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The H,CCC 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 @A, 2B, transition followed by autodetachment of the dipole-bound stB®S).

Some 2500 rotational transitions are assigned and the band origin is determined to be 14(284.420
cm . The observation of individual rotational lines allowed determination of the rotational
spectroscopic constants As=9.651 534) cm ! and B+ C)/2=0.346 4613) cm™ ! for the DBS as

well as the spin-rotation coupling constag;=2.176)x10"2 cm™ . Based on an electron affinity

of 14 469+64 cmi %, the binding energy of the electron in the DBS is +AD cm 1. Anomalous
rotational line positions are found in the vicinity Kf,=7-10 in the DBS and have been attributed

to the centrifugal distortion couplings caused by mixing with the CCC out-of-plane bending mode
(vg) and the CCC in-plane bending modey). The linewidths provide information about
autodetachment rates that make it possible to obtain electron detachment dynamics for individual
rotational states. @©1996 American Institute of PhysidsS0021-960606)02248-9

I. INTRODUCTION ion/laser beam geometH. By measuring bound—bound
transition energies and linewidths, we obtain both structural
It is a general feature of most light negative ions thatand dynamical information on the DBS through autodetach-
they do not possess excited valence states at or below thfent spectroscopy. Autodetachment rates can be probed on a
energy required to remove the excess electron. As a resulimescale of 5 ns to 1 ps with respect to vibrational, rota-
obtaining detailed structural information about negative iongjonal, and spin-rotational motion of the neutral core.
through high resolution(bound—bounyl spectroscopy is In this paper, we focus on the autodetachment spectros-
sometimes difficult or impossible. While valence excitedcopy and dynamics of the vibrational ground state of the
states of negative ions are uncommon, the observafl@i  pBS and the spectroscopy of the ground electronic state of
dipole-bound electronically excited statd3BS) of anions H,CCC . The advantages of high resolution spectroscopy
greatly expands the scope of ions accessible to boundgre fully utilized to observe spin-rotation splitting, asymme-
bound, high resolution spectroscopic investigation. A molry splitting, and to map out energy levels of the ground
ecule with a dipole moment greater thai2 D can possess glectronic states as well as the excited DBS. In addition, an
an electron bound in the ¥/ electron-dipole potential and interaction in the DBS between the =0 state and a vibra-
produce a “Rydberg-type” dipole-bound statBBS). In a  tionally excited state is observed. Finally, we discuss the
DBS, the electron is typically bound to the positive end of agytodetachment lifetimes and attempt to elucidate the mecha-
molecular dipole by less than 10 meg-80 cm ) and re-  nisms of coupling between the electronic and nuclear degree

sides in a Very diffuse orbital. This DBS is Structura”y simi- of freedom Operative in negative ions in general and
lar to the neutral core, much like a Rydberg state, but unlike4,ccC in particular,

Rydberg states, only one or a very few of these dipole-bound

electronic states are stable for each dipolar neutral molecule.

I;xcnatlon of the 'DBS W|th_suff|C|ent rotatlonal_ and/or'wbra— Il EXPERIMENT

tional energy will result in autodetachmefitia rotation/

vibration—electronic coupling to produce a radical plus a A detailed description of the coaxial ion-beam spectrom-
free electron. High resolution autodetachment spectroscopyter used in this experiment has been reported elseiere.
of dipole-bound states is, therefore, a valuable tool withHere we briefly outline ion formation, mass selection of the
which to obtain structural information concerning negativejons, the laser system, and data acquisition.

ions and neutral radicals. The CCCH ions are produced by the reactidrof al-

In the past, several anions were confirmed to support gne with O. A 1:1 mixture of allene and }D gases at a
DBS!®"'* We have been carrying out extensive investiga-pressure of 3 Torr passes thréug 1 mmpinhole into a
tions of DBS of small molecules through high resolution vacuum chamber at a pressure of 4@orr. The gas flow is
autodetachment spectroscapy30 MHz) utilizing a coaxial  crossed with a 10@A, 100 eV beam of electrons. The elec-
tron source consists of a coiled tungsten filament and a re-

6 — . . . .
Ipresent address: Department of Chemistry, Simon Fraser UniversitP€ller plate'® The O reaCt"f‘nt IS prOdU(.:ed by d|SSPC|at|Ve
Burnaby, British Columbia, Canada, V5A 1S6. attachment to BD. The desired HCCC is formed via the

10696  J. Chem. Phys. 105 (24), 22 December 1996 0021-9606/96/105(24)/10696/10/$10.00 © 1996 American Institute of Physics

Downloaded-04-0ct-2007-t0-128.138.107.158.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



Yokoyama et al.: Dipole bound states of H,CCC™ 10697

HJ abstraction reaction,

Negative ions formed in the source region are extracted and
sent into a 90° magnetic mass sector where a mass-to-charge

rons

ratio of m/e=38 is selected. A typical $£CC" ion current 8

is ~2.5 nA. This mass selected ion beam is accelerated to L;

2.3 keV and bent another 90° by electrostatic bending qua- @

drupoles where it enters the high vacum10~° Torr) in- —

teraction region. The ion beam is then merged coaxially with ?

a counterpropagating laser beam. Therefore, the observed de- EA

tachment energy is Doppler shifted5 cm ! lower in fre- —r 1 T T 1 71
quency (but precisely determinable from the ion beam en- 14000 14500 15000
ergy than the actual transition energy. The initial energy Photon Energy (cnri ')

spread of the ion.s in the soyrce s kinematica:IIy ComprgsfselglG 1. Broadband scan of the threshold photodetachment region of
to 30 MH.Z' and is the domman.t comp_onent I.n determmIngHZC.CCI‘ (resolution~1 cm™?) detecting slowm(~15 me\) electrons. The
the experimental energy resolution. This effusive source proelectron affinity(EA) obtained by negative ion photoelectron spectroscopy
duces ions of rather high temperatijestimated to be greater is shown with an error bar of64 cni .

than 500 K. Usually a high temperature source is considered
to be a disadvantage resulting in congested spectra. How-,
ever, this high temperature source is both advantageous a

necessary for this work. Because of the rather high electroni

the electrons which in turn discriminates against higher
Iélnetic energy electrons. These electrons are guided into a
- - ceramic electron multiplier and detected as photodetachment
binding energy of the FfCCC  dipole-bound staté~170 ) . :

g 9y bC P ¢ signals. The electron counts are normalized to the ion beam

cm 1), low J levels forK, < 4 are bound and thus are not ;
ol . . current and the laser beam power and collected as a function
detected. Therefore, significant population of rotational en- . P
ergy levels withK”2 = 4 in the ground electronic state must be of laser frequency. The range of linewidttigetimes) that
a can be measured is from 30 MHz5 n9 to 150 GHz(~1

resent before w n rve th hment reso- X .
Eaenscist irt:?hoe eexci(teeg%ipglt::gouenc} Scia?eutodetac ent esp?s). As mentioned earlier, the 30 MHz limit arises from the

As both GH, and its anion can exist in several isomeric _residgal Doppler Width. from the initial 've'lo'city spreaq .Of
forms, it was necessary to confirm formation of the negativeIonS n the source region. The upper limit is an empirical
: . ; - value which we are able to observe from the spectra.
ion of propadieneyliden¢H,CCC") by photoelectron spec-

troscopy(PES.Y” Further confirmation was obtained by iso-

topic substitutions. When JCCCH, was reacted with O, lll. OBSERVED SPECTRA

mass analysis showed only,©CC™ or H,CCC™ as the ma- In the present experiment, a survey scan of detachment
jor C, anionic products. Specifically, the formation of prop- signal was carried out with 1 cm resolution. The electron
argylene(HCCCD ) was not observed. affinity (EA) of H,CCC was determinéd by negative ion

The light source is a homebuilt ring dye laser usingphotoelectron spectroscopy to be 1.Z®008 eV, i.e.,
DCM dye pumped by an Ar laser. This laser system can 14 46964 cm *. We show the broadband scan of the
operate in two different configurations: one for low resolu-threshold electron spectrum in Fig. 1 over a 1000 tnange
tion survey scans and the other for high resolution scans. Fan the vicinity of the EA.
survey scans the laser is used in a standing wave configura- Two processes are at work in this photon energy region.
tion with a resolution of 1 cm! and an average 800 mW of The first is direct photodetachment from populated
output power. For high resolution scans, the laser is used imibrational-rotational levels of the negative ion ground elec-
the ring configuration with single mode operatith MHz  tronic state to a number ofneutrak-electron continuum
linewidth) and an average 350 mW of output power. Scansstates. This is a bound-free process and #&00 K ion
are computer controlled with the starting and ending fretemperature gives rise to a large number of unresolved rovi-
quencies of each scan measured #0.005 cm® by a  bronic thresholds. Since the measurement technique dis-
lambda meteftraveling Michelson interferometeuntilizing  criminates against fast electrons, the direct detachment signal
a polarization stabilized He-Ne laser reference. The fringalrops off at energies well above threshold, as is observed in
patterns of a confocal Fabry—Perot etal@i8R~250 MH2  the region of 14 800 ci in Fig. 1.
are collected simultaneously and are used to linearize the The second process involves a transition from rovibra-
frequency scale of the data. High resolution data have beetional levels of the ground electronic state to quasibound
obtained from 14 000 to 15 000 ¢rh levels of an excited, dipole-bound stgf@BS) of the anion

Low kinetic energy photodetached electrofis~35  which subsequently undergoes autodetachment. These
meV) in the laser-ion interaction region of the spectrometerbound—quasibound processes produce strong resonances in
are captured inside a molybdenum tube surrounded by a sthe photodetachment spectrum which completely dominate
lenoid magnet which provides a weak magnetic fiel2 G)  the bound-free transitions throughout the region shown in
along the beam axis. This produces cyclotron orbital motiorFig. 1. The low resolution spectrum exhibits strong autode-
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FIG. 2. High resolution(300X) expansion of a selected portion of the spectrum in Fig. 1. The rotational assignments are shown in thePetitext for
labeling) The lines originate primarily from Ptransitions, and only the band label®@, arises from §. The spin-rotation splitting of each progression is
marked under the rotational number assignment.

tachment resonances both above and below the EA. In addassignment of each line difficult and possibly uncertain.
tion to the transition between vibrationless levels occurringHowever, there are some important features that make the
near the EA, there are substantial contributions to the spe@ssignment simpler and ensure correctness.
trum from populated excited vibrational levels, especially the  Since HCCC hasC,, symmetry, the nuclear spin statis-
CCC out-of-plane and in-plane bending modes. A detailedics are similar to HO, i.e., the asymmetric and symmetric
description of the structure and dynamics of these vibralevels have statistical weights of 3:1 for symmetric vibronic
tionally excited states is given in the accompanying paper. states-® For H,CCC™, the ground electronic state haB,
In this paper, we focus on vibrational ground states for bottcharacter. Thus, the statistical weights for the even and odd
the electronic ground state and the DBS. K, levels are in the ratio of 3:1. The resulting intensity al-
The H,CCC ion is a near-prolate symmetric top. Thg 0 ternation greatly facilitates spectral identification. Also, the
band gives a type(c) transition with selection rules linewidths are vastly different depending on whether the
AK,==*1andAK.=0, 2. A total of 2538 transitions were electron is detached from the vibrational ground state or ex-
assigned to the Pband. Rotational levels belonging .,  cited states. By using the above features, the s&t &, and
between 0 and 4 of the DBS were not observed, becaude branches were assigned and combination differences were
these levels either were stable or, if quasibound, did not authen used to confirm the assignments.
todetach within our experimental time window. Therefore, A diagram of representative transitions is shown in Fig.
analysis of the ®band could not provide information about 3. Here, each transition is labeled as follows. The super-
rotational levels ofK, <4 for the excited statéDBS) nor  scriptsp, g, andr indicate AK,=—1, 0, and+1, respec-
those ofK,<4 for the ground state. Another band systemtively; the middle letter is the selection rule fNr(AN=—1,
was analyzed to obtain information on the lower stite 0, and+1), the subscript represents the starti€lfj, and the
levels of the anion ground state. Since thgb@ind accesses number in parentheses is the starthg
energy levels above the binding energy, this band was uti-
ngeéd to obtain the ground state energy levels fritf=0 V. SPECTROSCOPIC ANALYSIS
A high resolution scan with a resolution of 0.001 ¢ Figure 4 depicts the radical BCC and its principal
was carried out in the region from 14 000 to 15000 ¢nA  axes. Since this molecule is a near-prolate symmetric top, it
very small portion of this spectrum shown in Fig. 2 revealshas two asymmetry levels with different total parities. We
the existence of many pairs of lines which have a splitting ofcould not detect asymmetry splitting in thg§ Band. How-
~0.1 cm L. The electronic spin multiplicities of the ground ever, the asymmetry splitting ¢f, = 0—3 was observed in
and dipole-bound states of ,ACC  are doublet states. the § band and then utilized to obtain the difference between
Therefore, the observed transitions are doublet—doublet trathe B” andC” rotational constants of the ground stélg). In
sitions and spin-rotation splitting is clearly observed. In theaddition, there are two spin sublevels;(J=N+1/2) and
present work, several bands frequently overlap, making th&,(J=N-—1/2). To calculate the energy levels of an asym-
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FIG. 3. Partial energy diagram for,ACC . The excited electronic state has
2A, character and is best described as a dipole-bound @&86). Repre-
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FIG. 4. Schematic of the structure of the radicgld€C. The two internal

axes and the direction of the dipole moment are shown with the hydrogens

lying in the plane of the paper. The molecule-fixedxis is perpendicular to
the page. The equilibrium geometry is given by Ref.
re(C,C»)=1.3283-0.0005 A, r.(C,C;)=1.291+0.001 A, r (C,H)=1.083
+0.001 A, and<(HC,H)=117.6-0.2°.

H:HR+HSR
B+Cl|., B+C . .
=[A— 5 2 N2—DyN*

— DNZNZ= D N4+ Hyy  N*NZ+ H (N2N

. . ~ ~. [B=C
+HENS = LkNANS— L yN2NS+ —

X (N2 +N2) +dy(N* +N* )+ Hgg,

whereNiz iniNy and Hgg is the spin-rotation operator.
The matrix elements of thelz Hamiltonian are

sentative optical transitions are labeled. The spin-rotation splitting is exag-

gerated for clarity.

(NKSJMHgN K S J M

B+C
A———

3 KZ2—Dp\[N(N+1)]?

B+C
:(?)N(N+l)+

metric rotor, we start with a symmetric top basis set. The

basis set used in this analysis is the Hund's ddsebasis
functions given bylN K S J M), whereN is the angular

momentum of the nucleK is the angular momentum along

the molecular figure axis] is the total angular momentum
about the space-fixed axi¥| its projection onto the space-

fixed axis, ands is the total electronic spin angular momen-

tum. Then, we utilize the set of basis functiofs K* S J
M) by means of the Wang transformatin

IN O*' S J M=|N O S J M,

IN K* S J ™

C[IN K S JM+N-KSJI M
ﬁ 1
IN K- S J M

[INKSJIM-IN-KSJ M
_ — .

The model HamiltonianH used for analyzing this work, is
Watson’sS-reduced HamiltoniaR! Hg with spin-rotation in-
teraction,Hgg. That is,

—DnkN(N+1)K2 =D K*+ Hy [N(N+1)]2K?
+HnN(N+1)K4+H K8
— L[ N(N+1)]2K*—LyN(N+ 1)K,
(N Kx2 S J MHgIN K S J M
=[3(B=C)+d;N(N+1)J([N(N+1)—K(K*1)]
X[N(N+1)—(K*+1)(K=2)])¥?
and
(N K4 S J MHRN K S J M
=d[W X Y 2"
where
W=[N(N+1)-K(K=*1)],
X=[N(N+1)— (K= 1)(K*2)],
Y=[N(N+1)—(K*2)(K+3)],
and
Z=[N(N+1)—(K+3)(K*+4)].

The spin-rotation interaction Hamiltonigdgg is expressed
with use of rankk irreducible tensoif¥(e) as?
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1 : K KN C k(N @) . T 0.350
Hse=z 2 [T(&) TN,S)+ T(N,S) T(e)], -
-0 0.348
where = 1 2 J ¢
‘TE 0.346 -
TN, S) = (—1)P(2k+1)¥2 > TL (N)TE (S s '
S(N,S)=(~1)P(2k+1) pi‘a 5, (N)TL (S) 2 oau
@ 1 (]
1 1 k ]
X( ) 0.342 .
P1 P2 p
. . 0.340 T Tt T ' T Ut 1 Tt T 7
By transforming molecule-fixed componentq) (to space 0 20 40 60 80 100 120
fixed components),? we obtain K
TE(G) = 2 DI;;(“)TE(G)- FIG. 5. Dependence of the effective rotational constaitson K2 for the
q 0° level of the DBS; the solid line is the deperturbed result.

The spin-rotation interaction matrix elements are expressed

as
distortion coupling® betweeny’'=0 and 6 and between
Hsr=(N" K’ S J M'[HsgN K S J M v'=0 and ¢ of the dipole-bound state with specific, se-
2 lection rules, i.e.AK,==*1. A detailed analysis of this in-
= 5MJ,M5J,VJI(ZO ((2k+1)S(S+1)(2S+1)(2N+1) teraction is described elsewhéfe.

A. Molecular structure

The molecular constants are determined for the DBS and
the electronic ground states using the Hamiltonian described
1 K by Egs.(2) and (4) together with a nonlinear least squares
(—1)k[N(|\|+1)(2N+1)]1/2( , ) fitting procedure. Since in the DBS, thé Bvel interacts
N" N N with the 6 and ¢ levels as described above, the interaction
Kk ” has to be included when the eigenstates of théedel are

S N 1

N S ]
X(ZN/+1))1/2(_1)J+S+N

X3

1
FINYN DN DI

N k N
-K" q K

obtained. However, we also observe strong Coriolis mixing
betweenvg and vy modes in both ground electronic state and

the DBS. A complete description of this interaction appears
x>, (—1)N'K'< )Tg(e). in the accompanying papé&t.This coupling must also be
a included in the fitting procedure. For this reason, the
In this analysis we retain only the dominant spin-rotation09,65,61,9}, and 699 bands were fitted simultaneously to
matrix elements, corresponding AN=0 or —1,2* obtain the final molecular constants. The standard de\giation
of the total fit for the nearly 9000 transitionsds=7.7x10"
(NK'SJ MHsAN K S I M cm L. The derived molecular constants o} re listed in

— _[T(NSJ/2N(N+1 K24 L n Table |, along with those of ¥£CC neutral obtained by
[I'( J ( ) €aa 2 (€ppt €cc) Virtilek et al2’
X[N(N+1)—K?]], From these anion excited state molecular constants, it is

clear that the excited state has a geometry very similar to the
(N-1 K S J MHN K S J M neutral, as would be characteristic of a DBS. The molecular
_ 2_ w2\l 1 A, B, andC constants of the DBS match those of the neutral
=~ SINSI(KIZN)(N*= K5 eaa— 3 (ent €cc)], to within 0.2%. Further evidence of the DBS character
where '(NS)=N(N+1)+S(S+1)-J(J+1), ¢(NSJ) comes from the observation that the spin-rotation interaction
=[(N=J+S)(N+I+S+1)(S+I-N+1)(N+I-9)/ constante,, of the excited state is one order of magnitude
((2N+1)(2N—1))]*? and (NS =1 for S=1/2. smaller than that of the ground electronic states of the anion.
All observed lines were fitted to this model Hamiltonian, The known spin-rotation constant of isoelectronigd&N is
and best-fit parameters were derived by nonlinear least,,(H,CCN)=—2.192)x10 2 cm %28 comparable to the
squares analysis. However, significant deviations from thepin-rotation constant of £CC in the vibrationless elec-
model Hamiltonian were observed in the region Kf  tronic ground state, found to b€, (H,CCC )= —2.49(1)
= 7-10. To visualize this phenomenon, the effective rota-< 10~2 cm . Similarly, one would expect the spin-rotation
tional constants of eadk, stack are plotted as a function of coupling constant for a valence state g3 C" to be on the
K2 in Fig. 5. Note the large discontinuity in the rovibronic order of 102 cm . However, in a DBS, the electron resides
levels of the DBS betweel, = 7 andK, = 8 as wellas a far from the neutral core and thus, interacts weakly with the
deviation from the unperturbed value l&f = 8 of the @  rotation of the molecular core. As a result, the spin-multiplet
level. This interaction has been attributed to a centrifugabkplittings in the DBS are very small in comparison to those
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TABLE |. Molecular constants of CCC™ andA; H,CCC. All values in units of cm®.2 The total standard
deviation(o) is 7.7<107% cm™%. Some 8700 transitions are fit, of which 2538 belong to the 0-0 transition. See

text for details.

2B, H,CCC 2A, H,CCC 1A, H,CCC

Ground state DBS’ Neutraf’
A 9.731 484) 9.651 534) A 9.632 76114)
B 0.343 771) 0.346 4613)° B 0.353 198977)
C 0.331511) C 0.340 367667)
Dy 9.7(1)x10°® 5.51)x10°8 D, 1.416 97)X10°7
Dk 1.041)x10°5 2.421)x10°° Dk 1.722517)x107°
Dy 7.3711)x10°4 8.7241)x10°4 D¢ 7.8504<107*
d; —4.87)x10°8 d, —5.107)x107°
d, 5(1)x10°° d, —2.333)x10°°
Huk —2.346)x10°° —1.565)x10°° Hix 2.538)x10°%°
Hyn —1.81(3)x10°7 1.453)x10°7 Hyy —4.26(24)x10°8
Hy —2.71)x10°7 —8.368)x10° 7
Lnk —5.588)x10 ! —3.585)x10° 1
Lyn 9.83)x10°%° 3.21)x10° 10 Li; 2.0(1)x107°
€aa —2.491)x1072 2.176)x 1073
[eppt €cd/2 1.701)x10°3 1.2715)x10°3
v 14 284.4206)
o 0.0077
A 0.0743) 0.04932)

The molecular constants &f *A; H,CCC are shown for comparison. The anféf DBS was perturbed by the

vibrationally excited state. Therefore, the upper level was deperturbed and the deperturbed molecular constants

are reported here. The quantityis the inertial defectamu £?).

bThe centrifugal distortion coupling terms were also included in order to reproduce the energy level of this state.

The centrifugal distortion constants a2&°=1.07232)x10 % andC3P=—1.53975)x 10 °, respectively(Ref.

30).

The value of B+ C]/2 is given here. The corresponding value for the neutral is 0.346 763 281 1.
dConstrained to th® value for ketene because of high correlation with

of the anion ground state. The absolute value of spin-rotatioB. Binding energy
constante, , obtained for the DBS is smaller than that for the
ground electronic state by approximately a factor of 10
€,,(DBS)=2.17(6)x 10 3cm %

ecule can be determined from the inertial

ture. As shown in Table I, the ground state of3€C has

A=0.0743) amu A and is planar.

and the issue of DBS planarity could not be addressed by our

10701

The binding energy of the dipole bound electron in the
'excited state of ICCC™ can be approximated as follows.

From the measured band origia4 284.4205) cm '] and
Because we have not investigated the isotopic variantghe electron affinity(14 469-64 cml), as measured by
only limited structural information can be extracted from thepES!8 we obtain the binding enerdgy,4 to be 14 46964
rotational constants. It is, however, possible to obtain struc--14 284.42(6)=185+64 cm !, i.e., 121 cm<Ey; ;<249
tural information by constraining some structural parametergm™, If one can observe any levels of the DBS that lie
during the fitting procedure. First, the planarity of the mol-below 15533 cm?® (14 469+64 cm Y), this observation
defect,would further refine the upper bound. We have observed
A=l —1,—1,. If A=0, the molecule has a planar autodetachment from the lowest rotational leveé., K}
structureé?® while a negativeA suggests a nonplanar struc- = 0, N'=0, andJ’=0.5) of the vibrational bandvg = 1,

which has an energy of 221.5 cthabove the reported EA

(corresponding to 14 505 cmh). This places an upper limit

Asymmetry splitting was not observed for the DBS, s00N Eping (Eping=221 cmt) and thu§lthe binding energy can
preciseB and C rotational constants could not be obtained b€ further refined to be 1260 cm .

Suppose that the only force binding the outer electron is

data. Since the structure of the DBS is quite similar to that oflu€ o the dipole moment-charge interaction given by a point

the neutral, however, it is plausible to assume that the DBS id
also planar. We can then derive the H—&l angles by using

the rotationalA constants in Table | and assuming that the
C,—H bond lengths are the same in all of these species. On

this basis, the H--H bond angle for the DBS is calculated

to be 118.%2)° and the H—G—H angle for the ground state
negative ion is 117(2)°. The H—-G—H bond angle for the wheree is the electron charge in Coulombs,is the dipole
moment in debyey; is the electron distance from the dipole,

neutral had been determined as 117062

030
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dip™

Ju
or

ipole potential U(r, ). The radial dipole forcé ,(r,6) is
then given as

d(eD cos /4mer?) 2eD cosf

or B 47T€0|'3
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FIG. 6. Autodetachment ratgdifetimes) of H,CCC v’'=0 level of the

DBS as a function of DBS rotational quantum numbé&r for variousK e ¢d b a
sublevels. The dotted line shows the 30 MHz instrument limit of the appa- I |

ratus b) 150

. 1000
H,CCC

800 [DBS v=0]
and @ is the angle between the dipolar axis and the electron’s

position. The binding energy of the dipole bound state can
therefore be approximated as

N
=3
=
1
T
5
<

Lifetime (psec)

- - 500
E,. .= en 200
0I||II|I|I|I|I|I]I
Upon substituting a binding energy of 170 chand dipole 0 10 20 30 40 50 60 70 80 90 100
moment of 4.5 D} the most probable radius of the outer N’

electronr g, is found to be~25 A.

Linewidth (MHz)
1

1000

FIG. 7. Autodetachment lifetime as a function of the upper rotational quan-
tum number. Two plots(a) H,CCN™ (reproduced from Ref.)3and (b)
H,CCC" (this work are shown on the same scale. The quantum number
(H,CCC") or J(H,CCN™) at which autodetachment channels become ener-
getically allowed is indicated by the arrows a, b, ¢, d, and e. These detach-
ment channels are characterized by:AK,=0, AN(J)<3; b, AK,=0,

The observed sharp features arise from resolved quastN(9)=4: ¢, AKa=2, AN(J)=2; d, AK,=2, AN(J)=3; and e AK,=4,

b d todetachi tat ithin the DBS ifold N(J)<3. The rapid increase in the,ACN™ autodetachment rate is asso-

ound autodetaching states within . e ) manifold an iated with the opening of the channel labeled a. The corresponding channel
therefore each feature can be associated with an autodetaGh-H,ccc does not open untiN’~90, and could not be observeth)
ment rate. In our apparatus, the ion beam remains in th8,CCN",O0; K, = 1;+,K, = 3; K, = 5;A,K. = 6;X,K. = 7;V,K},
interaction region for-3 us. Thus, states that have lifetimes = 8: (b) H,CCC', B, K; = 5 A, Ka = 6; X, K, = 7;V, K; = 8, @,
longer than 3us will be inefficiently detected. The instru- Ka=9:4.Ka=10.
mental resolution limit, determined by Doppler kinematic
compression of the ion beam, is approximately 30 MHz.
Only linewidths greater than 30 MHz are studied to measur
the autodetachment rates; those possessing smaller intrin

linewidths would appear with a 30 MHz linewidth, but with function of rotational quantum numbe’ of the excited

reduced intensity owing 1o t_he SlOW. autodetachmer_n. state. There is a slight linewidth dependence on rotational
The observed electron signal arises frqm both direct phofevel (N') between differenk | stacks. BottF1 andF2 spin

todetachment anq a bound—bounq tr§n§|t|on followed _by alsyblevels display the same FWHM within the experimental

todetachment. This phenomenon is similar to autoionizatio or.

or predissociation processes that exhibit asymmetric line

broadening due to an interference effect during a transition

f‘Fﬁm a Iower_ state to an upper bour}d-(_:o_ntlnuum mixed stat and H,CCN~(D,CCN")

e absorption cross section of an individual resonance hasa

shape described by a Fano profitdn the present case, the The molecular structures of JBCC  and

autodetachment cross section was typically 100 times larged,CCN (D,CCN™) are quite similar. Differences in their

than the direct photodetachment. In this weak coupling limitautodetachment rates arise primarily from the consequences

the Fano asymmetry parameter is very small, and the aut®f replacing a nitrogen atom inJ&CN™~ with a carbon atom

detachment resonances become symmetric, giving a Lorenin H,CCC . This results in a 21% increageom 3.7 deby#?

zian line shape. All observed lines exhibited profiles thatto 4.5 deby&®) in the dipole moment of the neutral core and

could be fit with a Lorentzian line shape. represents a substantial difference in electronic structure.

V. AUTODETACHMENT DYNAMICS

A. Autodetachment lifetimes

Fits were optimized by visual inspection and the result-
‘?ng FWHM was extracted from the fit. The observed autode-
¥chment rates are shown in Fig. 6 =5 to 10 as a

. Comparison of autodetachment rates of H ,CCC~

J. Chem. Phys., Vol. 105, No. 24, 22 December 1996

Downloaded-04-0ct-2007-t0-128.138.107.158.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



Yokoyama et al.: Dipole bound states of H,CCC™ 10703

The autodetachment dynamics ofGCC" differs from  whereN" indicates the rotational angular momentum opera-
that observed for LCCN™ in that the dramatic dependence tor (N, operates on the electronic wave function, &hgl on
of the H,CCN™ autodetachment rate on rotational lévébes  the rotational wave functionu is the reduced mass, afRdis
not occur for HCCC . In order to clarify this, the autode- a relevant nuclear distance.
tachment rate as a function of upper rotational level for  The stability of the DBS orbital can be described as a
H,CCN™ is compared to that of }£CC" in Fig. 7@ and  function of the type of rotational motion. Since the DBS
(b). The autodetachment rate upX(N") =30 is quite simi-  diffuse electronic orbital resides on the positive side of the
lar both qualitatively and quantitatively. However, there is aneutral dipole core, the molecular axis passes directly
rapid increase in the rotational detachment rate g€EN~  through this orbital, and rotation about the molecule figed
at J'~33; no such behavior is found for,BCC". This dif-  axis does not disturb it significantly; in contrast, the end-
ference is largely a consequence of the greater dipole m@ver-end rotationalb or ¢ axis motion perturbs the DBS
ment(and binding energyin H,CCC". orbital quite dramatically. These trends were quite pro-
nounced in the case of BCN™ and D,CCN", where auto-
detachment rates were significantly enhanced at levels higher
than J'~33 and J'~38 in the case of LCCN™ and
D,CCN™,®> respectively. However, autodetachment of

The detailed mechanism of autodetachment from dipoleH,CcCC differs in that there is a slight increase in the auto-
bound states has been well described in previougietachment rate d¥’ increases, but no sharp onset as seen
studies:™>**** Here we summarize some aspects that argn H,CCN". The main difference between the two molecular
necessary to an understanding of the autodetachment dynagystems is the size of the dipole moment of the neutral core,
ics. Autodetachment arises from a breakdown of the Born-that is, the field strength that binds the outer electron. The
Oppenheimer approximation, in which the quasibound stateps of H,CCC has a larger binding energiE,;,;~170
couple with the continuum states and rotational, vibrationalcm™?) than that of HCCN™ (Ey,;,s<66 cmi ). This shifts the
or electronic energy is utilized in the electron detachmengntire DBS rotational energy manifold of ECC  lower
process. The detachment rates are well described by thgith respect to the neutral rotational levels by approximately

C. Autodetachment mechanism

Fermi Golden Rule 105 cmi'?, relative to the case of J£LCN. The sharp in-
o . crease seen ail=~33 would likely appear atN~90 for
Ratex — [(y|T|¢)[p, H,CCC.

The propensity rule for changes K, as a result of
whereT is the coupling operatof¥’; is the final state wave rotational autodetachment can be understood as follows.
function, W, is the initial state wave function, andis the  Since the nuclear spin should be unchanged before and after

density of final states. There are four coupling operators thautodetachment, the sign of the nuclear spin wave function
can give rise to autodetachme(® configuration interaction Must be invariant. Thus(, has to change by an even num-
(electron—electron coupling (2) spin-orbit coupling, (3) ber,AK,=0,%*2,%4,... . Autodetachment will be favored for
vibrational-electronic coupling, an@) rotational-electronic the processes that involve the smallest change in first the
coupling. In the study of autodetachment dynamics carriedotational quantum number€, and second the rotational
out previously on the vibrationless levels of,GCN™,2  guantum numbek (J). A large mismatch in energy between
rotational-electronic coupling was found to be the dominanthe DBS and neutral state energy levels will lead to a large
autodetachment mechanism. difference in angular momentum between the DBS and the
For the HCCC™ DBS, however, certain regions of the neutrals, creating a substantial centrifugal barrier for the de-
ground vibrational state are strongly coupled to the vibraParting electron. The difference in angular momentum (
tionally excited & and ¢ states. Our results indicate that between the DBS and the neutrals must be carried by the
there is little or no contribution from vibrational-electronic 0utgoing electron, creating a centrifugal barrier given by
coupling anywhere, even in the perturbed regions. The auto-
detachment rate from the* 6tate was measured to be 2 to 3 A2(1+1)
times faster than corresponding levels of tifeséate®® If Ebarrier
vibrational-electronic coupling were important, then one
would have expected to observe an increase in linewidth of
the perturbed levels. wherer is the distance of the electron from the center of
As for H,CCN™, rotational-electronic coupling is the mass andn, is the mass of the electron.
main mechanism considered in this study. Since the DBS An increase in the autodetachment rate corresponds to
structure is very similar to that of the neutral, we employ thethe opening of additional detachment channels as can be
formalism for Rydberg state autoionization introduced byclearly seen in the case of,BCN". The observed onset in
Berry34 In this model, the interaction term associated withH.CCN™ is ascribed to opening of the detachment channel
rotational-electronic coupling is written as satisfyingAK,=0, AN(J)=3, labeled “a” in Fig. 7a). The
other (weakej detachment channels labeled as b, c, and d
correspond tAAK =0, AN(J)=4, AK,=2, AN(J)=2, and
AK, =2, AN(J)=3, respectively.

2mer

hZ

m Nel' Nrot:

Toc—
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H, CCC Dipole Bound State been further modified by Simoftsto predict the autodetach-

' ment rate enhancements seen K{J)>30 and to treat the
branching ratios for the formation of neutrals in various ro-
tational states. These models can be applied to the case of
H,CCC", and successfully predict the rapid increase in the
autodetachment rate when theK,=0, AN(J)=<3 channel
becomes accessible. However, a combination of the angular
momentum barrier and the anisotropic dipole potential
makes for complicated trajectories for the outgoing electron.
The electron is localized on the positive end gld€C until
it becomes decoupled. The electron does not experience the
angular momentum barrier until it begins to decouple from
the internuclear axis and acquires orbital angular momentum.
A solution of this problem would require a quantum me-
chanical frame transformatioh.

We note that multichannel quantum defect theory
(MQDT) in conjunction with the frame transformation tech-
nique was successfully used to treat autodetachment of H
by Sadeghpour and GreeffeThe rotational and vibrational
autoionization of Rydberg electrons in a polyatomic mol-
ecule case has also been recently treated by iHcluding
the Jahn—Teller interactiolf.Autodetachment rates relevant

H, CCC ground state to the present case should, in principle, be calculated accu-

----- - rately by the MQDT frame transformation method, but this

calculation is nontrivial for polyatomic molecules with five

FIG. 8. A portion of the energy level diagram of theGCC DBS and atoms.

H,CCC neutral is shown to illustrate several different rotational autodetach-

ment channels. The levels of the neutral are overlaid with shaded rectangles.

The figure is shown for a 195 cth DBS binding energy and an 14 469

cm™! EA. The detachment channels indicated by letters ¢, d, and e corre-

spond to the detachment channels labeled in FiX thdicates that auto- \/|. CONCLUSIONS

detachment was not observed for levels With= 5 andN’<32 because of

the centrifugal barrier. Autodetachment spectroscopy with a coaxial laser-ion
beam spectrometer provides a sensitive means to obtain de-
tailed information about both the ground state and weakly

In addition to the above four detachment channels, ongound electronically excited states of negative ions. In the
other detachment channel is required to explain the observashse of HCCC™, term energies and linewidth measurements
detachment dynamics inJ8CC". We observe that autode- have yielded substantial information about the properties of
tachment fronK; = 5 is only about 15% as strong as that for dipole-bound states in terms of both structure and rotational-
KgH<]SXX = 6 by measuring the integrated intensity of eachelectronic coupling autodetachment dynamics. The present
rotational line. The result strongly suggests that the openingtudy with rotational resolution provides considerable insight
detachment channel for the rangeNdfeported here must be into the intramolecular interaction taking place between vi-
AK,=4. This would be the case &,y were 195 cm?, brationally excited and ground states of the DBS. Autode-
shown schematically in Fig. 8. This in turn sets a constraintachment dynamics of #£CC  has been compared to the
on the DBS binding energy. The lowest observed rotationastructurally similar HCCN™. The autodetachment rates of
level of K. = 5 wasN'=32, approximately 400 ciit above the two systems showed a qualitatively and quantitatively
the binding energy. The reason we did not see detachmesimilar dependence on rotational motion up Ng§J)=<33.
from the rotational levels above the binding energy up to thelThe major difference was seenhJ) =33, where HCCN™
level of K, = 5N’ = 32 can be explained by the centrifugal exhibits a rapid increase in the rotational autodetachment
barrier. This barrier must also be a functionkof since one rates whereas J£CC  shows no significant enhancement.
can see detachment frdfj = 7 toK} = 5 of the neutral. The This difference is attributed to the significant increase in
detachment channel labeled “a” results in a significant en-binding energy for HCCC™ between the DBS and the neu-
hancement in autodetachment rate isxCEN~ but remains tral, and the concomitant increase in the centrifugal barrier
closed for HCCC™ until J'(N')~90 as indicated in Fig. seen by the autodetaching electron. The observed autode-
7(b). tachment rates of #LCC suggest the binding energy of the

To understand the autodetachment dynamics 0DBS to be~195 cmil. The detachment channel correspond-
H,CCN™ from a theoretical point of view, Cla?y has cal- ing to the significant onset of rotational autodetachment is
culated rotationally adiabatic potentials for the dipole-boundAK,=0, AN(J)=<3, and is estimated to be closed for
states and predicted the expected linewidths. This model ha$,CCC™ up to energies wherl~90.

Energy (em!)
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