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The ultraviolet photoelectron spectrum of HXC™ (X=C,H,) is reported along withab initio
calculations. The adiabatic electron affinity of tie'A’ state is measured to be 0.918) eV for

C,H, and 0.90915) eV for C,D,. The term energy of the [, 2°A’ state is 1.92@5) eV and the

b 3A” term energy is 2.0380) eV. Geometries and frequencies of several stationary points on the
C,H, and GD, neutral and anion surfaces at the configuration interaction with singles and doubles
level of theory are reported, as well as an intrinsic reaction coordinate calculation at the restricted
Hartree Fock level on the #, singlet surface. Calculations and experiment are combined to
estimate the lifetime of singlet vinylvinylidene for rearrangement to vinylacetylene to be 20—200 fs,
corresponding to lifetime broadening of 35—3 meV. 1895 American Institute of Physics.

I. INTRODUCTION order of 10 A/fs, and thus the nuclear frame is rigid on the
_ _ _ time scale for the electron to be effectively decoupled from
Several techniques have been pioneered in recent yeafise molecular frame. Therefore, in systems where an anion is
for studying processes which occur on the subpicosecongtable to rearrangement but the corresponding neutral is not,
timescale. Negative-ion photodetachment has proven espgegative-ion photoelectron spectroscopy can probe the early
cially useful for investigations of transition statemnd tran- time evolution of the neutral as it rearranges. The use of
sient species. One such process, the 1,2-hydrogen shift reagsgative-ion photoelectron spectroscopy to examine these
tion [Eq. (1], has been the subject of severzal studies JSNShort-lived species is an ideal frequency domain probe of
negative-ion photoelectron spectroscdpy=H" and X=F"  yo5e stransition states,” and represents a valuable comple-
in Eq. (1)]. Extensiveab initio calculatl_ons performed con-  ent to time domain probes. In a closely related phenom-
currently by the Schaefer grotip provided essential addi- enon, dissociative states have been observed in the continu-

tional information on these systems. ous UV spectra of polyatomits and the simple

H interpretation of these spectra was presented by Back.
C=C: —> X—C=C—H 1) The 1,2-hydrogen shift rearrangeménfEq. (1)] is a
X ubiquitous intramolecular chemical reaction, with vinylidene

The first study, which concentrated on the vinylidene to(H>CC) being the simplest possible example. It is the appar-
acetylene(X=H) rearrangemerft* analyzes the photoelec- ent simplicity of vinylidene, coupled with the generality of
tron spectrum of HCC™ to estimate the lifetime of the vi- the 1,2-hydrogen shift, that has produced extensive theoreti-
nylidene singlet ground state to be 0.04—0.2 ps; the reacal and experimental efforts to understand the dynamics in-
rangement barrier is21 kcal/mole. The fluorovinylidene to volved in this process. The barrier to the 1,2-hydrogen shift
fluoroacetylendX =F) rearrangemefif was found to have a rearrangement in the anion is relatively higd0—50
similar barrier to rearrangement. With this exploration of thekcal/mola,*?~*as it is in the lowest lying triplet state of the
vinylvinylidene (X =C,H;) system we continue our previous neutral*® The singlet ground state of the neutral, however,
work and that of othergincluding at least one very recent has an empty orbital on the terminal carbon to which the
article’) toward understanding the very fast 1,2-hydrogenhydrogen atom on the adjacent carbon can migrate, making
shift rearrangements which occur in carbenes, nitrenes, anfle barrier to isomerization very small. A very clear expla-
vinylidenes upon electron detachment from the corresponthation of the difference in singlet, anion, and triplet isomer-
Ing anions. ization barriers is contained in Harding’s 1981 treatment of

The anion photoelectron spectra reflect the Francktne 1 2-hydrogen shif This barrier has been the subject of

Condon overlap of anion and neutral wave functions at theniense theoretical and experimental investigations. The first
anion equilibrium geometry. In this process, an anion absorbg,ensiveab initio investigationt® of the vinylidene singlet
a photon whose energy is greater thfam the blndlng energy %furface was published by Schaefer's group, who found a
the gxtra electroeBB); the electron IS released with some barrier to rearrangement of 5—8 kcal/mole. In 1981 two sets
lﬂr;%tlec ?F%Zr?aﬁilfri)nrgftg?tst%zeart:ilg(:I\r/]vgi]t: ge\:gg,égzphz of calculations were published for this system with contra-
' P " dictory findings: at the MP2 and MP4 levels of theory, no
minimum corresponding to singlet vinylidene was foffid,
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Burnaby, British Columbia, Canada V5A 1S6. barrier to 4 kcal/mole. The latest vinylidene calculation by
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the Schaefer grodpreduces the estimate even further, to 3enecyclopropene, and cyclobutadiene. Two rearrangement
kcal/mole, supporting the conclusions of two experimentschannels and four dissociation channels from vinylacetylene
performed in our laborato’?! The more recent of our were considered in that work, but none involved the vi-
experiments showed that vinylidene was a genuine mini- nylidenic form of GH,. Ab initio calculations on several
mum on the potential energy surface and enabled an estima@H, ring systems have also been carried Bathe structure

of its lifetime (0.04—0.2 pp and, consequently, the well of the cyclobutadiene cation has been explored by Kohn and
depth(2=1 kcal/mole, through careful analysis of the vibra- Cheri” using neutral photoelectron spectroscopy.

tional peaks present in the photoelectron spectrum. This find- The negative-ion photodetachment spectrum of singlet

ing is consistent with the 1984 calculation by CarringtonVvinylvinylidene is a striking example of a spectrum of a large
et al?? molecule with a surprisingly simple appearance, looking al-

Fluorovinylidene (HFCC) was also studied in our most as though a single vibrational mode was excited in the
laboratory) and an ab initio study was completed Photodetachment process. Similar simplicity has been seen
concurrently’ As with vinylidene, the singlet ground state of in other anion photoelectron spectra such as benzyl and
fluorovinylidene has a very small barrier to 1,2-hydrogenPhenoxide’® and in the electronic spectra of a number of
migration, while the triplet states and the anion do not reartransition metal complexes. In an attempt to understand the
range on the time scale of photoelectron experiments. Corf:ase of transition metal carbonyl complexes, the missing
gestion in the photoelectron spectrum prevented its analysiode effect(MIME) was developed by Tutetal* as a
at the same level of detail as the vinylidene spectrum, andhethod for the analysis of these spectra. The spectrum pre-
theab initio calculations proved indispensable in interpretingSented in this report may be reproducible in large part by
the spectrum. The singlet spectrum exhibited prominent adnserting the frequencies and normal mode displacements we
tivity in a very low-frequency anharmonic vibrational mode. calculate for vinylvinylidene into the MIME expression;
The calculations helped to identify this mode as an Fccsuch an anz_ily5|s is a likely future project, but it is beyond the
bending motion and both experiment and calculations indiSCOPe Of this paper. _ _
cated that this mode exhibited motion very close to that of  ThiS paper is organized as follows. First, the experimen-
the 1,2-hydrogen shift reaction. tal methqd of negative-ion _photoelectron spectroscopy will

Other 1,2-hydrogen shifts similar to E¢l) have been be described briefly, including the use of @hemistry to

studied very recently by Schaefer's grotip?® The classical form the desired negative ipns. Then.the spectra and the
barrier for rearrangement of cyanovinyliderid) to cy- Franck—Condon analyses will be described. Some ofathe

initio results will be presented next, including CISD geom-
gtries and frequencies for the anion, singlet vinylvinylidene,
and transition state as well as intrinsic reaction coordinate
(IRC) calculations at the RHF level for the neutral surface

anoacetylene is calculatédo be 2.2 kcal/mole; this species
has not been studied experimentally. The isomerization ba
rier on the singlet surface of ethynylvinylidefi@)

i H H H and Franck—Condon factor calculations using the CISD cal-
\C= \C=C H—\C—C H—\C=N culations on the anion and the neutral. We next combine the
N’ o’ H/ M H/ ab initio results with the experimental spectra to elucidate
HC// the isomerization dynamics in singlet vinylvinylidene, in-
A B C D cluding detailed Franck—Condon simulations and a lifetime
estimate.

was calculated by Collingt al. to be vanishingly smaf*
Singlet methylcarbenéC) is calculated to exist as a true !l METHODS AND TECHNIQUES

minimun?® with an activation energy for isomerization to  The negative-ion photoelectron spectrometer used in our

ethylene of 1.2 kcal/mole. Methylnitrer®) has no calcu- |ahoratory has been described in detail previct&igand in a

lated barrier to rearrangement to methyleneinffi@avers  recent review articlé® Only a brief description is given here.

et al?” have recently completed a negative-ion photoelectromtomic oxygen anions are formed from,Qvith approxi-

spectroscopy study of this species. mately 0.5 Torr He in a microwave flowing afterglow appa-
To our knowledge, except for one very recentratys, then allowed to react with a reagent downstream in a

calculation?® vinylvinylidene (1) has not been previously flow tube. The GH; isomer reported here was formed by
studied either experimentally or theoretically, although othefeacting 1,3-butadien@ldrich) with O™,

C,H, isomers have been examined in some detail. Walch and _

Taylor®® have calculated the minimum energy paths for the H,CCHCHCH+0™ —H,CCHCHC +H,0. @
reaction of vinylidene with acetylene; this reaction proceeds  Flowing afterglow reactivity studié§3° have clearly

to vinylvinylidene, from which the vinylacetylene isomer is determined that the ionic product of this reaction is indeed
formed. Kollmaret al?® calculated the energy and structure the vinylvinylidene anion isomer in E¢2).

of every (supposejistable isomer on the #, potential en- Once formed, the ions are gently extracted and acceler-
ergy surface using MINDO/3; vinylacetylene was found toated, focused through a Wien mass filger Am~30), decel-

be the global gH, minimum among 19 distinct minima. erated, and passed through an interaction region. Typical ion
Neutralization-reionization mass spectrometry was used bgurrents are 20—-30 pA. The interaction region is situated
Zhanget al*° to distinguish the four most stable,d, iso-  within a laser buildup cavity, where approximately 100 W of
mers from one another: vinylacetylene, butatriene, methyleirculating power at 351 nnfB3.531 electron voljsare inci-
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FIG. 1. Stationary points calculated at the CISD level. Relative energies ar€lG. 2. Overview of the(a) vinylidene, (b) fluorovinylidene, andc) vi-
indicated in kcal/mole. The experimental electron affini@t.2 kcal/molg nylvinylidene anions 351 nm photoelectron spectra. The origins of the sin-
is the preferred value but the CISD result is shown for consistency. glet ground states and two triplet excited states are labeled and their rela-
tionships indicated by lines. Specta@ and(b) are adapted from Refs. 2 and
3, respectively.

dent on the ions. Photodetached electrons are passed through

a hemispherical energy analyzer and focused onto a position

sensitive detector. The electron energy resolution is typicall)]f1 DZ_P(d’?) bﬁs's for t?ﬁ neuéral,_ augmentedfwnh ddlﬁgsle
6 meV. The detached electron kinetic enefgi<E) is equal unctions for the anion. These basis sets are referred to below

to the photon energy minus the energy difference betweef> D95@.p) a?d D9dS++(d,p), reipectiv7ly. The calgula-
initial and final states of the molecule in the process: tions were performe on a Cray Y MP4E. 232, operating un-
der the UNICOS operating system version 7.0.5.1. The re-
C4H, (E"0") +hv—CyH4(E" v") + e (eKB), ()  sults of these calculations are extensive and only the

where E”,v") refers to the anion electronic and vibrational essential pieces of information are presented here; the bal-
state and E'.v') refers to the electronic and vibrational ance of the computational results is available as supplemen-

states of the neutral product. All observed transitions origi—tary material.
nate from the ground electronic state of the anion. The elec-
tron kinetic energy spectrum is thus a series of peaks corréll- RESULTS
sponding to the differences in energy between varioug Experiment
vibrational states of the anion and the neutral, with intensi- )
ties of the peaks determined by Franck—Condon factors. 1- General observations

Ab initio calculations were performed in conjunction Figure 2 depicts the 351 nm photoelectron spectra of
with the experimental work to help interpret the spectra. Thevinylidene? fluorovinylidene® and vinylvinylidene anions.
GAUSSIAN92 program was used for most of the calculati8hs. Table | lists the corresponding electron binding energies, ex-
Restricted Hartree FodiRHF) and configuration interaction citation energies, and anisotropy parameters obtained for the
with singles and doubles substitutiof@ISD) methods were electronic states of each species in Fig. 2. The vinylidene
used to obtain geometries at the stationary points indicated ispectrum and parameters are adapted from Egtial?
Fig. 1: singlet vinylvinylidene(I and 1’); vinylvinylidene  while those of fluorovinylidene are from Gillest al® The
anion (Il and Il '); transition state structure$ll andlll ); similarity of the three spectra is striking, as discussed below.
and vinylacetylendlV). An IRC was calculated at the RHF The vinylidene spectrurfiFig. 2(a)] shows transitions to
level of theory for the neutral potential energy surface. Inthree electronic states, the origins of which are labeled. The
addition, single-point calculations were performed at themost prominent peak appears at an electron binding energy
CISD level at unit normal coordinate displacements of sin-of 2.555 eV and was assigned to the origin of 1Bg state by
glet vinylvinylidene, starting from the anion geometry ob- Ervin et al? The binding energy of the feature to the right
tained at the CISD level of theory. All calculations employedside of Fig. Za), the X 'A; state of the neutral, is the adia-
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TABLE I. Electron binding energies, term energies, and anisotropy param- 400
eters for the observed vinylidene, fluorovinylidene, and vinylvinylidene H 3 '
electronic states. \ a A
2 H Cc=C .
Anisotropy §300- N 4
parameters & /C_C\ 3 A *
Electron Binding  Term energy  for 351 nm Lé o
Electronic state energy(eV) (eV) excitation g 200- fedechb -
H,CC (Ref. 2 8 L ",
X 1A, 0.4906) 0.0 —0.51(5) L St
a%8, 2.5556) 2.0656) +1.455) € 100- e .0 @
b2A, 3.2446) 2.75420) ~0.52) " Aorwels
Wy W i
HFCC (Ref. 3 “
XA 1.7186) 0.0 0 ‘ : : :
b *A’ 3.0769) 1.3589) +1.1(2) 320 310 300 290 280 270
aA 3.0389) 1.3209) (undet) Electron Binding Energy (eV)
C,H, (this work)
NG —
23:, ggé;é)s) 2'82315) +géggi FIG. 3. Detail of the photoelectron spectrum of vinylvinylidene anion,
b 3a” 2:94€{20) 2:03530) 01 showing thea A’ andb 3A” states. Assignments of peais and a—f are

listed in Table II.

Fig. 2c contains features reminiscent of the vinylidene and

bat'(.: eIectron. affinity of vinylidend0.490 eVj. The elec- . fluorovinylidene spectra. The most prominent peak has an
tronic state with the smallest photodetachment cross sectio

) . indi I h f th i
appears at 3.244 eV. The assignment of this last peak asé]ectron binding energy close to those of the corresponding

. . ) . ) \/?hylidene and fluorovinylidene triplet statéable ). An-
different (Ielegtrc;nlc statet V\éats) notdlmmet@at(relly ObV_'Ol:E bUtother state is buried beneath the most prominent state, like
was conclusively supported by a dramatic change In the afy, . fluorovinylidene case, and would be undetectable without

isotropy parameter of the detached electron, to be_ di_scuss ditional information. The ground state appears at an elec-
below. A few more peaks appear to the Idfigher binding tron binding energy just slightly greater than that of vi-

: 1 53 N
energy side of theX “A, anda "B, origins; these result from nylidene. The origin of the prominent excited state is narrow

trantsmlonls tto e>§C|te;dtV|br_|a_1:]|ona! Igveics of Lhel cotrres_por:dtm (15 meV in this casewhile the origin of the ground state is
neutral electronic states. 1he origin of each electronic Stale 1z, - proader. With so many features common to the vi-

much more prominent than the corresponding vibrationa ylidene, fluorovinylidene, and vinylvinylidene spectra, the

?r:/ ertones,l mdmzyngt a reflatlﬂvelybmkr.]or dliﬁlace.rgtint 6:J(:Qgelectronic states present in the vinylvinylidene spectrum can
€ normaf coordinates of the vibrations. 1he widihs o e readily assigned to the symmetries listed in Table I. Full

pezil;s., ?hs mdwatgd tlrl Ervzatlzzl., a\r/el apprc;]xm;?;ely 2A.'t (ﬁ]nalysis of the spectrum is reflected in Table I; the assign-
meV in the ground state an mev in each ot ihe exClt®Gnant of the®A” state requires polarization data, to be dis-

states. cussed below, and the adiabatic electron affinity cannot be

T_h_e spectrum of fluorow_nyllden[zﬁg. 2(b)_] also ShOWS_ ._firmly assigned without the considerations appearing in Sec.
transitions to three electronic states and displays a strikin

similarity to that of vinylidene. The most prominent peak, at The trends apparent in the binding energies of each elec-

g’ '976 ev bmdmg energy, correspopds to a transition to th(?ronic state in the three spectra also permit some generaliza-
A’ state, similar to vinylidene both in appearance and place:

i the bindi le. Th i ¢ th tion of electronic state energy levels in vinylidenic systems.
men dont i € bn mg_ene(;gt))/ SC?'?IGI ¢ |§:‘ p?i,'on. 0 he electron affinities of the three species vary widely from
ground-state ongw(assgng y Sliest al. as ) 9VeS  0.490 to 1.718 eV, indicating that this parameter is heavily
an ad'?‘ba_“c electron affinity of 1.718 e\(, S|gn|f|cgntly hlgherdependent on the electronegativity of substitugntHow-
tr;ﬁn Vlnyl_ltdec)jnet atZBZ"result of thet gugg'ge \s/u_?rs?tgbm(:ni An'ever, the electron binding energies associated with the triplet
other excited sta ) appears at 3. ev. St states change very little from one species to the next, despite
has a small photodetachment cross section and is indisti

shable f théA’ stat t with additional inf Wheir reversal in the fluorovinylidene ca¢€able |). There-
guishable from _ state except with additional informa- ¢, ¢ ¢ energies of the orbitals from which the extra electron
tion. The electron binding energies of the triplet states ar

P c 2 ; . is detached to form these triplet states are fairly independent
similar to those of the vinylidene triplet states. The width of b y P

- R o of the substituent, relative to the anion. The singlet-triplet
the A’ origin peak is similar to the vinylidenéB, state g P

origin: a comparison of the widths of the peaks in the Vi_spllttmgs reflected in Table | vary widely only as a result of

; L . . X dIhe change in electron affinities.
nylidene and fluorovinylidene singlet states is complicate
by vibrational congestion in the fluorovinylidene singlet )
state. Except for the increase in the electron affinity and thé- T7Plets
degree of vibrational excitation, the fluorovinylidene spec-  The photoelectron spectra presented in Figs. 2, 3, and 4
trum is remarkably similar to the vinylidene spectrum. were obtained with the angle between the laser electric field
The vinylvinylidene photoelectron spectrum shown invector and the electron collection direction set at the “magic
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TABLE Il. Positions, anisotropy parameters, and assignments for the peaks 200
labeled in Fig. 3. (a)
Anisotropy "{
Peak Positioricm™?) parameteiB Assighment H\ C=C
/
al —250(30) as3A’ 19 /CZC\
a 0 +0.95 asa’ 03 1001 H H
b 360(50) +0.76 asar 1} N
c 500(50) +0.45 a°A" 2} k= £
d 835(50) +0.11 a°A’ and b°A” 2 R
e 1,01550) ~0.05 b 3A” 0§ O 3 “
f 1,25050 +0.65 asA’ 3} “
10 ° g sl
B
|9
=
9,
angle” (54.79, and represent the angle-averaged photode- 3
tachment cross section. Additional information can be ob- 2
tained by examining the corresponding spectra obtained for ~~
parallel(0°) and perpendiculai90°) angles of laser polariza-
tion to the electron collection direction. The photoelectron
angular distribution has the fofth
1(®)c1+ BP,(cos f) (4
) B . ) 0 el h g
with —1<B<2; the anisotropy parametgs for photode 15 1.3 1.1 0.9 0.7

tached electrons is estimated with the equation

Electron Binding Energy (eV)

1o 190 5)
(1/2)15+1gg’ FIG. 4. Detailed view of that portion of the photoelectron spectrum leading

. . . . . to production of the singlet state of vinylvinyliden@) Vinylvinylidene-h,,.
wherel is the intensity of a given peak in the parallel pho- () vinylvinylidened,. (®) Photoelectron datai—) Franck—Condon fit;

toelectron detachment spectrum dgglis the intensity of the  sticks, Franck—Condon line positions and intensities.
same peak for perpendicular detachment. Since the photon
contains one unit of angular momentum, the selection rule
for photodetachment for atomic orbitals Ad =+1. There- isotropy parameter results froprwave electrongs orbital),
fore, photodetached electrons originating framorbitals  consistent with detachment from the carbon lone pair to form
show p-wave detachmentB=2), while detachment from the B, (or 3A’) state. A negative anisotropy parametsy
electrons inp orbitals results in a mixture of- andd-wave  and d-wave electronsis consistent with detachment from
detachment, the relative portions of which are dependent othe 7-like orbital to form the*A,(°A”) state.
detachment energy. At the detachment threshold, electrons Figure 3 shows the 351 nm photoelectron spectrum of
are pures waves, producing isotropic angular distributions the triplet states of vinylvinylidene with several peaks la-
(8=0). At 1-2 eV above threshold] waves mix withs  beled. The positions of these peaks are included in Table I
waves ang3 becomes negativesir? ¢ distribution. This be-  along with assignments and the anisotropy parameters mea-
havior of the anisotropy parameter is rigorous for atomicsured for the transitions from=0 of the anion(the peak
photodetachment but for molecules it is more complicatedabeleda’ is a hot band from a 2%80) cm™* anion vibra-
due to the random orientation of the molecular frame. Theion). Peaksa, b, ¢, andf show large positive anisotropy
anisotropy parameter is generally more isotropic, or closer tparameters, while peakis considerably more isotropic and
zero, for molecular detachment. Previous work in our labo-8 for peake is negative. By analogy with vinylidene and
ratory has shown tha8 tends to be between 1.5 and 2 for fluorovinylidene, peaks—d andf are assigned to tha°>A’
s-like orbitals in the 0—3 eV electron kinetic energy range,state of vinylvinylidene. Peala is the origin band, while
while p-like orbitals result in3<<0 for 1-2 eV electrons. peaksb, c, andf are assigned to one quantum each of three
In the vinylidene and fluorovinylidene studid,two  vibrations at 36(60), 50050), and 125060) cm %, respec-
triplet states were assigned in the same vicinity as corretively. Peakd is a mixture of the two triplets, while peak
sponding features in the vinylvinylidene spectriffig. 2  results primarily from thé 3A” state. The origin of thé *A”
and Table ). These states exhibited significantly different state is therefore assigned to pemkvith a 30 meV uncer-
anisotropy parameters, and the angular distribution data atainty in the term energy since the true position of the origin
lowed a definitive identification; in particular, transitions to is ambiguous. The angular distribution is also nearly isotro-
the vinylidenea 3B, state exhibited a large, positive anisot- pic (8~0) for the singlet state of vinylvinylidene, consistent
ropy parameter, as did those to the fluorovinyliddn#\’  with observations for the vinylidefeand fluorovinyliden
state; the anisotropy parameters for the vinylidbrid, and  species. The anisotropy parameter for the origin peak of each
fluorovinylidenea 3A” states are negative and closer to zero.electronic state in vinylvinylidene is included in Table I; the
These values were used to justify the assignments of thealues from the vinylidene and fluorovinylidene studies are
electronic states in the following way: A large positive an-included for comparison.
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TABLE lll. Parameters obtained far,, the GC,C; bending vibration close to the isomerization coordinate.
The FWHM of Gaussians used to model the spectrum is also included.

Displacement
Frequency(cm™Y)  Anharmonicity(cm™1) (amu? bohn Gaussian FWHMeV)

CiD,
Calculated 186.6 1.1 1.073
Best fit 130 1.1 0.773 0.01%
C,H,
Calculated 196.5 1.2 0.983
Best fit 136 1.2 0.708 0.019

@Constrained to the calculated value.
bBased on triplet data and further allowed to vary to test effect of lifetime.

3. The X 1A’ state precision when the full simulation is performed. The results
Figure 4 displays the singlet state spectra of vinylvi—for the singlet spectrum will be addressed more completely

nylidene and vinylvinylidenet,. Upon a first examination of N S€c. IV.

the datalunconnected symbaglsa preliminary electron affin-

ity can be assigned to the center of the origin peak, giving3- Calculations

EA=0.935 eV; however, since the width of this peéi2 Ab initio calculations usingAUSSIAN92were carried out
meV in both GH, and GD,) is an order of magnitude on the anion and low-lying singlet states of the neutral mol-
greater than the instrumental resolution, it imposes an uncegcyle in order to assist in the interpretation of the experimen-
tainty on the electron affinity of~30 meV. Three distinct | findings. The results of these calculations are presented

peaks are present, evenly spaced-800 cm *in the GH,  priefly here, a detailed analysis of their significance to ex-
spectrum and~800 cm * for C,D,; however, these peaks perimental results appears in Sec. IV.

cannot be assigned to a single vibration since considerable L
vibrational congestion may be hidden under the large apparl: G€ometry optimizations
ent peak widthsAb initio calculations have been used to Calculations at several levels of theory were performed
obtain vibrational frequencies and geometry displacementst various stationary points on theH, and GH, surfaces.
which were an indispensible aid in the spectral assignmentFigure 1 summarizes the relati¥€ISD) energies of all of
The simulated spectrum obtained by combining the rethese stationary points with the geometrical and electronic
sults of ab initio calculations with minor empirical correc- transformations relating them to one another. The calcula-
tions is included in Fig. 4. Sticks represent the positions andions were performed at the CISD/D®5(d,p) level for
intensities of individual transitions; a Franck—Condon simu-the trans- and cis-vinylvinylidene anion geometrils and
lation including instrumental, rotational, and lifetime broad- 1l ', respectively, Fig. Lsince the inclusion of diffuse func-
ening appears as a solid line. The parameters of the simul&ions tends to improve calculations involving anions signifi-
tion are listed in Tables IlI, IV, and V. A major focus of this cantly. The CISD/D95,p) level was used for all other
paper will be to deconvolute the widths of the singlet spec-structures in Fig. 1: singlet trans-vinylvinylideti, singlet
trum peaks into the separate components of rotational broagut-of-plane vinylvinylidendl’), the transition state between
ening, vibrational congestion, and lifetime broadening. Thevinylvinylidene and vinylacetylene in the trai$l ) and out-
adiabatic electron affinity can also be measured with greatesf-plane(lll ') configurations, and vinylacetylen®/). The
total energies of all complete geometry optimizations, with

TABLE |V. Parameters obtained for higher-frequency modes in
vinylvinylidened,. Frequencies are held at 93% of the CISD calculated TABLE V. Parameters obtained for higher-frequency modes in vinylvi-

values. nylidene. Frequencies are held at 93% of the CISD calculated values.
Calculated Best fit Calculated Best fit
displacement displacement displacement displacement
Frequencycm %) (amu2bohn  (amu’?bohp Frequencycm ) (amu’?bohn  (amu’?bohp

V3 355 0.157 0.120 v 413 0.138 0.106

(skeletal rock (skeletal rock

Vg 671 0.157 0.220 Vg 876 0.109 0.128

(D5 rock) (C,C; stretch

Vg 766 0.128 0.150 Vg 915 0.110 0.154

(C,C; stretch (Hs rock)

V1o 902 0.126 0.170 1219 1126 0.105 0.141

(Ds/Dg rock) (Hs/Hg rock)

113 (C—Cy 1670 0.023 0.080 113(C—Cy 1695 0.018 0.063

antisymmetric stretch antisymmetric stretch
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TABLE VI. Total energies ofab initio calculations for the vinylvinylidene
system(hartreeg

f—
o

Anion
ROHF/D95++(d,p): —153.687188978
ROHF/6-311 +G** : —153.6953464
CISD/D95++(d,p): —154.1577646
Singlet vinylvinylidene
RHF/D95(,p): —153.6760161
RHF/6-311G*: —153.679923

[y
<@

Relative Energy (kcal/mole)

CISD/D95(,p): —154.1332741 5

QCISD/D95(,p): —154.2097514
Transition State

RHF/D95(d,p): —153.6621404

CISD/D95(d,p): —154.1279923 0 ‘ ' : ‘
Vinylacetylene 0 45 90 135 180

CISD/D95(,p): —154.2016392

FIG. 5. Variation of the aniorab initio total energy with CC single bond
rotation (the dihedral angle (—l—) ROHF/D95+ +(d,p) optimizations

. . . . every 30°. (--#--) CISD/D95++(d,p) optimizations at 0° and 180°,
13 and 14 variables, are included in Table VI; as the highesiingie-point calculation at 90°.

practicable level of theory the CISD results are used for fre-
guencies and energy differences.

One goa| in performing the calculations was to gain in_and 180° at the ROHF |eve|; at the CISD |eve|, the Optlml-
sight into the singlet vinylvinylidene photoelectron spectrum.zations are at 0° and 180°; the energy at 90° is from a single-
Since this spectrum is effectively a “snapshot” of the neutralPoint calculation. Smaller steps were not attempted at the
at the anion geometry' the geometry of the anion needs to tﬁlSD level because it reprOdUCEd the qualitative trends
characterized as completely as possible. Therefore the firfpund at the ROHF level, and the barrier between the two
step in the calculations is to explore the anion surface usingtructures appears to maximize near 90°. The relative ener-
the ROHF and CISD levels of theory. Table VII lists the gies of the anion for the various dihedral angles are depicted
Optimized bond |engths and bond ang|es for the Viny|vi_in Flg 5 at the ROHF and CISD levels. The trans structure is
nylidene anion(ll ) at the CISD/D95+(d,p) level. In this @ clear minimum at both levels of theory; another minimum
calculation, the dihedral angle which corresponds to rotatiofPccurs at the cis geometry. Thés—trans isomerization en-
about the CC Sing|e bond was constrained to 180°, correergy is 5.5 kcal/mole at the CISD Ievel, and the CISD barrier
sponding to the trans isomer; therefore, this minimum could© this isomerization is approximately 8 kcal/mole. Though
arise simply by symmetry constraints rather than being th@€nergy differences this small do not entirely preclude the
true minimum on the anion surface. presence of some cis isomers at the thermal temperatures of

To help discount this possibility, a series of geometrythe photoelectron spectrometer, the absence of apparent con-
optimizations was performed on the an@lso at the ROHF tamination in the SpeCtrUr(Fig. 2), its Slmllarlty to the vi-
and CISD levels with dihedral angles at regular intervals nylidene and fluorovinylidene spectra, and the fact that the

from 0° (the cis geometryto 180°. Optimizations were per- trans geometry is lower in energy, are further evidence that
formed for dihedral angles of 0°, 30°, 60°, 90°, 120°, 150°,the species from which the electron is being detached is in-

deed the trans form of vinylvinylidene anion.
Once the anion geometry is well characterized, the next
TABLE VII. Geometries of the trans configuration of the vinylvinylidene step is to optimize the geometries at the singlet vinylvi-
anion[CISD/D95+ +(d,p) ], and of vinylacetylengCISD/D95(d,p)J: bond  nylidene and transition state stationary points. The dihedral
lengths(A) and bond angletdegrees angle plays a more complicated role on the neutral potential

Anion, Il Vinylacetylene IV energy surface than on the anion surface. While the opti-

Parameter [CISD/D95+ +(d,p)] [CISD/D95(,p)] mized geometry of singlet vinylvinyliden@) has a dihedral
C—C, 1353 A 1209 A angle of 180°, corresponding to a trans planar geometry, the
C,—Hq 1.098 2272 transition state optimization produces a nonplanar structure
C,—C; 1.470 1.445 (I "y with a dihedral angle of 68°. A transition state optimi-
GGy 1.339 1.338 zation constrained to a planar geometry results in a saddle
Ca—He 1.087 1.081 point of order 2 at the trans configurati¢iti ). Another sin-
C4—H, 1.082 1.079 S s
CoHy 1083 1079 glet \{|nyIV|nyI|dene(| )'IS close to the structure of except
%C—C-C; 123.0° 178.3° the dihedral angl¢48°) is close to that ofll '. The effects of
%C—Co—Hsg 122.2 dihedral rotation are most important for an intrinsic reaction
%Cy—C—Hs 1795 coordinate calculation, and are described in more detail in
£C-G=Cy 128.1 123.5 Sec. Il B3. The CISD-optimized bond lengths and angles
igzig::j i;;g ES:Z for the GH, stationary points are listed in Table V{Vi-

%.C4—Cy—Hg 1214 1215 nylacetyleng Table VIII (singlet vinylvinylideneg and
Table IX (transition states
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TABLE VIII. Geometries of singlet vinylvinylidene calculated at the CISD/ Vibrations; furthermore, Franck—Condon overlaps of these
D95(d,p) level: bond length¢A) and bond angletdegrees The dihedral  A” modes are vanishingly small in the absence of large an-
angle refers to rotation around the CC single bond, harmonicities. Since the vinylvinylidene singlet and the an-
ion are both planar and th&” modes involve out-of-plane

Planar(tran9 Nonplanar
| K motion, none of these modes should be active, leaving four

, vibrations(all with A’ symmetry under 1000 cm? possibly
Dihedral angle 180° 47.7° . ;o . _1
C-C, 1314 A 1315 A actL\/le_. TwoA V|brat|ons,_v10 at 1126 cm~ and v,5 at 1695
Cy—Hs 1.091 1.088 cm~ in C4,H,, may contribute a small amount to the photo-
C,-GC; 1.471 1.484 electron spectrum and so were included.
Cs-C, 1.338 1.337 The normal coordinate@xpressed as displacement vec-
23::6 1'8% 1'8% tors of each of the 8 atorh®f these modes were projected
CoHy 1.080 1079 onto the CISD-optimized geometry of the trans-
%C;—C—Cy 131.0° 126.0° vinylvinylidene anion. This produced a series of new geom-
% C;—C,—Hs 109.1 113.3 etries on which CISD/D9%{,p) single-point energy calcula-
2C-G-C, 1231 123.9 tions on the singlet surface were performed. A “map” of the
igz:g@:zﬁ gg:g 38:411 singlet surface at the anion geometry and points displaced
£CoCuH, 1218 1917 along six of the lowest frequency totally symmetric normal

coordinates was thus obtained. This facilitated the generation
of mass-weighted displacements and anharmoniditisig
standard procedurgsalong these six modes. The mass-
2. Franck —Condon factor calculations weighted displacements are expressed in Tables IlI-V as a

The photoelectron spectrum of the vinylvinylidene sin- Single number in units of a}nJlG bohr. _
glet state(Fig. 4) is deceptively simple in its appearance. ~ 1he mass-weighted displacements and frequencies for
One might think the broad peak widths and short vibrationafach mode, along with the anharmonicity:n were used as
progression make this an easy spectrum to assign, since tifee initial input into a Franck—Condon simulation program,
amount of information that can be extracted directly from theesulting in a simulated spectrum we compared with the ex-
spectrum is limited. However, some of the most important?€fimental data. Minofwith the exception ofi,) empirical
information in the spectrum is hidden under the broad peakgdjustments were made to the displacements, electron affin-
and as such cannot be simply extracted. ity, and peak widths to fit the singlet spectrum as well as
Ab initio calculations have been used to help identify Possible. With this model, the parameters for the(ét D)
which vibrations are active in the spectrum, and therefordsotopic species then predict the other spectrum wdHur-
determine the Franck—Condon factors for the vibrationafher adjustable parameters. As one can see in Fig. 4, the
peaks. The results of the frequency calculations include onlyibrational peaks in the photoelectron spectrum of singlet
four totally symmetric(A’) and four nontotally symmetric C4D, are sharper than those in thgHG spectrum; for this
(A”) vibrations under 1000 cnt in structurel. Photoelec- reason we fit the deuterated spectrum and used the resulting
tron spectroscopy selection rules require that the wave fund®arameters to predict the,8, spectrum. The lowest fre-
tions associated with active vibrations must be totally sym-duency active modex, calculated at 187 ciit (C,D,), is a
metric, resulting in transitions afv =0, =2, +4, etc. forA”  C,C,Cs bend which lies almost directly along the expected
isomerization coordinate, making it not only the most diffi-
cult mode to calculate but also the most difficult to model in
TABLE IX. Geometries of the transiton states of the the spectrum. This mode was treated as a Morse oscillator,
vinylvinylidene—vinylacetylene isomerization, calculated at the CISD/ while all other normal modes were treated as independent
D95(d,p) level: bond lengthgA) and bond angletdegrees The dihedral  harmonic oscillators. Several simulations were attempted
angle refers to rotation around the CC single bond. with frequencies 0f1/2=100, 120, 130, 140, 170, and 187
Planar(trang Nonplanar cm %, adjusting the magnitudes of displacements along the
I n' normal coordinates and Gaussian peak widths to optimize
each. Though all of these simulations accounted for the spec-

Dihedral angle 180° 67.66° . . sth
C,-C, 1261 A 1263 A trum almost equally, the _f|t using 130 cmwas the most
Cy—Hs 1.409 1.359 successful. The frequencies of the remaining mdagsvs,
C—G 1.447 1.454 vy, V10, andr;3) were held to 93% of the values calculated at
23—54 1321 i-ggg the CISD level. The calculated anharmonicities of these
CS_HG 1078 1080 modes are quite small and were neglected. The normal coor-

4— 117 . . . . . .
Ca—Hs 1.079 1.079 dinate displacements for these modes reqwred some adjust-
£C—C—C;3 176.8° 179.0° ment but were kept as close as possible to the calculated
%C—Ci—H; 70.1 68.1 values. Table Ill lists the calculated parametersifpalong
igz—é‘& ﬁgg ﬁ%‘s‘ with the values obtained in the simulation usimg=130

2~ 3~ g . . 1 . . .

£Co-CoH, 120.3 120.7 cm . Table IV contains the calculated frequencies and dis

%.C4—Cy—Hg 122.0 121.4 placements along with the displacements adjusted empiri-
cally for the higher-frequency modes of@,.
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The GH, spectrum was simulated using parameters
scaled appropriately from the,B, simulation; no further
empirical adjustments were attempted. The frequencies were
taken as the same percentage of the CISD calculations &iG. 7. Dependence of the vinylvinylidene RHF/D85) total energy on
they had been in the deuterated cde., 93% for the ~ £E S0e oo Feler 1 Sl PARS g the IRC fom e
higher-frequency modes and 70% fa). The displacements
were scaled by the square root of the ratio of reduced masses
R; in the analogous modes. Vibrational temperatures were
assumed to be the same for all modes, and were adjusted for This reaction path calculation starts at the out-of-plane
a best fit within reasonable experimental vali880—-450 transition state and follows the reaction path until it arrives at
K), at 300 K. The adiabatic electron affinity and the FWHM a nonplanar singlet vinylvinylidene similar 46 in Fig. 1.
are the only other empirically adjusted parameters. Table Vlhis structure is a second singlet vinylvinylidene with a di-
contains the calculated and adjusted parameters used in thedral angle of 48°. The potential energy surface between
C,H, simulation. The results for the spectrum are depicted irsinglet vinylvinylidenel’ and the transition statdl ' was
Fig. 4; further discussion of the singlet spectrum is deferrecexamined by performing single-point RHF energy calcula-
to Sec. IV. tions with the bond lengths and angles frozen at their values
at several points along the reaction path. At each point along
the path the dihedral angle was rotated through regular inter-
vals to obtain a three-dimensional pictuenergy, reaction

The RHF and CISD geometry calculations on the neutrapath, and dihedral angleas shown in Fig. 7. The minimum
potential energy surface show that, like the anion, singleat 180° is lower in energy than the nonplanar minimum ex-
vinylvinylidene (1) is a planar molecule in a trans configura- cept at points very close to the transition state. This mini-
tion. In the transition state, however, the migrating hydrogermum disappears completely near an IRC-e0.1, leaving
atom has swung out of plane and is closer to a cis conformasnly one minimum at the transition state structure itself, with
tion than to the original trans statil ’, Fig. 1). In the prod- a dihedral angle of 75(RHF-optimized valug or 68°
uct vinylacetylene, of course, this hydrogen atom is collineafCISD-optimized valug
with the three adjacent carbons so the dihedral angle be- Careful examination of Fig. 7 is necessary in order to
comes ill defined. The J€C system does not undergo this understand the reaction path in the vinylvinylidene system.
out-of-plane bend on the singlet surfdcebut an  First, upon examining the curves one sees that, while there is
exploratiort® of the vinylidene triplet surface revealed that it a clear minimum with a dihedral angle 6f50°-70° at the
goes through a transition state very similailto’; the triplet  transition state structudl ' and at the structur¥/, this en-
vinylidene transition state has a dihedral angle of 79°. ergy minimum seems to move to a dihedral angle of 0° for

The complexity of the ¢H, singlet surface can be illus- intermediate points along the path. This is an artifact of the
trated using an intrinsic reaction coordindt®C) calcula- calculation brought about because, when all bond lengths
tion. The IRC starts at the nonplanar transition stittand  and angles are frozen while rotating the dihedral angle, the
follows the reaction path in small steps to singlet vinylvi- movement is not precisely perpendicular to the reaction path.
nylidene on one side and vinylacetylene on the other side. Second, the energy minimum at 180° does not disappear
This calculation was limited to the RHF level of theory be- until very close to the transition state. Since the bond lengths
cause a CISD study would have been prohibitively expensivand angles are frozen at values along the IRC, where the
and the trends do not change significantly between the RHHihedral angle is consistently 50°-70°, and rotation about the
and CISD levels. The energy along the IRC is pictured insingle bond is not perpendicular to the IRC, this minimum
Fig. 6. could also be an artifact due to symmetry. It is surprising,

3. Intrinsic reaction coordinate
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therefore, that it disappears near the transition state, forminghapes corresponding to the two transitions were found, de-
a saddle point of order 2 rather than a “normal” transition spite the differing selection rules for the two stafeisice the
state(i.e., two imaginary frequencies rather than pr@e-  extra electron comes out of an orbital approximately perpen-
ometry optimizations of structurél at the RHF and CISD dicular to theA axis to form the singlet, the selection rules
levels, with subsequent frequency calculations, have corare roughly those for a perpendicular transition; the electron
firmed that this is a genuine saddle point of order 2 at theses ejected from a more parallel orbital to form the triplet
levels. However, very recent, higher level calculations byresulting in a roughly parallel type transitipnVhen each
Walch and Taylo® result in a planar transition state with component in the calculated rotational spectrum is convo-
only one imaginary frequency. The potential energy surfacduted with a 6-meV-wide Gaussian function corresponding to
in this region, therefore, may be further clarified by eventhe instrumental response, the simulation results in a maxi-
more extensive calculations. mum peak width of 15 meV for the origins of both the sin-
The IRC calculations also elucidate the position of theglet and the triplet states in,8,, and 11 meV for the singlet
transition state along the reaction path relative to the single€,D,. The 15 meV is very close to the observed width in the
vinylvinylidene (1) and vinylacetylengIV) structures. In vi-  a>A’ state origin, indicating that rotational broadening is the
nylacetylene, the end hydrogen and the first three carbons ameajor component in the triplet peak widths. However, the
collinear, since two of the carbons are joined by a tripleorigin band in the singlet spectrum is much broader than 15
bond. In structure I, though, the carbons are all meV, so other factors must contribute.
sp?-hybridized so that all of their bond angles are close to  The differences and similarities in the rotational contours
120°. The transition state structure has a nearly linear CCCalculated for vinylidene and for vinylvinylidene are impor-
bond, and the migrating hydrogen is closer to the end carbotant to note. The triplet states of the two molecules have
atom than the second, from which it started. This is a “late” approximately the same peak widths, and in both cases this
transition state; it appears closer to the product vinylacetywidth can be attributed to rotational broadening. But the
lene than to the reagent. This picture follows the same trendiidths of the singlet state peaks in vinylidene are only twice
as in other vinylidenic systems. Another similafifyto the  those of the triplet as opposed to a factor of 4 in vinylvi-
vinylidene systems appears when correlation effects are imylidene, and the smaller size and greater symmetry of vi-
cluded in the calculations: the transition state shifts towardsiylidene make the rotational contribution for the singlet
the reactant sid¢“earlier” transition stat@ relative to the much greatérthan in vinylvinylidene. The extra width in the

calculations which do not include electron correlation. singlet, therefore, is almost entirely attributed to rotational
B broadening in vinylidene. The vinylvinylidene system in-
IV. DISCUSSION OF THE X 1A’ STATE SPECTRUM volves not only a larger and more asymmetric molecule but

The peaks in the 1A’ state, shown in Fig. 4, are ap- also o!ramatlcally vylde_r peak vv_|dths in the smgl_et spectrum,
roximately four times as wide as those in B8A’ spec- meaning that rotation is a relatively minor contributor to the
b singlet peak widths. A substantial contribution from vibra-

trgm. A§S|gn|ng thgse pea_ks, and t.h(_e contrlbu_tlons to t.he'{ional congestion and/or lifetime broadening must be present
widths, is the most interesting and difficult task in evaluating .
to form such wide peaks.

the vinylvinylidene system, and can be accomplished par-
tially with additional information from the triplet state spec-
trum and theab initio calculations.

First, the 52 meV of peak width needs to be deconvo-  While the treatment of rotational broadening in vinylvi-
luted into its component parts. Three processes can contrilitylidene was simpler than in vinylidene because the mol-
ute to peak broadening beyond the instrumental resolution igcule is larger and more asymmetric, the same factors make
photoelectron spectra: rotational broadening, vibrational conanalysis of the vibrations in vinylvinylidene more compli-
gestion, and lifetime broadening. Each of these issues will beated. Vinylidene has six distinct vibrations, half of which
addressed in turn below. are totally symmetric and therefore symmetry allowed in
photoelectron spectroscopy. Even with so few vibrations, of
course, a detailed analysis was necessary to interpret the vi-

The electron kinetic energy resolution of the photoelecnylidene photoelectron spectrum. Vinylvinylidene, with
tron spectrometer is 5—6 meV, or 40—50 ¢nThis is suf-  twice as many atoms and a lowered symmetry, contains 18
ficient to resolve most vibrational peaki® the absence of vibrational modes of which 13 are totally symmetric. Con-
extensive congestignbut leaves rotations unresolved. The siderable help is needed, therefore, to locate and identify the
result is that a rotational contour simply broadens the vibravibrations in the singlet state vinylvinylidene spectrum. The

B. Vibrational congestion

A. Rotational broadening

tional peaks in the photoelectron spectrum. ab initio calculations reported here have provided much of
The ab initio calculated geometries of the vinylvi- the necessary additional information.
nylidene anion and neutral yied, B, andC rotational con- First, the frequencies which the photoelectron spectrom-

stants which can be used, together with the appropriate seter can resolve need to be determined. Looking at the triplet
lection rules, to generate an approximate rotational spectrurspectrum again, it is apparent that vibrations separated by
for a transition from the anion to the neutral. This calculation140 cm ! are easily distinguished from one another, and the
was carried out with tha@ ®A’ and theX A’ states, using a rotational broadening is approximately equal for the singlet
rotational temperature equal to that found in the vinylideneand triplet states. Therefore, in the absence of lifetime broad-
study of 150 K. No major differences between the peakening, any two peaks separated by at least 200'care
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resolvable in the singlet state. But no peaks are resolved #ie region of Franck—Condon overlap with the anion vibra-
all within the 52 meV(420 cm 1) FWHM origin peak in the tional ground state. Therefore, while an estimate of the life-
singlet spectrum. Therefore the search for active lowtime broadening in the spectrum is obtainable through care-
frequency vibrations responsible for lifetime broadeningful analysis, further analysis of the consequences of this
and/or vibrational congestion can be limited to those of lesbroadening is speculative. An observation of the lifetime

than 200 cm™. broadening is given below, therefore, and further discussion
According to the CISD calculations there are only two presented only as a preliminary analysis.
vibrations with frequencies below 200 ¢t and the first is The lifetime of singlet vinylvinylidene can be estimated

an out-of-plane mode. Since modes which are not totalhyby subtracting the effects of rotational broadening, vibra-
symmetric are symmetry forbidden, the first mode can onlytional congestion, and instrumental resolution from the total
be active in even quanta of excitation, effectively doublingwidths of the photoelectron spectrum peaks. The Franck—
the observable frequency to approximately 314 tnOnly ~ Condon simulation removes the effects of vibrational con-
one mode below 200 crt is left, v, calculated at 197 cit gestion from the line shapes by producing a sepathée
in C,H, and 187 cm? in C,D,. This can be described as a meV-wide peak for each vibrational transition. A rough
C,C,C5 bend, and it is analogous to the isomerization coor-approximation of the lifetime broadening is simply the
dinate(the CCF bengfound as part of the previous fluorovi- FWHM in the simulation minus 15 me\the instrumental
nylidene study. plus rotational broadeningThis leaves 3 meV of lifetime
Examination of Tables IlIl, IV, and V reveals that the broadening in the singlet vinylvinylidene photoelectron spec-
parameters entering the Franck—Condon simulations intrum. Similarly, the simulation of the O, spectrum is most
cluded in Fig. 4 are very close to the original calculatedsuccessful with 17 meV peak widths and our estimate of
values. The frequencies have not been adjusted beyond tlirestrumental and rotational broadening is 11 meV, leaving 6
normal 7% scaling of CISD frequencies, with the exceptionmeV attributable to lifetime broadening. The difference in
of the anharmonic and low-frequeney. The calculated an- lifetimes between ¢H, and GD,, however, is probably in-
harmonicities for all modes excepj are quite small and so significant compared to the errors introduced by the approxi-
were neglected. Harmonic oscillator wave functions weremations made to arrive at these lifetimes; therefore the best
used for the higher modes to simulate Franck—Condon oveguess at the lifetime broadening in the singlet vinylvi-
laps while Morse oscillator wave functions were useddar  nylidene spectrunideuterated or notis 3—6 meV. A brief
Vibrational frequencies of the anion were assumed to bevaluation of the significance of this parameter is presented
equal to the corresponding vibrations in the singlet except fobelow.
v,, Where the value found in the triplet state specti@50 Using the equation
cm 1) was used. Only the displacements, the FWHM, and
the frequency o, were adjusted empirically to arrive at the W1,2=L, (6)
simulations appearing in Fig. 4. 2mCT
By using the calculations to reduce the number of pay oe\y, , is the FWHM attributed to lifetime broadening
rameters in the simulation a FWHM for the peaks in the

and 7 is the time constant of a single exponential decay, the
phot.oelectron spectrum can be extracted. The most SUCCESfatime estimate of singlet vinylvinylidene is~0.1-0.2 ps.
ful fit (Table II ar_ld Fig. 4 finds a.FWHM of 18 meV in An absolute minimum to the lifetime of singlet vinylvi-
C4sH, and 17 meV in GD,, greater widths than the 15 and 11

V of rotational broadeni uted with inst : Inylidene can be obtained from the simulations with a maxi-
mev ot rotational broadening convoluted with instrumental,, ., peak width. If 50 meV is taken as the maximum peak
resolution estimated above foyld, and GD,, respectively,

=~ ; . width in the GH, spectrum, then the maximumW,,=35
and as observed for treA’ state of GH,. Since the simu- GH, sp 12

lation tak brational tion int ¢ I th meV and the minimum lifetime is 20 fs.

a ||0n akes viora |ort1e_1b ct(_)ngets Kt)r? n c_)d?rz:coufnthas well, ke It is instructive to compare the Franck—Condon simula-
only remaining contribution 1o the widths ot these peakSyjong fyrther with the data. The,D, singlet spectrum is well
must be lifetime broadening.

) . accounted for by the simulation, partially as a result of em-
A range of widths was employed to determine the rang%irical adjustments. The peaks in thaHG spectrum, how-
of reasonable lifetimes. The simulation of thgHz singlet '

din Fio. (EWHM=18 id ever, are apparently more difficult to account for; only the
spectrum presented in Fig.( =18 me\) provides a first two peaks display a good match between data and simu-

minimum pe?" width since harrower lines do not prov_lde Y ation and a large gap appears between the first and second
satisfactory fit even with a greatly redu_ced frequen_cy/jn peaks. Several fits of the,8, spectrum were attempted in-
The spectrum can be 5|mulated_ relatlv_ely well W!th_ peakdependent of the fD, simulation, varying the displacements
W'dths. up to 5(.) meV, though this requires unrea||st.|c- fre'of all modes listed in Tables IV and V. The portions of the
quencies and d|splacement.s of thg vibrations. T_he m|n|mur@;4H4 spectrum in question were impossible to account for
“f%t'hm? IS n|0t V_VE” determlr?ed, since the m%)l(m;.l;m_ peal;Without straying too far afield of the calculations to be physi-
w tl l[s gncl gar,l_doweyer, the rgafﬁﬂu%posi el ‘f“tT“e 0 cally meaningful. There are several possible explanations for
singiet vinylvinylidene 1s given by the meV simufation. - is extra intensity in the spectrurfit) the potential energy
surface is very irregular so that a harmonic potential is inad-
equate to describe it along one or more or the vibrati¢®s;
Photoelectron spectroscopy is, to a first approximation, ahe anharmonicity in one or more modes is much larger than
probe of the slope of the neutral potential energy surface icalculated;(3) the vibrations do not act as independent har-

C. Lifetime broadening
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monic oscillators, instead mixing in some way with one an-This includes two anion configurations separated by a cis-
other (possibly with an energy dependence to the mixing trans isomerization, two singlet vinylvinylidene structures,
(4) one or more out-of-plane modes is active in the spectrumand two hydrogen shift transition structures, each pair differ-
a possibility supported by the nonplanar structure of the traning by the same CC single bond rotation, and the vinylacety-
sition state; or(5) the lifetime broadening has an energy lene structure. The geometry calculations also provide rela-
dependence so that the effective width of the peaks is intive energies of the five singlet structures, and the cis-trans
creased with increasing internal energy in the singletisomerization energy of the vinylvinylidene anion.
Though any or all of these factors could contribute, the in-  An important clue to the behavior of these types of sys-
formation available through the Franck—Condon simulatiortems is provided by the remarkable similarity of the lifetimes
is insufficient to distinguish one from another. The simpleof vinylidene and vinylvinylidene. The potential energy sur-
interpretation of spectra of dissociative molecular states prefaces of the singlet surfaces of these systems are very similar
sented by PacR also may be important for explaining pho- near the anion geometries; however, they diverge from one
toelectron spectra of 1,2-hydrogen shift systems such as vanother in other regions, possibly even near the 1,2-
nylvinylidene. hydrogen-shift isomerization barrier. The potential energy

Another useful exercise is to compare the lifetime esti-surface of the vinylvinylidene system, in particular, is ex-
mate of vinylvinylidene to that of vinylidene. The best esti- tremely complex and makes up only a small portion of the
mate of the lifetime broadening present in the vinylideneC,H, surface. More study of this surface is certainly possible
photoelectron spectruhis 3 meV, identical to the figure ob- and will provide extensive additional information about
tained in vinylvinylidene. Though the lifetime broadening in short-lived species, transition states, and the evolution of
the fluorovinylidene spectrufrwas not extracted, it is prob- wavepackets along potential energy surfaces. Since a wave
ably not significantly different from that of vinylidene and packet simulation along the isomerization coordinate may
vinylvinylidene. This similarity indicates that the slopes of better describe the photoelectron spectrum, one of the au-
the potential energy surfaces, in the region of Franck-thors(H.K.) intends to perform such calculations in the near
Condon overlap with the corresponding anions, awproxi-  future.
mately the samelespite a relatively wide variation of the
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