of 1022 cm21. However, in a DBS, the electron reside
far from the neutral core and thus, interacts weakly with
rotation of the molecular core. As a result, the spin-multip
splittings in the DBS are very small in comparison to tho

FIG. 5. Dependence of the effective rotational constantsBeff on Ka
2 for the

00 level of the DBS; the solid line is the deperturbed result.
o. 24, 22 December 1996
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Downloaded¬04¬O
TABLE I. Molecular constants of H2CCC
2 and1A1 H2CCC. All values in units of cm21.a The total standard

deviation~s! is 7.731023 cm21. Some 8700 transitions are fit, of which 2538 belong to the 0-0 transition.
text for details.

2B1 H2CCC
2

Ground state

2A1 H2CCC
2

DBSb
1A1 H2CCC
Neutral27

A 9.731 48~4! 9.651 53~4! A 9.632 76~114!
B 0.343 72~1! 0.346 461~3!c B 0.353 19897~7!
C 0.331 51~1! C 0.340 36766~7!
DN 9.7~1!31028 5.5~1!31028 DJ 1.416 9~7!31027

DNK 1.04~1!31025 2.42~1!31025 DJK 1.7225~17!31025

DK 7.37~1!31024 8.72~1!31024 DK
d 7.850431024

d1 24.8~7!31028 d1 25.10~7!31029

d2 5~1!31029 d2 22.33~3!31029

HNK 22.34~6!31029 21.56~5!31029 HJK 2.53~8!310210

HKN 21.81~3!31027 1.45~3!31027 HKJ 24.26~24!31028

HK 22.7~1!31027 28.36~8!31027

LNK 25.58~8!310211 23.58~5!310211

LKN 9.8~3!310210 3.2~1!310210 LKJ 2.0~1!31029

eaa 22.49~1!31022 2.17~6!31023

[ ebb1ecc]/2 1.70~1!31023 1.271~5!31023

n0 14 284.420~5!
s 0.0077
D 0.074~3! 0.0493~2!

aThe molecular constants ofX 1A1 H2CCC are shown for comparison. The anion2A1 DBS was perturbed by the
vibrationally excited state. Therefore, the upper level was deperturbed and the deperturbed molecular c
are reported here. The quantityD is the inertial defect~amu Å2!.
bThe centrifugal distortion coupling terms were also included in order to reproduce the energy level of this
The centrifugal distortion constants areC6

ac51.0723~2!31024 andC9
ab521.5397~5!31025, respectively~Ref.

30!.
cThe value of [B1C]/2 is given here. The corresponding value for the neutral is 0.346 783 28~7! cm21.
dConstrained to theDK value for ketene because of high correlation withA.
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of the anion ground state. The absolute value of spin-rota
constanteaa obtained for the DBS is smaller than that for th
ground electronic state by approximately a factor of 1
eaa8 (DBS)52.17(6)31023cm21.

Because we have not investigated the isotopic varia
only limited structural information can be extracted from t
rotational constants. It is, however, possible to obtain str
tural information by constraining some structural parame
during the fitting procedure. First, the planarity of the m
ecule can be determined from the inertial defe
D5I c2I a2I b . If D>0, the molecule has a plana
structure,29 while a negativeD suggests a nonplanar stru
ture. As shown in Table I, the ground state of H2CCC

2 has
D50.074~3! amu Å2 and is planar.

Asymmetry splitting was not observed for the DBS,
preciseB andC rotational constants could not be obtain
and the issue of DBS planarity could not be addressed by
data. Since the structure of the DBS is quite similar to tha
the neutral, however, it is plausible to assume that the DB
also planar. We can then derive the H–C1–H angles by using
the rotationalA constants in Table I and assuming that t
C1–H bond lengths are the same in all of these species.
this basis, the H–C1–H bond angle for the DBS is calculate
to be 118.5~2!° and the H–C1–H angle for the ground stat
negative ion is 117.7~2!°. The H–C1–H bond angle for the
neutral had been determined as 117.660.2°.30
J. Chem. Phys., Vol. 105, N
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B. Binding energy

The binding energy of the dipole bound electron in t
excited state of H2CCC

2 can be approximated as follows
From the measured band origin@14 284.420~5! cm21# and
the electron affinity~14 469664 cm21!, as measured by
PES,18 we obtain the binding energyEbind to be 14 469664
214 284.420~5!5185664 cm21, i.e., 121 cm21<Ebind<249
cm21. If one can observe any levels of the DBS that
below 15 533 cm21 ~14 469164 cm21!, this observation
would further refine the upper bound. We have observ
autodetachment from the lowest rotational level~i.e., Ka8
5 0, N850, andJ850.5! of the vibrational bandn68 5 1,
which has an energy of 221.5 cm21 above the reported EA
~corresponding to 14 505 cm21!. This places an upper limi
on Ebind ~Ebind&221 cm21! and thus the binding energy ca
be further refined to be 170650 cm21.

Suppose that the only force binding the outer electron
due to the dipole moment-charge interaction given by a po
dipole potential,U(r ,u). The radial dipole forceFdip~r ,u! is
then given as

Fdip52
]U

]r
52

]~eD cosu/4pe0r
2!

]r
5
2eD cosu

4pe0r
3 ,

wheree is the electron charge in Coulombs,m is the dipole
moment in debye,r is the electron distance from the dipol
o. 24, 22 December 1996
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andu is the angle between the dipolar axis and the electro
position. The binding energy of the dipole bound state c
therefore be approximated as

Ebind5
em

4pe0r dip
2 .

Upon substituting a binding energy of 170 cm21 and dipole
moment of 4.5 D,18 the most probable radius of the out
electronr dip is found to be;25 Å.

V. AUTODETACHMENT DYNAMICS

A. Autodetachment lifetimes

The observed sharp features arise from resolved qu
bound autodetaching states within the DBS manifold a
therefore each feature can be associated with an autode
ment rate. In our apparatus, the ion beam remains in
interaction region for;3 ms. Thus, states that have lifetime
longer than 3ms will be inefficiently detected. The instru
mental resolution limit, determined by Doppler kinema
compression of the ion beam, is approximately 30 MH
Only linewidths greater than 30 MHz are studied to meas
the autodetachment rates; those possessing smaller intr
linewidths would appear with a 30 MHz linewidth, but wit
reduced intensity owing to the slow autodetachment.

The observed electron signal arises from both direct p
todetachment and a bound–bound transition followed by
todetachment. This phenomenon is similar to autoioniza
or predissociation processes that exhibit asymmetric
broadening due to an interference effect during a transi
from a lower state to an upper bound-continuum mixed st
The absorption cross section of an individual resonance h
shape described by a Fano profile.31 In the present case, th
autodetachment cross section was typically 100 times la
than the direct photodetachment. In this weak coupling lim
the Fano asymmetry parameter is very small, and the a
detachment resonances become symmetric, giving a Lor
zian line shape. All observed lines exhibited profiles th
could be fit with a Lorentzian line shape.

FIG. 6. Autodetachment rates~lifetimes! of H2CCC
2 v850 level of the

DBS as a function of DBS rotational quantum numberN8 for variousKa8
sublevels. The dotted line shows the 30 MHz instrument limit of the ap
ratus.
J. Chem. Phys., Vol. 105, N

Downloaded¬04¬Oct¬2007¬to¬128.138.107.158.¬Redistribution¬subject
’s
n

si-
d
ch-
e

.
e
sic

-
u-
n
e
n
e.
s a

er
t,
o-
nt-
t

Fits were optimized by visual inspection and the resu
ing FWHM was extracted from the fit. The observed autod
tachment rates are shown in Fig. 6 forKa855 to 10 as a
function of rotational quantum numberN8 of the excited
state. There is a slight linewidth dependence on rotatio
level ~N8! between differentKa8 stacks. BothF1 andF2 spin
sublevels display the same FWHM within the experimen
error.

B. Comparison of autodetachment rates of H 2CCC
2

and H2CCN
2(D2CCN

2)

The molecular structures of H2CCC
2 and

H2CCN
2~D2CCN

2! are quite similar. Differences in thei
autodetachment rates arise primarily from the conseque
of replacing a nitrogen atom in H2CCN

2 with a carbon atom
in H2CCC

2. This results in a 21% increase~from 3.7 debye32

to 4.5 debye18! in the dipole moment of the neutral core an
represents a substantial difference in electronic structure

-

FIG. 7. Autodetachment lifetime as a function of the upper rotational qu
tum number. Two plots,~a! H2CCN

2 ~reproduced from Ref. 3! and ~b!
H2CCC

2 ~this work! are shown on the same scale. The quantum numbeN8
~H2CCC

2! or J~H2CCN
2! at which autodetachment channels become en

getically allowed is indicated by the arrows a, b, c, d, and e. These det
ment channels are characterized by: a,DKa50, DN(J)<3; b, DKa50,
DN(J)>4; c, DKa52, DN(J)52; d, DKa52, DN(J)>3; and e,DKa54,
DN(J)<3. The rapid increase in the H2CCN

2 autodetachment rate is asso
ciated with the opening of the channel labeled a. The corresponding cha
in H2CCC

2 does not open untilN8'90, and could not be observed.~a!
H2CCN

2,h; Ka8 5 1;1,Ka8 5 3;j,Ka8 5 5;n,Ka8 5 6;3,Ka8 5 7;,,Ka8
5 8; ~b! H2CCC

2, j, Ka8 5 5; n, Ka8 5 6; 3, Ka8 5 7; ,, Ka8 5 8; d,
Ka8 5 9;m,Ka8 5 10.
o. 24, 22 December 1996
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The autodetachment dynamics of H2CCC
2 differs from

that observed for H2CCN
2 in that the dramatic dependenc

of the H2CCN
2 autodetachment rate on rotational level3 does

not occur for H2CCC
2. In order to clarify this, the autode

tachment rate as a function of upper rotational level
H2CCN

2 is compared to that of H2CCC
2 in Fig. 7~a! and

~b!. The autodetachment rate up toJ8(N8)530 is quite simi-
lar both qualitatively and quantitatively. However, there is
rapid increase in the rotational detachment rate of H2CCN

2

at J8'33; no such behavior is found for H2CCC
2. This dif-

ference is largely a consequence of the greater dipole
ment ~and binding energy! in H2CCC

2.

C. Autodetachment mechanism

The detailed mechanism of autodetachment from dipo
bound states has been well described in previ
studies.1–5,32,33 Here we summarize some aspects that
necessary to an understanding of the autodetachment dy
ics. Autodetachment arises from a breakdown of the Bo
Oppenheimer approximation, in which the quasibound sta
couple with the continuum states and rotational, vibration
or electronic energy is utilized in the electron detachm
process. The detachment rates are well described by
Fermi Golden Rule

Rate}
2p

\
u^c f uT̂uc i&u2r,

whereT̂ is the coupling operator,Cf is the final state wave
function,Ci is the initial state wave function, andr is the
density of final states. There are four coupling operators
can give rise to autodetachment:~1! configuration interaction
~electron–electron coupling!, ~2! spin-orbit coupling, ~3!
vibrational-electronic coupling, and~4! rotational-electronic
coupling. In the study of autodetachment dynamics carr
out previously on the vibrationless levels of H2CCN

2,3

rotational-electronic coupling was found to be the domin
autodetachment mechanism.

For the H2CCC
2 DBS, however, certain regions of th

ground vibrational state are strongly coupled to the vib
tionally excited 61 and 91 states. Our results indicate th
there is little or no contribution from vibrational-electron
coupling anywhere, even in the perturbed regions. The a
detachment rate from the 61 state was measured to be 2 to
times faster than corresponding levels of the 00 state.18 If
vibrational-electronic coupling were important, then o
would have expected to observe an increase in linewidth
the perturbed levels.

As for H2CCN
2, rotational-electronic coupling is th

main mechanism considered in this study. Since the D
structure is very similar to that of the neutral, we employ t
formalism for Rydberg state autoionization introduced
Berry.34 In this model, the interaction term associated w
rotational-electronic coupling is written as

T̂}2
\2

2mR2 N̂el•N̂rot ,
J. Chem. Phys., Vol. 105, N
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whereN̂ ˆ indicates the rotational angular momentum ope
tor ~N̂el operates on the electronic wave function, andN̂rot on
the rotational wave function!, m is the reduced mass, andR is
a relevant nuclear distance.

The stability of the DBS orbital can be described as
function of the type of rotational motion. Since the DB
diffuse electronic orbital resides on the positive side of
neutral dipole core, the moleculara axis passes directly
through this orbital, and rotation about the molecule fixeda
axis does not disturb it significantly; in contrast, the en
over-end rotational~b or c axis! motion perturbs the DBS
orbital quite dramatically. These trends were quite p
nounced in the case of H2CCN

2 and D2CCN
2, where auto-

detachment rates were significantly enhanced at levels hi
than J8'33 and J8'38 in the case of H2CCN

2 and
D2CCN

2,3 respectively. However, autodetachment
H2CCC

2 differs in that there is a slight increase in the au
detachment rate asN8 increases, but no sharp onset as se
in H2CCN

2. The main difference between the two molecu
systems is the size of the dipole moment of the neutral c
that is, the field strength that binds the outer electron. T
DBS of H2CCC

2 has a larger binding energy~Ebind'170
cm21! than that of H2CCN

2 ~Ebind<66 cm21!. This shifts the
entire DBS rotational energy manifold of H2CCC

2 lower
with respect to the neutral rotational levels by approximat
105 cm21, relative to the case of H2CCN

2. The sharp in-
crease seen atJ'33 would likely appear atN'90 for
H2CCC

2.
The propensity rule for changes inKa as a result of

rotational autodetachment can be understood as follo
Since the nuclear spin should be unchanged before and
autodetachment, the sign of the nuclear spin wave func
must be invariant. Thus,Ka has to change by an even num
ber,DKa50,62,64,... . Autodetachment will be favored fo
the processes that involve the smallest change in first
rotational quantum numbersKa and second the rotationa
quantum numberN(J). A large mismatch in energy betwee
the DBS and neutral state energy levels will lead to a la
difference in angular momentum between the DBS and
neutrals, creating a substantial centrifugal barrier for the
parting electron. The difference in angular momentuml )
between the DBS and the neutrals must be carried by
outgoing electron, creating a centrifugal barrier given by

Ebarrier5
\2l ~ l11!

2mer
2 ,

where r is the distance of the electron from the center
mass andme is the mass of the electron.

An increase in the autodetachment rate correspond
the opening of additional detachment channels as can
clearly seen in the case of H2CCN

2. The observed onset in
H2CCN

2 is ascribed to opening of the detachment chan
satisfyingDKa50, DN(J)>3, labeled ‘‘a’’ in Fig. 7~a!. The
other ~weaker! detachment channels labeled as b, c, an
correspond toDKa50, DN(J)>4, DKa52, DN(J)52, and
DKa52, DN(J)>3, respectively.
o. 24, 22 December 1996
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In addition to the above four detachment channels,
other detachment channel is required to explain the obse
detachment dynamics in H2CCC

2. We observe that autode
tachment fromKa8 5 5 is only about 15% as strong as that f
Ka

@H,#sxx > 6 by measuring the integrated intensity of ea

FIG. 8. A portion of the energy level diagram of the H2CCC
2 DBS and

H2CCC neutral is shown to illustrate several different rotational autodeta
ment channels. The levels of the neutral are overlaid with shaded rectan
The figure is shown for a 195 cm21 DBS binding energy and an 14 46
cm21 EA. The detachment channels indicated by letters c, d, and e co
spond to the detachment channels labeled in Fig. 7.X indicates that auto-
detachment was not observed for levels withKa8 5 5 andN8,32 because of
the centrifugal barrier.
rotational line. The result strongly suggests that the openin
detachment channel for the range ofN reported here must be
DKa54. This would be the case ifEbind were 195 cm21,
shown schematically in Fig. 8. This in turn sets a constrain
on the DBS binding energy. The lowest observed rotation
level ofKa8 5 5 wasN8532, approximately 400 cm21 above
the binding energy. The reason we did not see detachme
from the rotational levels above the binding energy up to th
level ofKa8 5 5N8 5 32 can be explained by the centrifugal
barrier. This barrier must also be a function ofKa since one
can see detachment fromKa8 5 7 toKa8 5 5 of the neutral. The
detachment channel labeled ‘‘a’’ results in a significant en
hancement in autodetachment rate in H2CCN

2 but remains
closed for H2CCC

2 until J8(N8)'90 as indicated in Fig.
7~b!.

To understand the autodetachment dynamics o
H2CCN

2 from a theoretical point of view, Clary32 has cal-
culated rotationally adiabatic potentials for the dipole-boun
states and predicted the expected linewidths. This model h

ght
vi-
e-
e
f
ely

ent
t.
in
-
rier
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e
d-
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r
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been further modified by Simons33 to predict the autodetach
ment rate enhancements seen forN(J).30 and to treat the
branching ratios for the formation of neutrals in various r
tational states. These models can be applied to the cas
H2CCC

2, and successfully predict the rapid increase in
autodetachment rate when theDKa50, DN(J)<3 channel
becomes accessible. However, a combination of the ang
momentum barrier and the anisotropic dipole poten
makes for complicated trajectories for the outgoing electr
The electron is localized on the positive end of H2CCC until
it becomes decoupled. The electron does not experience
angular momentum barrier until it begins to decouple fro
the internuclear axis and acquires orbital angular moment
A solution of this problem would require a quantum m
chanical frame transformation.35

We note that multichannel quantum defect theo
~MQDT! in conjunction with the frame transformation tec
nique was successfully used to treat autodetachment of2

by Sadeghpour and Greene.36 The rotational and vibrationa
autoionization of Rydberg electrons in a polyatomic m
ecule case has also been recently treated for H3

1 , including
the Jahn–Teller interaction.37 Autodetachment rates relevan
to the present case should, in principle, be calculated a
rately by the MQDT frame transformation method, but th
calculation is nontrivial for polyatomic molecules with fiv
atoms.

VI. CONCLUSIONS

Autodetachment spectroscopy with a coaxial laser-
beam spectrometer provides a sensitive means to obtain
tailed information about both the ground state and wea
bound electronically excited states of negative ions. In
case of H2CCC

2, term energies and linewidth measureme
have yielded substantial information about the properties
dipole-bound states in terms of both structure and rotatio
electronic coupling autodetachment dynamics. The pres
study with rotational resolution provides considerable insi
into the intramolecular interaction taking place between
brationally excited and ground states of the DBS. Autod
tachment dynamics of H2CCC

2 has been compared to th
structurally similar H2CCN

2. The autodetachment rates o
the two systems showed a qualitatively and quantitativ
similar dependence on rotational motion up toN(J)<33.
The major difference was seen atN(J)>33, where H2CCN

2

exhibits a rapid increase in the rotational autodetachm
rates whereas H2CCC

2 shows no significant enhancemen
This difference is attributed to the significant increase
binding energy for H2CCC

2 between the DBS and the neu
tral, and the concomitant increase in the centrifugal bar
seen by the autodetaching electron. The observed aut
tachment rates of H2CCC

2 suggest the binding energy of th
DBS to be;195 cm21. The detachment channel correspon
ing to the significant onset of rotational autodetachmen
DKa50, DN(J)<3, and is estimated to be closed fo
H2CCC

2 up to energies whereN'90.
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