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Abstract: We present complete active space self-consistent field (CASSCF) ab initio molecular dynamics
(AIMD) simulations of the preparation of the metastable species vinylidene, and its subsequent, highly
exothermic isomerization to acetylene, via electron removal from vinylidene ang@=O~ — D,C=C: —
DC=CD). After equilibrating vinylidene anion, at either 6004+ 300 K (slightly below the isomerization
barrier) or 1440 K& 720 K (just above the isomerization barrier), we remove an electron to form a vibrationally
excited singlet vinylidenel, and follow its dynamical evolution for 1.0 ps. Remarkably, we find tiateof

the vinylidenes equilibrated at 600 K amaly 20% of the vinylidenes equilibrated at 1440 K isomerized,
suggesting average lifetimesl ps for vibrationally excited vinylidend,. Since the anion and neutral vinylidene

are structurally similar, and yet extremely different geometrically from the isomerization transition state (TS),
neutral vinylidene isnot formed near the TS so that it must live until it has sufficient instantaneous kinetic
energy in the correct vibrational mode(s). The origin of the delay is explained via both orbital rearrangement
and intramolecular vibrational energy redistribution (IVR) effects. Unique signatures of the isomerization
dynamics are revealed in the anharmonic vibrational frequencies extracted from the AIMD, which should be
observable by ultrafast vibrational spectroscopy and in fact are consistent with currently available experimental
spectra. Most interestingly, of those trajectories that did isomerize, every one of them violated conventional
transition-state theory by recrossing back to vinylidene multiple times, against conventional notions that expect
highly exothermic reactions to be irreversible. The dynamical motion responsible for the multiple barrier
recrossings involves strong mode-coupling between the vinylidener@IR and a local acetylene DCC bend

mode that has been recently observed experimentally. The multiple barrier recrossings can be used, via a
generalized definition of lifetime, to reconcile extremely disparate experimental estimates of vinylidene’s lifetime
(differing by at least 6 orders of magnitude). Last, a caveat: These results are constrained by the approximations
inherent in the simulation (classical nuclear motion, neglect of rotatidration coupling, and restriction to

Cs symmetry); refinement of these predictions may be necessary when more exact simulations someday become
feasible.

I. Introduction characterization of the dynamics would yield deeper insight into
the mechanisms of such reactions. However, the ultrafast time
scales, small barriers to rearrangement, breaking/forming of
bonds, and the time-intensive nature of theoretical calculations
make these processes challenging to investigate. An experi-
mental strategy for investigating such metastable intermediates
has been to prepare negative ions in the gas-phase whose
structure, upon removal of an electron, may be close to the
neutral transition state (TS) of the chemical reaction of intérest.
In the current work, we have chosen to investigate theoretically
(1) Solomons, T. W. GOrganic Chemistry 6th ed.; John Wiley & the dynamics of one of the simplest isomerization reactions

Sons: New York, 1996. ; ; . vl
(2) Dibble, R. W.; Warnatz, J.; Maas, Combustion: Physical and involving hydrogen: the rearrangement of vinylidene(&

Chemical Fundamentals, Modeling and Simulation, Experiments, Pollutant C:) to acetylene (D&CD), for which the relevant negative ion

Isomerization reactions that involve migrating hydrogen
atoms, such as 1,2-hydrogen shifts, keto/enol tautomerization,
and carbocation rearrangements, often play a critical role in more
complex chemical reactions, such as dehydration of alcohols
or hydration of alkenesThese types of rearrangements are also
involved in the gas-phase combustion of hydrocartoFRst-
thermore, such 1,2-hydrogen-shifts are central to the decomposi
tion of carbenes* and nitrene$S. A precise spectroscopic

Formation,2nd ed.; Springer-Verlag: New York, 1999. photodetachment experiments have already been perfortned.
(3) (a) Skell, P. S.; Fagone, F. A.; Klabunde, KJJAm. Chem. Soc. i il i i i i
1972 94, 7862. (b) Reiser, C.. Steinfeld, J.J. Phys. Chem1979 84, b V;]/hlle vinylidene gas geeﬂ conjectured as anl 'nt;:med'ate n

680. (c) Reiser, C.; Lussier, F. M.; Jensen, C. C.; Steinfeld, J. Am. oth organic reactiofi®ind in heterogeneous catalySishe very .

Chem. Soc1979 101, 350. existence of vinylidene remained questionable for some time

5 £4) (ac)hEvangezlg 9Jd Ifi;zHgfIé K( )NMPhés' ghﬁnﬁ990H94{:5?&8A(b) because of the small barrier to isomerization to produce the
. Am. Chem. So . (c) Ma, B.; Schaefer, H. F., I. Am. : .

Chem. Soc1994 116 3539. much more stable acetylene isomer. Negative ion photoelectron

(5) (a) Travers, M. J.; Cowles, D. C.; Clifford, E. P.; Ellison, G. B. (6) Neumark, D. M.Acc. Chem. Re<.993 26, 33.

Am. Chem. S0d.992 114, 8699. (b) Travers, M. J.; Cowles, D. C.; Clifford, (7) Burnett, S. M.; Stevens, A. E.; Feigerle, C. S.; Lineberger, W. C.
E. P.; Ellison, G. B.; Engelking, P. Q. Chem. Physl999 111, 5349. (c) Chem. Phys. Lettl983 100, 124.

Richards, C.; Meredith, C.; Kim, S. J.; Quelch, G. E.; Schaefer, H. F., Ill. (8) Ervin, K. M.; Ho, J.; Lineberger, W. CJ. Chem. Phys1989 91,

1994 100, 481. 5974.
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detachment proved useful for isolating metastable vinylidene dynamicd®° on a reduced dimension PES constructed from

in the gas phase. Burnett et’ainitially observed the highly
unstable singlet vinylidene in 1983 by photodetaching an
electron from the stable vinylidene anionyE+C™).11 Several
years later, Ervin, Ho, and Lineber§eefined the photoelectron

coupled cluster (CCSD(T)) calculations predicted the survival
probability of vinylidene. They observe that in the first 30 fs,
vinylidene stays in its well, then up t8200 f° there is a rapid
loss of some vinylidene population, followed by a significant

detachment experiment to obtain more precise results. Anotherlong time tail that goes out further than the simulation time (10
strategy has been to use stimulated emission pumping (SEP) tqs)18 The most recent of these quantum dynamics simulation

study the dynamics of the reverse reaction,=TH — H,C=
C:. Field, Kinsey, and co-worketsused SEP of acetylene to

suggest a lifetime for the ground-state vibrational state of
vinylidene of 293 pg? These results are also consistent with

observe resonances associated with acetylene isomerization tohe NIPES data; however, artifacts in the quantum dynamics
vinylidene. The likely existence of such resonances was model, discussed in section Ill.H, call into question somewhat
confirmed recently via quantum reaction probability calculations the reliability of those predictions.

by Germann and Millet? A very recent series of dispersed The above experimental and theoretical work suggested that
fluorescence experiments and analysis by Jacobson et alvinylidene lives only on a picosecond to subpicosecond time
examined short time scale-{ ps) bending dynamics of highly  scale-a very short-lived intermediate indeed. Recently, Levin
vibrationally excited acetylene up to near the threshold for the et al?® used coulomb explosion imaging techniques to examine
reverse reaction taking acetylene to vinylidéh& Direct the vinylidene-acetylene isomerization yet again. The experi-
comparisons of our predictions to both sets of experiments ment involves photodetachment of the vinylidene anion, fol-
originating either with vinylidene or with acetylen@re made lowed by collision 3.5us later with a target, from which they
below. The practical importance of the reverse reactionr=HC are able to extract the nuclear positions of all the molecules at
CH — H,CC:, has been convincingly demonstrated in kinetic the moment of collision. They contend that 51% of the
analyses of acetylene combustion, where omission of this molecules they analyzed had the structure of vinylidene. From
isomerization leads to a large error in the deduced acetylenethis finding, they instigated considerable renewed controversy

C—H bond energy. Only inclusion of the acetylengnylidene
isomerization into the kinetic analyses brings the derived
thermochemistry in line with independent measuremé&nts.
Given the metastability of vinylidene, it is of primary interest
to determine its lifetime. From the ultraviolet negative ion
photoelectron spectrum (NIPES) for singlet vinylidene, Ervin
et al® estimated a lower bound to the vinylidene lifetime of
0.027 ps, extracted from the vibrational origin peak width, which

was further extrapolated to 0.04 to 0.20 ps using a line shape

by suggesting a dramatically longer vinylidene lifetime of at
least 3.5:s, which would have significant consequences for its
reactivity and kinetics. This is clearly at odds with the NIPES
measurements and interpretation, as well as with previous
theory. A major contribution of the current work is to show
how an understanding of the dynamics of the vinylidene, while
undergoing isomerization, can in fact reconcile these two
exceedingly disparate conclusions about vinylidene’s lifetime.
Intimately connected with the lifetime of vinylidene is the

analysis. Note that the NIPES experiments only probe at mostactivation barrier to isomerization (sometimes referred to as its

the first few hundred fs associated with the time during which

well depth). The potential energy surface (PES) has been shown

the photoelectron is ejected and hence the measurement canndiy quantum chemical calculatio¥s$82+23 to involve a very

probe the dynamics at longer timetherefore the interpretation
of the experiments is limited to providing a lower bound. Early

shallow well for HC=C:, a transition state (TS) with a half-
linear structure where one H bridges the two C’s, while the

semiclassical dynamics calculations of the isomerization rate other H is roughly collinear with the two C'’s, and a very deep
using a reaction path Hamiltonian, on a reduced dimension well for acetylene (H&CH). Figure 1 contains a schematic of
potential energy surface (PES) derived from single and double the neutral vinylidene to acetylene reaction coordinate. Note

configuration interaction (SDCI) calculations, predicted vi-
nylidene lifetimes of 0.24.6 ps!’ consistent with the lower

that the entire isomerization reaction occurs in the molecular
plane.

bounds derived from the NIPES experiments. Recently, quantum The energy difference between vinylidene and acetylene has

(9) (a) Skell, P. S.; Plonka, J. H. Am. Chem. S0d.97Q 92, 5620. (b)
Davison, P.; Frey, H. M.; Walsh, REhem. Phys. Lettl985 120, 227. (c)
Duran, R. P.; Amorebieta, V. T.; Colussi, A. J. Am. Chem. Sod.987,
109, 3154. (d) Kiefer, J. H.; Mitchell, K. I.; Kern, R. D.; Yong, J. N.
Phys. Chem1988 92, 677.

(10) (a) Carter, E. A.; Koel, B. ESurf. Sci199Q 226, 339. (b) Ormerod,

R. M.; Lambert, R. M.; Hoffmann, H.; Zaera, F., Wang, L. R.; Bennett, P.
W.; Tysoe, W. T.J. Phys. Cheml1994 98, 2134.

(11) Jensen, M. J.; Pedersen, U. V.; Andersen, LPHys. Re. Lett.
200Q 84, 1128.

(12) (a) Chen, Y.; Jonas, D. M.; Hamilton, C. E.; Green, P. G.; Kinsey,
J. L.; Field, R. WBer. Bunsen-Ges. Phys. Chet888 92, 329. (b) Chen,
Y.; Jonas, D. M.; Kinsey, J. L.; Field, R. WJ. Chem. Phys1989 91,
3976.

(13) Germann, T. C.; Miller, W. HJ. Chem. Phys1998 109, 94.

(14) (a) O'Brien, J.P.; Jacobson, M. P.; Sokol, J. J.; Coy, S. L.; Field,
R. W.J. Chem. Physl998 108 7100. (b) Jacobson, M. P.; O'Brien, J. P.;
Silbey, R. J.; Field, R. WJ. Chem. Physl998 109 121. (c) Jacobson, M.
P.; O'Brien, J. P.; Field, R. WI. Chem. Physl998 109, 3831. (d) Jacobson,
M. P.; Silbey, R. J.; Field, R. WJ. Chem. Phys1999 110, 845. (e)
Jacobson, M. P.; Jung, C.; Taylor, H. S.; Field, R.JMChem. Physl999
111, 600.

(15) Jacobson, M. P.; Field, R. W. Phys. Chem. £00Q 104, 3073.

(16) Kiefer, J. H.; Mudipalli, P. S.; Wagner, A. F.; Harding,L.Chem.
Phys.1996 105 8075.

(17) Carrington Jr., T.; Hubbard, L. M.; Schaefer, H. F., IIl; Miller, W.
H. J. Chem. Physl1984 80, 4347.

been difficult to measure precisely because of the instability of
vinylidene. Based upon the measured Qidck frequency-
which is closely connected to the isomerization reaction
coordinate-and a thermochemical cycle, Ervin et al. estimated
a lower bound for the vinylidene well depth of 1.3 kcal/mol
(including zero point energy) and an isomerization exothermicity
of 46.44 5.5 kcal/moB later refined to 47.4 4.024 Currently,

the best theoretical estimate of the exothermicity is 43.@.6
kcal/mol, which lies just within the experimental error bars. This
value was obtained by using the complete basis set (CBS) limit
of CCSD(T) calculations, corrected via CCSDT calculations in

(18) Schork, R.; Kppel, H.Theor. Chem. Accl998 100, 204.

(19) Schork, R.; Kppel, H.Chem. Phys. Let00Q 326, 277.

(20) Levin, J.; Feldman, H.; Baer, A.; Ben-Hamu, D.; Herber, O.;
Zaifman, D.; Vager, ZPhys. Re. Lett 1998 81, 3347.

(21) Gallo, M. M.; Hamilton, T. P.; Schaefer, H. F., 1. Am. Chem.
Soc.199Q 112 8714.

(22) Smith, B. J.; Smernik, R.; Radom, Chem. Phys. Letl992 188,
589.

(23) Chang, N.-Y.; Shen, M.-Y.; Yu, C.-Hl.. Chem. Physl1997, 106,
3237.

(24) Ervin, K. M.; Gronert, S.; Barlow, S. E.; Gilles, M. K.; Harrison,
A. G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger, W. C.; Ellison, G. B.
J. Am. Chem. S0d.99Q 112 5750.



New View of the bC=C: — HC=CH Rearrangement J. Am. Chem. Soc., Vol. 123, No. 4, 26@38

n, |* for a high level of electron correlation. Generally, this is done
L in reduced dimensional spaces, or else the number of points at

H, H;—Co—Cs which the PES must be calculated becomes prohibitive. This
A4 can reduce the accuracy of the representation of the PES and

can limit the predictive power of the dynamics.

""""""" = |Isomerization Barrier An alternative strategy generates a PES on which to carry
e eg(l‘;tal/zm;% out dynamics in the full dimensional space by fitting a many-
i best theory: 2.85° body analytic potential function. The problem with such an
| this work: 3.6 approach is that the choice of function constrains the dynamics
[ > Exothermicly observed, and it is generally not obvious what functional form
\\/ o t({(ffé/'?‘ilﬁ o would be appropriate for a case where multiple bonds are being
" _ besnﬁe;;ry: 453 + 0.69 broken and formed. Moreover, from a practical point of view,
a\ 0 this work: -47.9 the fitting is a tedious and not always successful process. Either
Fca@ of these two strategies for PES construction can then be followed
HY 0 by running classical trajectori€sor quantum wave packet
%B, N dynamics?®
_ Currently available vinylideneacetylene PES'830:31have
Hy—Co—Ca—Ha some serious deficiencies. Artifacts among the pre-1990 PES's

include reaction barriers approximately a factor of 3 too large
Figure 1. Schematic of the electron-detachment-induced isomerization (up to 6 kcal/mol too high), as well as unphysical features such
of vinylidene to acetylene via the vinylidene radical anion. Energetics as allowed overlaps of C and H atoAfsA new PES derived
shown represent the best values available for the barrier height andfrom CCSD(T) calculation$1® represents a significant im-
exothermicity from experiment and theory, as well as those calculated provement in accuracy. However, it too suffers from unphysical

here for the dynamics. They are shown without ZPE corrections since limitations manifested subsequently in the quantum dynamics
the AIMD simulations are carried out on the classical Born . . . ’
which will be discussed later.

Oppenheimer surface. References—@) shown here refer to the . . . . . s
following footnotes in Table 3:f, e, m, andk, respectively. These A third theoretical dynamics technique is ab initio molecular

explain how these values were deriv@ASSCF(10/10) describes the ~ dynamics (AIMD)32In AIMD methods, the forces are derived
exothermicity well, while the barrier is likely too high by 2.8 kcal/mol. ~ from first principles quantum mechanics while the nuclei are
propagated via classical mechanics subject to quantum-derived
a finite basis zero point energies, relativistic effects, and forces. AIMD allows one to explore dynamics on the full PES
corrections for Bora-Oppenheimer breakdow#a.26 and the dynamics are not biased by a choice of analytic form
The barrier to isomerization has been calculated including for an interatomic potential function. The beauty of AIMD is
various levels of dynamic electron correlation and basis set, with the ability to generate qualitatively accurate and easily interpret-
the classical barrier (without zero point energy) falling between able trajectories without the expense of constructing a global
2 and 3 kcal/mol821.2327The most accurate determination, PES a priori. However, as it is expensive to calculate analytic
involving CCSD(TQ) and extrapolations to both the CBS and gradients at every time step, drawbacks do exist with AIMD:
full correlation limits23 places the isomerization transition state (i) the number (tens rather than thousands) and length
at 2.85 kcal/mol above the bottom of the vinylidene well. Using  (picoseconds rather than nanoseconds) of trajectories are limited,
the best available theoretical estimates of zero point energyWhich means that statistical averages will be poor;
(ZPE) correctiong3 one can remove the ZPE from the experi- (i) the level of ab initio theory that can be used in AIMD is
mental lower bound for the barriee(.3 kcal/mol) to obtain ~ not generally quantitatively accurate (errors of a few kcal/mol);
an “experimental” lower bound for the classical barrier height. (i) the systems studied are typically limited to classical
This latter value turns out to be2.2 kcal/mol, which is dynamics on the ground-state PES, though extensions to
consistent with the best theoretical estimate of 2.85 kcal/mol. nonadiabatic dynamigsand coupling to quantum dynam#é$®
In the work presented here, we will see that our method of have been achieved recently.
calculation yields barrier heights and exothermicities consistent ~ Despite these limitations, one can use this technique to gain
with experimental values, though slightly off from the best considerable qualitative insight via a representative set of
theoretical estimates. However, our primary focus is to go trajectories. AIMD of simple molecular reactions have em-
beyond energetics, to learn about dynamical behavior (e.g.,ployed, for example, variants of HartreBock theory [e.g., in
anharmonic vibrations, isomerization dynamics, and the lifetime the reactions of: F- C;Hy,%® thymine dimer with its catio!
of vinyl'idene). For j[his, one must carry out time-dependent (28) Tully, J. C.; Preston, R. KI. Chem. Phys1971 55, 562,
simulations of atomic motion. (29) Kosloff, R.; ed. Wyatt, R. E.; Zhang, J. Bynamics of Molecules
The theoretical techniques for modeling the dynamics of and Chemical Reactionsarcel Dekker: New York, 1996; pp 188230.
ultrafast molecular processes are distinguished first by how the (b)(ﬁgléﬁl}ﬁ’aﬁ?réﬁi'lh'?”m's*s':;“’('ig:‘f:rfrg/"l'of.- L\M;S'- 1%%3’23 i?ysfo‘é?lgl-
forces on the nuclei are calculated and second, by whether™ "(31) Holme, T. A.; Levine, R. DChem. Phys1989 131, 169.
classical or qua_ntal motion of the nucl_ei is conside_red. The most (gg (Ca?réeRr.]; ﬁl?rzrir':/?l_lo,\,ﬂg/lrﬁr?gg TRe;nL(e:trt]eﬁsg h555,1 ggglim i15u
%icgéliﬁ:’;lt?:d n genera_l the most tlme-consummg, t.eChm.que(b)(Thompson, K. i\/lariinez, T. &l. Chem. Phy519y99 110, 1376. (c)
g the forces is to construct the entire PES (including gen.nun, .; Martinez, T. hem. Phys. Let.998 298 57. (d) Martinez,

all relevant degrees of freedom) using a method that accountsT. J. Chem. Phys. Letfl997 272 139. (e) Martinez, T. J.; Levine, R. D.
J. Chem. Phys1996 105 6334.

(25) Stanton, J. F.; Gauss,J.Chem. Phys1999 110 1831. (34) (a) Miura, S.; Tuckerman, M.E.; Klein, M. l1. Chem. Physl998
(26) For a thorough review of methods and basis set effects, see also:109 5290. (b) Tuckerman, M. E.; Marx, D.; Klein, M. L.; Parrinello, M.
Peterson, K. A.; Dunning, T. H., Jd. Chem. Phys1997 106, 4119. Chem. Phys1996 104, 5579. (c) Marx, D.; Parrinello, MJ. Chem. Phys.
(27) (@) Chen, W.-C.; Yu, C.-HChem. Phys. Lettl997 277, 245. (b) 1996 104, 4077.
Semprini, E.; Palma, A.; Stefani, FHEOCHEM1993 99, 133. (c) Halvick, (35) Pavese, M.; Berard, D.R.; Voth, G. 8hem. Phys. Leti.999 300,
Ph.; Liotard, D.; Rayez, J. @hem. Phys1993 177, 69. 93.
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CH,0O~ with H3CCI .28 and HO + H3CCP], density functional
theory (e.g., HO+ NO,* and a double proton transfer in
(HCOOH)Y*Y) and complete-active-space self-consistent-field
(CASSCEF) theory [e.g., F H, — FH + H*?| for evaluation of
the forces on the atoms.

The isomerization of vinylidene (€=C:) to acetylene (H&
CH) occurs on a potential energy surface that is highly
anharmonic due to multiple bonds breaking and forming. Such
a significant rearrangement of the electrons would be difficult
to capture in an analytic potential energy function. Hence, AIMD
is the ideal method for simulating and characterizing the
dynamics of this system. Ideally, one would carry out a full-
blown quantum dynamics simulation on a well-fit, accurate PES
in the full rotation-vibration coordinate space (imposing no
symmetry and propagating 9 degrees of freedom), but this is
currently beyond reach computationally. Thus, AIMD represents
a practical, albeit approximate, strategy for now. Even to carry
out the AIMD simulations, it is necessary to make a minor

Hayes et al.

lowers the exothermicity by 4 kcal/mol compared to a triplbasis,

the size of the triplé: basis would make the AIMD prohibitively
expensive. Consequently, the use of one set each of diffuse and
polarization functions is an acceptable compromise between accuracy
and speed.

B. Structural Optimization. GVB(5/10)-PP. Initially, the wave
functions and structures of vinylidene, vinylidene anion, and acetylene
were optimized at the generalized valence bond with perfect pairing
(GVB-PP)*level using the PSGVB cod€.n each case, five electron
pairs were described with 10 natural orbitals. Vinylidene and the
vinylidene anion employed the following correlated GVB pairs: -2HC
bonds, 1 G-C ¢ bond, 1 C-C & bond, anl 1 C lone pair. Acetylene
utilized 2 C-H bonds, 1 C-C ¢ bond, and 2 €&C x bonds within
GVB pairs. The GJs were treated at the closed shell Hartré®ck
level. The orbitals of the GVB-PP wave functions were then used as
input to the CASSCF calculations.

CASSCF (10 electrons/10 orbitals)Full valence CASSCF calcula-
tions were performed in HONDG. All valence electrons were
correlated, where the active space included all the natural orbitals from
the GVB-PP(5/10) calculation, resulting in a 10 electron/10 orbital

compromise on accuracy, as we discuss below. However, We casscF calculationCs symmetry was imposed for all the molecules.

compensate for this small error (in the barrier height) in a logical
manner (vide infra).

The goals of our study are to:

(i) elucidate the physical origin of the isomerization barrier,

(i) gain further insight into dynamics at times beyond that
probed by the NIPES experiment,

(i) obtain a characteristic spectral signature of ultrafast
isomerization dynamics,

(iv) explore the applicability of transition-state theory (TST),
and

(v) explain the seemingly incompatible experimental lifetimes
in the context of vibrational modes (both normal and local) and
intramolecular vibrational energy redistribution (IVR).

In this work, we simulate with AIMD and create a picture of
the dynamics to isolate the molecular motion and characteristic

time scales for isomerization (related to the metastable reactants

lifetime) and compare our results to previous experimental and
theoretical studies. Then, we calculate vibrational spectra to
compare with the vibrational fine structure seen in the NIPES
experiments. We will see, e.g., that the AIMD simulations reveal
a dynamics in which the factors promoting isomerization, the
vinylidene lifetime, and the validity of TST are closely tied to
the extent of vibrational mode coupling between vinylidene and
acetylene. Section Il describes the calculations in more detail.
Section Ill contains the results and discussion, and concluding
remarks are included in Section IV.

Il. Calculational Details

A. Basis Sets.The molecules were described by the 6-31&**
Gaussian basis sets of Frisch, Pople, and Binfeyhich are valence
double€ basis sets with one set of diffuse and one set of polarization
functions on each atom. Although Chang et*howed that a simple
double€ basis set raises the reaction barrier by-12% kcal/mol and

(36) Bolton, K.; Hase, W. L.; Schlegel, H. B.; Kihyung Sor@@hem.
Phys. Lett 1998 288, 621.

(37) Aida, M.; Kaneko, M.; Dupuis, M.; Ueda, T.; Ushizawa, K.; Ito,
G.; Kumakura, A.; Tsuboi, MSpectrochim. Actd997 53A 393.

(38) Yamataka, H.; Aida, M.; Dupuis, MChem. Phys. Letl999 300,
583.

(39) Aida, M.; Yamataka, H.; Dupuis, MChem. Phys. Letf.998 292,
474,

(40) Doclo, K.; Rothlisberger, UChem. Phys. Lettl998 297, 205.

(41) Miura, S.; Tuckerman, M.E.; Klein, M. LJ. Chem. Phys1998
109 5290.

(42) da Silva, A. J. R.; Cheng, H.-Y.; Gibson, D. A.; Sorge, K. L.; Liu,
Z.; Carter, E. A.Spectrochim. Actal997, 53, 1285.

(43) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80,
3265.

Both the vinylidene and the acetylene CASSCF expansions consisted
of 19 404 spin eigenfunctions, while the vinylidene anion CASSCF
expansion was comprised of 53 136 spin eigenfunctions. To decrease
the amount of time per cycle forJ8=C~, we chose a slightly restricted
active space in which the (out-of-plang)bond, which is orthogonal

to the reaction coordinate, was described only at the GVB-PP level.
The resulting GVB(zx/n;)* CASSCF (9/9) calculation reduced the
number of spin eigenfunctions to 53 004, at the negligible energy cost
of 1 x 107° hartrees.

Search for the Transition State.The DIIS-Ridge method with a
convergence criterion of ¥ 1073 hartrees/bohr for the gradient at the
CASSCEF level of theory, was used to find the transition state. Normal-
mode frequencies were calculated via diagonalization of the Hessian
(energy second derivative) matrix, which was constructed via finite
difference of analytic energy gradients at the CASSCF level. Identifica-
tion of a single imaginary normal mode calculated from diagonalization

of the Hessian matrix confirmed the rank of the saddle point (1) and

identified it as a true transition state.

C. Ab Initio Molecular Dynamics and Analysis. Several methods
exist for calculating forces on the atoms from quantum mechanics and
propagating the nuclei classically. Generally, one either carries out an
extended Lagrangian (fictitious wave function) dynamics as first
proposed by Car and Parrinefimr one optimizes the wave function
at each time step, staying on the Bei@ppenheimer surfad@*¢Both
Parrinelld® and Gibson et &° provide an in-depth discussion of the
merits of both approaches. Here, we choose B@ppenheimer ab
initio molecular dynamics (BO-AIMD), where the wave function is
fully converged to the BO surface at each time step. Both the energies
and the ab initio forces were calculated using the aforementioned
CASSCF method. Newton’s equations of motion for the nuclei were
numerically integrated using the velocity-Verlet algorithhT.o make

(44) Bobrowicz, F. W.; Goddard, W. A., IlIMethods of Electronic
Structure TheoryPlenum: New York, 1977; p 79.

(45) Ringnalda, M. N.; Langlois, J.-M.; Murphy, R. B.; Greeley, B. H.;
Cortis, C.; Russo, T. V.; Marten, B.; Donnelly, R. E., Jr.; Pollard, W. T_;
Cao, Y.; Muller, R. P.; Mainz, D. T.; Wright, J. R.; Miller, G. H.; Goddard,
W. A., lll; Friesner, R. A.PS-GVBv2—3; Schrodinger, Inc., 1996.

(46) Dupuis, M.; Johnston; F., Marquez, HONDO 8.5 from CHEM-
Station IBM Corporation: Kingston, NY, 1994.

(47) (a) lonova, I. V.; Carter, E. Al. Chem. Physl995 103 5437. (b)
lonova, I. V.; Carter, E. AJ. Chem. Phys1993 98, 6377.

(48) (a) Liu, Z.; Carter, L. E.; Carter, E. Al. Phys. Chem1995 99,
4355. (b) Chelikowsky, J. R.; Troullier, N.; Binggeli, Rhys. Re. B 1994,
49, 114. (c) Arias, T. A.; Payne, M. C.; Joannopoulos, JPhys. Re. B
1992 45, 1538. (d) Barnett, R. N.; Landman, U.; Nitzan, A.; Rajagopal, G.
J. Chem. Physl991 94, 608. (e) Wentzcovitch, R. M.; Martins, J. Bolid
State Commuril99], 78, 831.

(49) Parrinello, M.Solid State Commuri997 102, 107.

(50) Gibson, D. A.; lonova, I. V.; Carter, E. Ahem. Phys. Letfl995
240, 261.

(51) Swope, W. C.; Andersen, H. C.; Berens, P. H.; Wilson, KJR.
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Table 1. Bond Lengths (A) and Bond Angles (deg) ofH Isomers from CASSCF and CCSD(T) Calculations and from Experiment

structuré r(CCr) r(CoHa) r(CpHb) 6(CCoHa) 6(CCoHb) ref
H.Co™
CASSCF/6-31G*** 1.360 1.126 124.1 b
experiment 1.34#0.007 1.119-0.006 124.6:0.2 [«
Vinylidene (H:CC:)
CASSCF/6-31G 1.328 1.101 120.2 d
CCSD(T)/cc-pVTZ 1.300 1.081 120.03 23
1.3070 1.0862 120.08 26
CCSD(T)/cc-pvVQZ 1.2993 1.0845 12008.1 26
(+corrections) +0.0005 +0.001
TS
CASSCF/6-31G*** 1.278 1.345 1.087 56.4 177.2 d
CCSD(T)/cc-pVTZ 1.255 1.378 1.067 53.79 178.33 23
Acetylene (HCCH)
CASSCF/6-31G*** 1.225 1.077 d
CCSD(T)/cc-pVTZ 1.205 1.058 23
1.2097 1.0637 26
CCSD(T) /cc-pvQZ 1.2064 1.0633 26
experiment 1.2033 1.0605 56

aSee Figure 1 for atom labelin§This work; CASSCF(9/9) with two GVB-PR(r") reference state§.See ref 8. Estimated from geometry
displacements obtained from a Franrd®ondon simulation of Ervin et al.’s photoelectron spectra (ref 8) relative to the singlet state structure
predicted from CIl/TZ+ P calculations by Carrington et al. (ref 1¥)This work; CASSCF(10/10). See section Il for details.

the CASSCF-MD calculations possible, we exploited@symmetry the H-C—C bond angle in the transition staté(C.CoHa)],

present in all stationary points (minima and the transition state) in our which is larger by~3° relative to the angle predicted by the
trajectories. This is an added constraint, since out of plane distortions cCSD(T) /cc-pVTZ22 level of theory.

are neglected. More generally, though, our CASSCF transition state agrees

Vibrational Spectra. The filter diagonalization (FD) meth&tf3was . . g
used to determine anharmonic vibrational frequencies from velocity closely with the predicted structure at the CCSD(T)/cc-pVTZ

autocorrelation functions constructed from the AIMD trajectoffe=D level. The ~2% smaller bond length between the bridging
has been shown already to be useful in extracting anharmonic ydrogen and the connecting carbaiiCyHa)] results in our
frequencies from AIMD simulation® Note this technique vyields  Structure being slightly more similar to the vinylidene structure

frequencies, but not intensities. than the predicted geometry at the higher level of theory.
Dominant Normal-Mode Analysis. To qualitatively classify which However, the transition state is closer in geometry overall to

normal mode of vibration is “most” activev[p(t)] at a given time ) acetylene than vinylidene. Clearly, the4€—C bond angle{-

during a trajectory, values for each vinylidene normal madét), are (C4CpHa)] demonstrates that the transition state and the vi-

defined via a scalar product, such that: nylidene anion possess significantly different geometries. This

suggests that unless the barrier is sufficiently small, photode-

M;(t) = zl’j(t)'vi,j Mp(t) = Max{ M;(t)} tachment of HCC~ may not yield a vinylidene structure close

] to the TS, hence isomerization may be inhibited. By contrast,
the vinylidene and vinylidene anion are structurally very similar,
as expected based upon previous studfidse bonds are longer

~ 20, — i

at the CASSCEF level corresponding to normal med&ualitatively, %n:%eb);nigr{o gg?ht?rigggar(; Egzgiggglltev&ik? ?kllsélgrjgd?tricl))r)fgf an
the vinylidene normal mode that has the most overlap with the velocity . . .
components of the vinylidene will be the dominant normal mdde, extra nonbondingr-electron in the molecular plane (see Figure
Note that this analysis by necessity neglects anharmonic vibrational 1).
corrections and does not distinguish between cases where two or more B. Harmonic Frequencies.Harmonic normal-mode frequen-

wherej ranges over all 4 atomsgi(t) is the velocity of atonj at time
t, andv;; is the normal mode displacement vector for afozalculated

modes are equally dominant. cies are listed in Table 2. Since the normal mode calculations
) ) were computed without symmetry, CASSCF frequencies are
lll. Results and Discussion calculated for all species except the vinylidene anion, where

A. Optimized Structures. Table 1 compares the CASSCF-  the large number of spin eigenfunctions prevented the calcula-
(10/10) bond lengths and angles for all four species to other tion. As can be seen from the Table, our calculated harmonic
published value&17:232656Although our CASSCF(10/10) cal-  normal modes for vinylidene, the transition state, and acetylene
culation slightly, yet consistently, overestimates the bond lengths @gree well with experimental and CCSD{Tderived results.
by 1—2%, the bond angles are generally in excellent agreement!n general, the frequencies are within 3% of other published
with published values. A very slight discrepancy is found for Vvalues. Notable exceptions include the J#ck of vinylidene

(ve), and the imaginary modesd) and the CH stretchvf) of

VAL I N 5 Chn PRSS SGL800Lthe ransion ste. However, e mode cortespond [ he

(54) A low-resolution fast Fourier transform (FFT) spectrum from our r€@ction coordinate and is therefore expectedd indeed has

velocity autocorrelation signal was used as a guide.For the FD technique, been demonstraté®-to be quite anharmonic. Harmonic fre-
overlapping energy bins of width 438.9 cinshifted by 219.5 cm! were
used to isolate the valid frequencies. A frequency was considered valid if ~ (57) (a) Dawson, J. H.; Nibbering, N. M. M. Am. Chem. S0d.978

it appeared within the inner 50% of all relevant energy bins with a large 100, 1928. (b) Dawson, J. H. J.; Jennings, K. R.Chem. Soc., Faraday

real weight and a small damping factor. Trans 1976 272, 700. (c) Lindinger, W.; Albritton, D. L.; Fehsenfeld, F.
(55) da Silva, A. J. R.; Pang, J. W.; Carter, E. A.; Neuhaused, Bhys. C.; Ferguson, E. EJ. Chem. Phys1975 63, 3238. (d) Goode, G. C.;
Chem 199§ 102, 881. Jennings, K. RAdv. Mass. Spectronl974 6, 797.

(56) Strey, G.; Mills, 1. M.J. Mol. Spectroscl1976 59, 103. (58) Stanton, J. F.; Gauss,Jl.Chem. Phys1999 110, 6079.
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Table 2. Harmonic Frequencies (cr of C;H, and GD2: CASSCF(10/10), CCSD(T) and Experiment

species V1 Va2 V3 Va Vs Ve
Vinylidene (H,CC:)
CH sym CcC CH, CH, CH asym CH,
str str scissors wag str rock
this work/ CASSCF 3045 1632 1242 775 3138 472
CCSD(T)/ TZ2P 3144 1656 1238 743 3240 367
CCSD(T)/ cc-pVT2 3159 1682 1234 769 3228 327
CCSD(T)/cc-pCVTZ 2988 1653 1176 716 3065 263
(anharmonid)
CCSD(T)/cc-pVTZ 1671 1205 4724
(quantum dynamic$)
experimertt 3025+ 30 1635+ 10 1165+ 10 3206
450+ 30
Transition State
This work/ CASSCF 2417 1775 891 559 3275 807i
CCSD(T)/Tz2P 2538 1799 897 560 3361 967i
CCSD(T)/cc-pVT2 2559 1821 905 575 3377 936i
Acetylene (HCCH)
CC str CH CH sym HCCH HCCH
asym str str cis-bend trans-bend
this work/ CASSCF 1975 3335 3425 750 622
CCSD(T)/Tz2P 2000 3393 3497 704 512
CCSD(T)/cc-pVT2 2016 3409 3533 753 589
experimertt 1974+3 32893 33746 7301 612+6
Vinylidene-d (D.CC:)
CD sym cC CD, CD, CD CD;
str str scissors wag asym rock
this work/ CASSCF 2234 1570 914 618 2330 372
CCSD/Tz+2P 2318 1626 915 610 2417 305
experimertt 2190+ 30 1590+ 20 865+ 10 250
370+ 30
Transition State €,
this work/ CASSCF 1750 1675 695 444 2499 602i
Acetylened, (DCCD)
CcC CD CD sym DCCD DCCD
str asym str str cis-bend trans-bend
this work/ CASSCF 1760 2449 2718 551 518
experimertt 1762+ 6 2439+ 1 2701+ 6 537+ 1 505+ 6
D,CC
CD sym cC CD, CD, CD asym CD;
str str scissors wag str rock
expt, [HF/6-3H-G**]' [2231] [1503] 960+ 20 [681] [2281] [787]

a Reference 23 Standard vibrational anharmonicity using second order perturbation theory, reE%8acted from fine structure of calculated
photoelectron spectrum, ref 19Reference 8¢ Value based on Ciock (ve) anionv = 1 to neutralv = 1 transition frequency (relative to the GH
rock (ve) anionv = 0 to neutralv = 0O transition frequency) and estimated anion,&btk (vs) v = 0 tov = 1 transition frequency, ref 8 Actual
measurement; assignment uncertain, refRBeference 59" Reference 21.Those values in [] are from HF/6-3%G** calculations, ref 8.

quencies for the deuterated species are also shown for futurethe small barrier. Table 3 compares our CASSCF(10/10) total
comparison with our anharmonic frequencies derived via the energies for the optimized structures, along with our predicted
filter diagonalization (FD) technique. Our CASSCF-derived isomerization barrier height and exothermicity, to values
harmonic frequencies for DECD are within 3% of the obtained at the CCSD(T) level. In our CASSCF calculation,
experimental value®.Unfortunately, few published anharmonic  the electron affinity (EA) of vinylidene is—7.1 kcal/mol
frequencies of HC=C: and HC=C~ are available for com- compared to the experimental adiabatic EA of 1+.8.1 kcal/
parison with our results, although Stanton and G#usave mol8 EA’s are notoriously difficult to calculate accurately
recently published anharmonic frequencies at the CCSD(T) level without extremely large basis sets. However, a larger basis set
for H,C=C: and BC=C~ and Schork and Kapel®®extracted would preclude the AIMD simulation. The metastability of our
anharmonic frequencies via quantum wave packet dynamics foranion with respect to neutral vinylidene is not particularly
H,C=C:. These are also shown in Table 2. Our predicted relevant, since the dynamics on the anion PES are merely used
frequencies for BC=C: are consistent with the experimental to prepare the initial state of neutral vinylidene. Since the anion
values. does not autoionize in our simulations, we can use dynamics
C. Reaction Energetics.Figure 1 pictorially depicts the  on this PES for such state preparation.
electron detachment from the anion to the neutral potential \What is of primary importance for physically valid isomer-
energy surface near the vinylidene equilibrium geometry, jzation dynamics is the accuracy of the neutral PES, not the
followed by the subsequent isomerization to acetylene acrossanion PES. At the CASSCF level, the barrier height is
(59) Shimanouchi, T.Tables of Molecular Vibrational Frequencies overesnmated. by 2.8 keal/mol Wlth. respect to. the Full QI (FCI.)/
ConsolidatedNational Bureau of Standards: Washington, DC, 1972; vol. COmplete basis set (CBS) calculation. The difference in barrier
1, pp +160. height will be important later when we consider the conditions
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Table 3. Isomerization BarriersHy) and ExothermicitiesAE) in kcal/mol with and without Zerd?oint Corrections

zero-point energies (ZPE; kcal/mol)

CASSCF(10/10)
species total energy (hartree’) CASSCF (this world CCSD(T) expt
H.CC: —76.898374 14.7 14.87 14.1¢
D,CC: 115
[HCC] —76.889400 12.7 13.21
[D2CC] 10.1
HCCH —76.974716 16.4 16.6516.46 16.2
DCCD 13.0 12.8
energies (kcal/mol) CASSCF(10/10) CCSD(T) FCI/CBS expt
Ea 5.6¢ 2.85 >2.X
E.W/ZPE 3.6 1.1-1.5 >13
EaW/ZPE -dj 4.2
AE —47.F, —49.% —45.3+ 0.6 —45.1 —495+ 4.0"
AE w/ZPE —46.2 —42.9%, —43.4+ 0.6 —47.4 4.0
AE W/ZPE -d; -46.4

aThis work; CASSCF(10/10) within a 6-31G ™ basis. See section Il for detailsZPE corrections calculated from the harmonic vibrational
frequencies at the CCSD(T) level within a cc-pVTZ basis listed in reffZomputed from the experimentally observed fundamental frequencies
of ref 8 and the CCSD(T) anharmonic frequencies of refdBerived from experimental force fields. Values reported in refs 26 and Zamputed
from the experimentally observed fundamental frequencies of réfG@mplete basis set extrapolation (See ref 28jinimum value based upon
experimental estimate &, > 1.3 kcal/mol, then corrected for ZPE via harmonic CCSD(T)/cc-pVTZ calculations for the TSZPE21 kcal/
mol; ref 23) and experimental estimates for the vinylidene ZPE (14.1 kcal/mol; see foojnbtestimated in ref 23 from the FCI/CBS reaction
barrier with ZPE corrections based on harmonic CCSD(T) calculations. Range due to corrections derived from experimentally observed frequencies.
i See ref 8/ Includes ZPE on the deuterated specfé8ASSCF(10/10) within an extended basis pV5Z/QZ (see ref'26fludes CCSDT, relativistic,
and Born-Oppenheimer breakdown corrections (see ref 2&xperimental value taken from ref 24 corrected with experimental estimates for the
vinylidene ZPE (14.1 kcal/mol; see footnatgand acetylene ZPE (16.2 kcal/mol; see footngte’ Same as footnote k with ZPE taken from ref
25.P See ref 24.

for studying the isomerization dynamics. The CASSCF(10/10) from sg? to sp, to free up the in-plane p-orbital to accept the
exothermicity is approximately 6% larger than higher level incoming C-H electron pair, as shown below.
calculations. However, by comparing the exothermicity of the

CASSCF(10/10)/cc-pV52/QZ calculation to our value, the basis “\ rehybridize H\h

set effect is seen to bel.2 kcal/mol. Thus, the missing dynamic @r—@ _— 6—\%33

correlation energy contribution to the exothermicity appears to H/ ] H/

be~4 kcal/mol. Note, however, that our exothermicity is within HC=C (An .

experimental error and the barrier height is consistent with the C-H Shift

experimentally estimated lower bound of 2.2 kcal/mol. Conse-

quently, our model should provide physically reasonable results. . /\/H
Using our CASSCF(10/10) harmonic frequencies for both the H%-H Bkl Q@%

hydrogenated and deuterated molecules, we calculated ZPE- H/u

corrected isomerization exothermicities and barriers. Table 3 HC=CH ()

also compares our CASSCF(10/10) values to experimental and

CCSD(T) results. Our ZPE-corrected exothermicity is in excel- ~ This rehybridization may be the quantum mechanical origin
lent agreement with experiment, and our ZPE-corrected barrier Of the barrier in this reactionWe test this hypothesis below.
height is consistent again with the experimental lower bound Once the G-H bond pair has an empty p-orbital in which to
of 1.3 kcal/mol. However, since CCSD(T) values find a barrier donate, the rest of the process will be fast, as shown above.
closer to 1.5 kcal/mol, we appear to overestimate the ZPE- The 1,2-shift occurs, forming a transient charge-separated
corrected barrier height by2 kcal/mol. .carben.e intermediate, whose lone pair will be converted

Origin of Isomerization Barrier. Vinylidene has an unsatur- 'mmed'?‘te'y to a &C bond of acetylene to remove th? ch_arge

ibecf€Parationlt may be that the role of the GHocking motion is
to induce the shto sp lone pair rehybridization, to reduce
nonbonded repulsions between the i€ bonds and the car-
benoid lone pair.

Similar analyses can be used to understand generally the
rearrangements of other carbenes and nitrenes, such as meth-
ylcarbene to ethylene g&€H — H,C=CH,) and methylnitrene
to methyleneimine (BCN — H,C=NH).> Earlier calculations
by Houk and co-workeP8 and Schaefer and co-workétsor
the CHCH isomerization showed a similarly small barrier of
2—3 kcal/mol, consistent with this rehybridization mechanism
as the origin of the barrier.

well within a generalized valence bond (GVB) picture, as a
singlet-coupled pair of singly occupied, overlapping-kgbrid-

like orbitals (see Figure 1 and below) in the traditional GVB
view of a singlet carben®.In order for the 1,2-hydrogen shift

to occur in a concerted fashion where electpairs move during

the rearrangement, one must think of the moving H atom as
either a hydride, H, or think of the entire €&H bond pair as
moving. Either way, the low barrier to isomerizatiopredicted
both by ab initio quantum chemistry and expected based on
the Hammond postuldfedue to the large reaction exothermieity

will require the presence of an empty orbital on the carbenoid
carbon into which the moving pair of electrons may delocalize. ~ (60) Carter, E. A.; Goddard, W. A., I10. Chem. Phys1988 88, 1752.

- i - (61) Hammond, G. SJ. Am. Chem. S0d.955 77, 334.
The correlation of a low barrier with the presence of an empty  or A2l M ™ phys. Cheml09a 94, 5518,
orbital during isomerization was noted previously by Ervin et (b) Evanseck, J. D.; Houk, K. NI. Am. Chem. Sod99q 112, 9148.

al8 This requires a rehybridization of the carbenoid lone pair ~ (63) Ma, B.; Schaefer, H. Fl. Am. Chem. S0d 994 116, 3539.
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We can estimate the cost of rehybridization of the carbenoid
carbon in a simple calculation, by comparing the total energies

for vinylidene calculated via Hartred-ock (HF) theory and
generalized valence bond (GVB) theory, where in the latter,
only the carbenoid lone pair is correlated. The GVB calculation
allows the C sp lone pair to $fmybridize by mixing in the empty
in-plane C p-orbital, while in the HF calculation, the sp lone

pair cannot do this. The difference between these two calcula-
tions may be taken as an estimate of the rehybridization cost.

Using the CASSCF-optimized geometry for both the HF and
GVB calculations, we find this difference to be 6.3 kcal/mol.
This is strikingly similar to the 5.8 kcal/mol activation energy
found at the CASSCF level. While not rigorous proof, it does
provide compelling evidence that the origin of the barrier may
indeed be the rehybridization energy cost.

D. Molecular Dynamics Trajectories. Initial Conditions.

We emphasize again, this is a simulation where the nuclei are

propagated according to classical dynamics on a Born

Oppenheimer PES, without accounting for quantum dynamical

effects such as ZPE, tunneling, or rotatianbration coupling.
These approximations are described further below.
To properly model finite temperature dynamics on an

approximate potential energy surface, the relative magnitude

of the thermal energh, T and the barrier height should faithfully

reproduce experiment. However, the “temperature” of a single

molecule at a specific instant in time is an ill-defined quantity.
Following the usual molecular dynamics convention, we
characterize our simulation “temperature” as the kinetic tem-

perature, which corresponds to the average kinetic energy o

the molecule

2|]Ekin
&

In our case, there are 5 degrees of freedgrdue to the removal
of linear and angular momentum and the constraint of the
molecule to be planar (vide infra). Very recently, Jellinek and

Hayes et al.

Goldberg* proposed that the correct vibrational “temperature”
for microcanonical molecular dynamics simulations such as ours
2

IS
T =2
’m g'kBEEkiiEl

whereg' = g — 2. Although both expressions lead to the same
thermodynamic limit,Ty, is consistently larger thamy.

Since, as discussed earlier, our Be@ppenheimer barrier
height is overestimated by a factor of 2 (5.6 vs 2.8 kcal/mol),
it is logical to scale the experimental temperature accordingly
when choosing our simulation “temperature”. This will make
the modeled thermal energy consistent with our modeled barrier
height. The exact experimental temperature has a large uncer-
tainty. Estimates include 31%& 20 K& 2204 30 K8, 150+
50K8, and 300 K° based upon both the He buffer gas
temperature and the rotational temperature of the ©¥product
produced along with fC=C", the photoelectron spectrum of
CHo,- under similar conditions, the rotational line shapes of triplet
H,C=C:, and other estimates, respectively.

To model the experimental temperature of 3950 K, we
ran trajectories at two different simulation “temperaturé):(

600 K + 300 K or 3.0 kcal/mol average kinetic energy, which

is meant to explore the region just below the barrier top (5.6
kcal/mol), and 144Gt 720 K or 7.1 kcal/mol average kinetic
energy, which is intended to probe the region slightly above
the barrier top. This is akin to assuming a He buffer gas has
equilibrated the anions at these temperatures for all degrees of
freedom. The initial conditions then were (i) the CASSCF(10/
10) equilibrium geometry for the anion @K and (ii) velocities
chosen randomly from a Boltzmann distribution at 600K or 1440

The reaction coordinate only involves vibrational degrees of
freedom, not rotational ones. Therefore, we ignore rotation
vibration coupling and chose vibrational energies characteristic
of the He buffer gas temperature (appropriately scaled) as stated
above. Since rotation is not involved in the isomerization, we
started our anion trajectories without angular momentum (i.e.,
in theJ = 0 state) for simplicity of analysis. Therefore the total
angular and linear momentum were set to zero at the beginning
of the anion trajectories. These quantities were conserved to
within 0.07 h and 0.10 h for all trajectories at 600 and 1440 K,
respectively. The extent to which inclusion of vibrational
rotational coupling, such as Coriolis coupling, would change
the results will have to await the day that higher dimensional
dynamics calculations including rotation are feasible.

Since the reaction coordinate for isomerization is planar, we
constrained all of the atoms to a plane by removing the
components of the velocities perpendicular to the molecular
plane, allowing us to exploiCs symmetry in the wave function
calculation. Inclusion of out-of-plane motion might have a small,
but unpredictable effect on the vinylidene lifetime and barrier
traversal dynamics, due to the competing processes of additional

fpaths over the barrier available at finite temperature, which

might increase isomerization, versus distribution of energy into
nonplanar modes that might inhibit isomerization.

Finally, to increase the time step so that longer trajectories
could be followed and to minimize the effects of ZPE and
tunneling, both hydrogen atoms were replaced with deuterium
atoms in the AIMD simulations. Since the experiments were
done on both the deuterated and the protonated forms, this does

(64) Jellinek, J.; Goldberg, Al. Chem. Phys200Q 113 2570.
(65) W. C. Lineberger, private communication.
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not affect our ability to compare with experiment. The incor- (a)

poration of tunneling would increase the barrier crossing rate; Gio o, o—r
consequently, our simulation will provide an upper bound to o (/o © bo ©
the initial lifetime of vinylidene and a lower bound on the —o

number of transition-state crossings (vide infra). Al Anyo AnjHo0

Equilibration of Vinylidene Anion- d,. Two sets of randomly

chosen initial velocities (each properly scaled to the desired
temperature) were used to begin two thermal equilibration a, o b A
trajectories of the vinylidene anion at each temperature (600 f © GXo © o O 6 O © ©
and 1440 K), using a time step of1.2 fs (50 au). The velocities ) Vi A i
were only rescaled whenever the instantaneous kinetic temper-
ature exceeded the bounds of 680800 K or 1440+ 720 K ED} ED} ED; ED] ED;
(The uncertainty inT, . . 3 |, —

T o © G © e © :© o) o ©

or= N 6 © Va o
ED? ED3? ED} ED? ED?
whereN = the number of atoms). After each trajectory thermally v
equilibrated the vinylidene anion at either 600 or 1440 K, six o~ @ b o
different energy-conserving (free dynamics) anion trajectories, \)O © Y @0 © 0 o ¢ © efD ©
referred to asAn?®% and Ani*Y, were started at different times e
simply by terminating the temperature rescaling. We scanned ED? ED} ED3 ED} ED?
the thermalization trajectories to choose starting points for the
free dynamics anion trajectories with some Qck motion _o . o d ™
S0 as to increase our chances of observing isomerization. Free l 6 © oo o 0 © © o O
dynamics trajectoriesAn:’) were initiated at 218.9 fs and o o N b
- P : 600

274.5 fs along the first 600 K thermalization trajectofyy, EDI 58 ol B EDT,

was started at 291.5 fs along the second 600 K thermalization
trajectory,A 14_020 were begun at 152.5 and 203.3 fs along the Figure 2. Initial positions and velocities of the carbon (large circles)
first 1440 K thermalization trajectory, a 1400 originated at and deuteru_Jm (sr_nall C|_rcles)4?toms in (a) the three vmyl_lde_ne anion
221.4 fs along the second 1440 K thermalization trajectory free dynamics trajectorles%i_ﬁ and (b) all 20 neutral vinylidene
Fingre 2(a) displays the initial geometries and velocities of thé trajectories derived from electron detachment. All atoms lie in a plane.
Anm*?trajectories, since the trajectories equilibrated at 1440 K . o .
display the more interesting isomerization behavior. The initial range. Thus, a maximum 1.0 ps neutral vinylidene trajectory

configurations ofAn}%), are qualitatively similar to those of ~ length should provide ample time to observe the dynamics

A% but with smaller magnitude velocities. Both experi- relevant for comparison to experiments using NIPES time scales
ments§ and theor§131766have verified that the Citock mode and somewhat beyond. The total energy was conserved during

is the dominant mode associated with the reaction coordinate.the entire length of each trajectorr{trajectory up to electron
1400 detachment plus 1.0 ps froED trajectory) to within 0.30.2

Notice how Arn;™" appears more likely to be reactive than -
either Ant4% or Ané““o by the orientation of its initial veloci- kcal/mol (average 0.1 kcal/mol) for the 600 K set and to within
ties, Whiéh more closely resemble a rocking of the,@Boup. 0'1_015 kcal/mol (average 0.2 keal/mol) for'the 1440 K set.
Electron Detachment to Neutral Vinylidene Forty neutral During each anion trajectory and the portion of the _eleptron
vinylidene trajectories at 600 and 1440 K (20 each) were detachment trajectories where the molecule is in the vinylidene
initiated by simulating electron detachment &84) D,C—C- well up to the transition state (including re-formed vinylidene,
to (tA;) D,C—=C:. This was accomplished by rengloving at vide infra), we monitored the instantaneous kinetic temperature,
different fixed times along the anion trajectory, the raélical Tio as well as the time-averaged temperature and kinetic energy.
electron from the in-planer orbital (b symmetry) to form In g(_eneral, the molecule “cooled” slightly after the_rmal equili-
singlet vinylidene (see Figure 1), maintaining the anion’s brat|or! ceased (mqre thar! what COUI,d be aspnbed tq §mal|
numerical errors in integrating Newton’s equations). This is a
consequence of, on average, the molecules sampling higher

coordinates and velocities at the instant of electron removal (see
Figure 2b for initial conditions of the 20 trajectories generated - . :
1440 S o o . potential energy regions closer to the barrier, for example. For
from An,”5" ). This is a “vertical” transition, since photode- . S )
L ! the electron detachment trajectories initially thermalized at 600
tachment happens essentially instantaneously, causing the nucl 3.0 keal/mol initial Kineti h Kineti
to be effectively “frozen” during the event (i.e., the coordinates (3.0 kcal/mol initial kinetic energy),t e average kinetic energy
and velocities remain unchanged.) Electroﬁ oiétachments at ﬁvewas~2 kcal/mol below the barriefi, = 5.6 kcal/imol), with a
50 fs int I tak gf ' h of tAe®® A4 range of 3.9 kcal/mol below to 0.2 kcal/mol above the barrier
1 S Interva 514\‘/1\éere ? en from each ot the, 5, A = top. Not one of these 20 trajectories of 1 ps in length isomerizes!
(ED_5), and An,™ (ED;_s) trajectories, while electron de- gy contrast, when the anion was thermalized at the higher
tacfgcrpents at 41350 fss intervals were taken from each of the  (emperature of 1440 K (7.1 kcal/mol), the resulting electron
Ang™ and Ang ™" (ED;_y() trajectories. The resulting neutral  getachment trajectories have average kinetic energiekcal/
vinylidene trajectories were followed for 1 ps. Recall that Ervin - mo| above the barrier top, with a range of 1.4 kcal/mol below
etal. placed a lower bound on the lifetime of®=C: 0f 0.033 {5 7.0 kcal/mol above the barrier top. Despite this excess kinetic
ps and estimated that the lifetime was in the subpicosecondenergy, only four of the 20 trajectories isomerize! The low
(66) Petersson, G. A.; Tensfeldt, T. G.; Montgomery, J. A.JJAM. probability of ispmerization .observed .herle co.nfirms. recent
Chem. So0c1992 114, 6133. guantum dynamics studi€svhich alse—coincidentially-yield
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Vinylidene Non-Isomerizing Isomerizing
Anion Vinylidene Vinylidene
2547
2489 —— —CD sym SILCD asym sir
2420 CDy asym str .
CDy, asym str
2250 CDy, asym str 2380 Dz sy
2100 CD, asym str 72140 o CDysymsir 2210 —— CDy sym sir
i (2190:30)* 1990 ECI).'bx:nd + CIy rock
1910 CDy sym sir 1820 9 i rt
1770
2CDybend ooy CC sir
1561 CCstr .
1410 CC sir (1590 20+ 1450 CCstr?
CDsrock
2 e
1200 +CD, bend
983 €D, bend
(960:20)* : 882 CD; bend 852 CD, bend
702 CDyrock  (BO5I0) a0 GD bend
—_— 362 G,D bend
Frequencies (cm_ 518 GDbend
Vinylidene anion .
| Vinylidene 3 CDy rock 290 CD; rock
s Fexpl.
Acetylene | :

Figure 4. Summary of the anharmonic frequencies and possible
assignments extracted via the AIMD-FD technique for vinylidene anion
(An¥*® Figure 5), nonisomerizing vinylideneEDZ, Figure 6), and
isomerizing vinylideng EDS, Figure 7) Frequencies colored accord-
ing to origin: blue (vinylidene or vinylidene anion), orange (TS), green
(acetylene), and yellow (possibly overtone and combination bands).
Notice the increasing spectral congestion going from the anion across
to the isomerizinginylidene.

Figure 3. (a) Vinylidene anion trajectoryAni*y), (b) nonisomeriz-

ing neutral vinylidene trajectoryE@i), and (c) isomerizing neutral
vinylidene trajectory IEDg). Each image superimposes the position of
the carbon (red) and deuterium (dark to light gray in time) at 10 fs
intervals, referenced for visual clarity to a fixed direction and midpoint
of the CC bond.The large amplitude motions of the D atoms in

trajectory (c) are clearly seena signature of isomerization and barrier Vinylidene Anion Vibrational Spectra

recrossing.

1.06+06 —— 1 — | - . —
a 20% probability of fast isomerization. The majority of our =
subsequent analysis focuses on those trajectories initially DG

thermalized to 1440 K, since they exhibit the more interesting ~ #oews
isomerization behavior.
Trajectories Starting from the Neutral Transition State.

Generally, the photodetachment of the electron fros@-BC~ = |
will create a vibrationally excited neutral vinylidene that is not  §
at the isomerization TS. For comparison, 10 trajectories starting = ..

from the CASSCF(10/10) isomerization transition state, with
the same initial velocities as 10 of the electron detachment
trajectories generated at 1440 K (with the total angular and linear — zcss |
momentum set to zero), were followed for 220 fs backward and
220 fs forward in time. The initial velocities were carefully

"‘L\mﬁw

chosen to dem_ons.trate distinct types of .molecular motion.. _On 008400 500 4 2600 1500 3000
average, the kinetic energy for the portion of each transition o4 Eggwgrs%u;gg fom' ) syi i Ssym str

state trajectory in the vinylidene well (up to the TS) is 6.2 kcal/

mol, with a range 3.49.4 kcal/mol. Each run will be referred X ) ) .

4 where e@ refers to the corresponding electron harmonic normal mode (ref 8, light blue dashed lines) and exeﬁrlmental
o as TS w . . Tesp g (ref 8, dark blue solid line) frequencies for,C=C~ (from Ary 9.
detachment trajectory from which the initial velocities were Frequencies of BE=C~ extracted via the FD technique are marked

Figure 5. FFT (red) and FD (black) vibrational spectra compared to

taken. with blue arrows corresponding to the color scheme of Figuidote
Representative Trajectories.Figure 3 graphically displays the large shifts due to anharmonicity and the good agreement with

the results of three representative trajectordes, ', ED;, and ~ experiment for the CPscissors mode.

ED§ by superimposing the atoms at 10 fs intervals during the

simulation, where agaiAni*’is the free dynamics part of an  vinylidene anion trajectoryAm;**% 543 points~ 657 fs), a

anion trajectory, and the ED trajectories follow the evolution nonisomerizing vinylidene trajectorEDﬁ; 827 pointsx 1 ps),
of neutral vinylidene after electron detachment. (To obtain a and an isomerizing vinylidene trajectoyﬁ[()g; 827 points~ 1

better feel of the complicated dynamics, a movieEd; is ps). Figure 4 summarizes the fully anharmonic frequencies
also available on the web at http://www.chem.ucla.edu/carter/ extracted via the FD technique. Note the increasing spectral
movies.html.) WhiIeEDf1 certainly is energized, onIEDg (of complexity going from the vinylidene anion to the nonisomer-

the trajectories in Figure 3) isomerizes and crosses the barrierizing to the isomerizing vinylidene. Successful isomerization
multiple times (discussed below). We used these three trajec-dynamics leads to a congested spectrum, including the appear-
tories to construct anharmonic vibrational frequencies, to see if ance of new peaks due to the TS and the product, as well as
the vibrational spectra correlate with the very different sets of the disappearance/reduction of some reactant peaks. Figtires 5
motion displayed in Figure 3. show the FFT and FD spectra for the,@=C~ trajectory

E. Vibrational Spectra of Vinylidene Anion and Vi- (Am;**9), the energized yet nonisomerizing@=C: trajectory
nylidene. As described in Section II, we constructed vibrational (EDi), and the isomerizing EC=C: trajectory EDg), respec-
spectra from the trajectories of Figure 3: a free dynamics tively. In each case, the FD gives a more refined spectrum that
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Non-Isomerizing, Neutral Vinylidene Vibrational Spectra symmetric stretch at 1910 crh (v1), and possibly the CP
asymmetric stretch at 2100 cf (vs)®7. As expected, the

T e — - [ anharmonic frequencies are lower than the HF harmonic
T bosemt f | frequencies, which typically overestimate frequencies-tp%
a06s05 ‘ %ﬁﬁﬁf’ ' ? ] The only available experimental frequency (9620 cnt1)8
 DCCD: CASSCFH1OVI0) is for the CDQ scissors mode, which is in good agreement with

| our calculated frequency of 983 c The presence of the in-
8.00405 planes electron (see Figure 1) results in the £i@ck being
considerably stiffer in the anion than in the neutral vinylidene
_ (compare in Figure 4: 702 vs 327 cfi). Note that the peaks
408405 | | ] corresponding to the CDrock (702 cm!) and CDLy scissors
(983 cnt?) are significantly more pronounced than the CC
stretch (1410 cmb). According to Carrington et al” exciting
the CD, rock and CD scissors modes should decrease vi-
j nylidene’s lifetime, while exciting the €C stretching mode
i\;% A e AN should increase its lifetime. These trends are easily understood,
oS0 Jdoo | 1500 20007 2500 3000 since both the CProck and scissors modes are closely related
rock scissors Frequency!(cm’) stretches . . . . cer - . .
C=C str to the isomerization coordinate, thereby facilitating isomeriza-
Figure 6. FFT (red) and FD (black) vibrational spectra compared to tion, while exciting the &C stretch on average elongates the
CASSCF(10/10) harmonic normal mode (this work) and experimental C—C bond, thereby distorting it away from either an acetylenic
(ref 8) frequencies (vertical lines) for nonisomerizing®-C: (ED?). or TS-like structure, resulting in an increased lifetime of
Frequencies of BC=C: extracted via the FD technique are marked vinylidene. We shall come back to this issue later on.

with blue arrows corresponding to the color scheme of Figure 4. The nonisomerizing vinylidene spectrEQz) in Figure 6
. . . . . . 4
Eggﬁgﬁ?'é r;;ﬁa;gzr:gfﬂ::;’) s(;r;cgoaejssec;rrespondmg o aCewleneprovide further insight into the dynamics of the isomerization.
' Just like the anion, the CDscissors (882 cmi) agrees well

Intensity

2.0e+05

Isomerizing, Neutral Vinylidene Vibrational Spectra with experiment (865t 10 cn1)8. Removal of the in-plane
electron eliminates the electrerlectron repulsion between the
106405 ' i S R ; C—D bond and ther electron. This is readily apparent in both
— EE;m the dramatically red-shifted Gyock frequency (327 cmt vs
| Dcemptsctman | 702 cnrl) and the red-shifted CDscissors (882 cri vs 983
8.0a+05 D2C2: CASSCF(10M10] . . . . .
| cmY) relative to the anion. Likewise, the=€C stretch is blue-

shifted by~150 cnt? from the anion since the bond shortens
when thex electron is removed. Vibrational excitation is
revealed further by the appearance of several combination and
overtone bands. The explanation about why this neutral vi-
nylidene trajectoryEDﬁ) did not isomerize within 1 ps might
lie in the smaller intensity of the favorable GBck (327 cn?)
compared to the less advantageous,Gbissors (882 cr)
and the inhibiting &C stretch (1561 cmt) modes.
Spectra derived from a trajectory where vinylidene isomerizes
dIANVAN L (EDg) are shown in Figure 7. They are starkly different than
CRe 900 £08"° pruarey oy o SPhr o stretches 0 spectra derived from a nonisomerizing trajectory. Most impor-
C=Cstr CCstr D antisym str tantly, the spectra are far more congested, with the appearance
Figure 7. FFT (red) and FD (black) vibrational spectra compared to of DC=CD, D,C=C:, and TS modes. Vibrational excitation of
CASSCF(10/10) harmonic normal mode (this work) and experimental the neutral vinylidene is apparent in the appearance of combina-
(ref 8) frequencies (vertical lines) for isomerizing@-=C: (ED)). tion and overtone bands. The small, but visible ;OBck
Frequencies of BC=C: extracted via the FD technique are marked ntensity arises from recurrence of the vinylidene structure, as
with colored arrows corresponding to Figure 4 according to probable discussed below. In addition, the<C—D bends in acetylene
assignment: vinylidene (blue), TS (orange), and acetylene (glet®. o hance the recrossing of the transition state (vide iAfra).
itggi:;?fga?;gﬁ scj’:; %Z?S:rcgéfsspsoiﬂg'_ng to DCCECO, and the TS, _Finally, the significant blue-shifting>(100 cntd) _and br_oa_lden-_
ing of the C-C stretch relative to the nonisomerizing vi-

is consistent with the FFT results. The frequencies reported in NYlidene’s C-C stretch is explained by the shortening of the
Figure 4 should be viewed as estimates, since they are derived’inylidene C-C double bond as it gains acetylene triple bond
from the analysis of a single trajectory for each speciée v, character.

wag frequencies are not extracted since all the molecules were Although our anharmonic vibrational frequencies in Figure
constrained to be planar in our simulation (since the reaction 4 are not directly comparable to the fine structure of Schork
coordinate is two-dimensional). Although the spectral intensities and Kgpel'st® quantum-wave packet-derived photoelectron
are not directly comparable to experimental results, the intensi- spectrum, since they studied hydrogenated, not deuterated

ties do hint at vibrational modes that potentially dominate the Vinylidene, several interesting comparisons can be made. Our
dynamics anharmonic frequencies for the CC stretch and the/CB,

Spectra of vinylidene anion (fronAnt*9 are shown in scissors modes agree slightly better with experiment than Schork

Flgur_e 5 The vinylidene anion specltrum 1S extremel_y simple, (67) The small intensity and additional uncertainty in frequency (2090
consisting of the CRrock at 702 cm* (vg), the CD scissors 2120 cn1?) arises from shifting frequencies in the overlapping energy bins
at 983 cn1! (v3), the CC stretch at 1410 crh (v2), the CDh during the FD analysis.

6.0e+05

Intensity
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Table 4. Percentage of Time Each Vinylidene Vibrational Normal Mode Is Dominant in the Vinylidene Region of the Trajectories (Mode
Dominance Determined via the Scalar Product Methdd)(Described in Section II)

average
CD kinetic
CD; CD; CcC symmetric energy
trajectories rock scissors bond stretch (kcal/mol)
600 K
neutral non-isomerizing trajectories average 18.1 39.1 18.4 9.1 3.7
rangé 1.1-59.5 0.6-82.6 1.0-58.6 3.4-18.1 1.75.8
1440 K
neutral non-isomerizing trajectorfes average 4.0 38.3 20.8 12.3 8.2
range 0.423.7 0.:-78.5 0.6-54.1 3.5-21.6 4.2-12.6
1440 K
neutral isomerizing trajectories average 37.1 24.5 10.1 7.8 8.5
ED? 50.1 20.6 9.7 4.6 8.5
EDg 29.4 23.1 15.0 7.5 6.3
ED} 37.6 17.6 16.4 9.7 10.8
ED; 28.5 31.3 5.8 9.8 7.6
1440 K
transition-state trajectoriés average 39.5 22.6 11.9 10.5 6.2
range 17.9-94.9 4.8-34.3 0.0-15.9 0.0-22.2 3494

a Minimum and maximum percentage of time dominant in the non-isomerizing trajectories; e.g. one of the trajectories haddtle d@@ninant
during only 1.1% of the trajectory, while one had this mode dominant 59.5% of the trajetforgrage from the 16 non-isomerizing neutral
electron detachment trajectories. Structure is in the vinylidene region during the entire trajeficeyage from the 4 isomerizing trajectories

(EDf—EDi). Vinylidene region defined as the most conservative time interval between the TS ranges listed in Table 5 (32% of the total time). For
example, irEDg, the times in the vinylidene region are—87, 420-469, and 8871000 fs (from Table 5)¢ Average from the 10 transition-state
trajectories '(§d} - T§df°). Vinylidene region defined as the time interval between the estimated TS crossings from the vinylidene well listed in

Table 6 (42% of total time).

and Kppel's, though their CH rock agrees better with
experiment than ours. Their CC stretch (1671 ¢im H,CC:)
overshoots experiment (1635 10 cnT?l) by 36 cnt! while
ours (1561 cm? in D,CC:) is lower than experiment (1598

20 cnmh) by 31 cntl. Likewise, our CD scissors (882 cmi

in D,CC:) is higher than experiment (86510 cnT?) by only

17 cntl, while theirs (1205 cm! in H,CC:) is higher than
experiment (1165+ 10 cnt?) by 40 cntl This larger
discrepancy for the quantum dynamics simulation might be
caused by insufficient sampling of the CH stretch regions of
the PES.

Ervin et al. observed a NIPES peak at 3#®0 cnt? that
they assigned to the 2- 0 transition of the CP rock mode,
since the — 0 fundamental transition is symmetry forbidden.
Yet, they could not completely exclude the possibility of
symmetry-breaking such that the fundamental transition might

be accessed. However, Stanton and Gauss recently showed vi
extended basis set coupled cluster calculations of an anharmonic

ab initio force field that the 2— 0 transition is likely to be the

correct assignment, assuming temperature effects are unimpor

tant38 There is a nontrivial amount of anharmonicity associated
with this mode, and hence the<2 0 transition energy is far
from twice the 1— 0 energy. Schork and Kpel® extracted a
CH, rock frequency (472 cmi) consistent with the experimen-
tally assigned 2— 0 CH, rock frequency (45Gt 30 cnt?).
Their wave function analysi&indicates that the Cirock mode
involves 2 or 4 quanta. The lowest frequency in our spectrum
of vinylidene (327 cm?; see Figure 4 and Figure 6) is somewhat
lower than the experimental measurement of 3780 cnt?,
but still is suggestive that our AIMD trajectories are also
sampling two quanta of Cprock.

In general, though, we find good to excellent agreement with
the limited experimental frequencies available. Also, our

detachment and those started at the actual isomerization
transition state, lead to a set of interesting observations about
the isomerization mechanism. Figure 2b shows the starting
configurations for all 20 neutral vinylidene trajectories initiated
via electron detachment from the 1440 K anion trajectories. On
the basis of previous studi&33.17.18.6§ye expect those trajec-
tories where the Cprock is activated to isomerize most rapidly.
As can be seen visually in Figure 2b, the trajectorﬁﬁi,
ED_,, and ED; look likely to be reactive, as they exhibit
velocities somewhat akin to those in the £iock.

A more quantitative estimate of which neutral vinylidene
modes are activated after electron detachment is provided by
Mp(t), defined in section Il, as the dominant normal mode at
each timd. Table 4, for the 40 electron detachment trajectories,
summarizes the percentage of time each normal mode is
gominant during the times the molecule is in the vinylidene
ell. Two important factors, available kinetic energy and
activated modes, dictate which trajectories will isomerize. Not

one of the electron detachment trajectories initially thermalized

to 600 K isomerizes, even though the £ck is the dominant
mode (up to 59.5% of the time) during 5 of the 20 trajectories.
The failure to isomerize is due to insufficient instantaneous
kinetic energy in the reaction coordinate. The two trajectories
that did have average kinetic energy above the barrier (5.8 vs
5.6 kcal/mol) had the Cpscissors, not the CDrock, as the
dominant mode.

In those trajectories initially thermalized at 1440 K, we might
expect the majority to isomerize since the average kinetic energy
is significantly above the barrier<3 kcal/mol). The contrast
between mode dominance in the trajectories initially equilibrated
at 1440 K that did, versus did not, isomerize, is striking. In
those that did not isomerize, the €ibck does not dominate,

frequencies provide the best theoretical estimates of the anharwhile the CQ» scissors does. By comparison, those that do

monic frequencies for DECD, D,C=C:, and BC=C" to date.
F. Dynamics Mechanisms. CR Rock Activation. Analysis
of the AIMD trajectories, both those formed via anion electron

isomerize have the CDdock as the dominant mode, even though
the average kinetic energy is nearly identical (8.5 vs 8.2 kcal/
mol) to the nonisomerizing trajectories. In all 1440 K trajec-
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Table 5. Times (fs) along Reactive Electron Detachment Trajectories at which Vinylidene, the TS, and Acetylene AreFormed

no. oscillations/ no. oscillations/ no. oscillations/ no. oscillations/

EDS rangé ED3 range ED3 range ED: range av time
D,CC: 1 2 1 4 0
[D.CCF 30 29-39 134 112-135 61 3799 291 264-295 129
DCCD 59 1 161 1 127 6 322 1 167
[D.CCF 87 77-96 182 186-184 391 383420 347 346-350 252
D.CC: 122 1 208 1 444 1 377 1 288
[D.CCF 155 150-165 233 232-236 486 469-494 412 408-418 322
DCCD 184 1 261 1 526 5 440 2 353
[D.CCF 229 215-266 295 285-302 760 756-887 512 508-515 449
D.CC: 298 1 318 1 935 532 1 521
[D.CCF 347 334-352 353 336-364 554 549-556 418
DCCD 376 1 392 14 571 1 446
[D.CCF 411 399-417 595 591617 503
D.CC: 439 1 634 1 537
[D.CCF 466 460-468 688 662697 577
DCCD 487 1 714 9 601
[D.CCF 515 513-530 847 842-853 681
D.CC: 554 1 871 1 713
[D.CC 580 576-584 896 891900 738
DCCD 604 2 920 1 762
[D.CCJ 676 674-679 953 946-957 815
D.CC: 706 1 978 1 842
[D.CCJ 740 725-746 997-? 740
DCCD 766 1 766
[D.CCJ 804 797838 804
D.CC: 860 2 860
[D.CCJ* 989 972-? 989
no.TS crossed 13 5 4 10
% time CD» rock dominant ~ 50.1 29.4 37.6 28.5

aCqumnsEDf—EDf1 contain estimates, based on visual inspection and similarity to the optimized geometries, of when each type of structure
was passed. Also shown are the number of times the TS was crossed (no. TS crossed) and the percentage of timekhe@i2 dominated
while in the vinylidene well® “no. oscillations/range” refers to two separate cases. If the entry corresponds $6@][@w, then the range of
numbers listed is a rough estimate of when the molecule was in the TS region. Ranges les$53Hartorrespond to a crossing with little or no
chatter. However, if the entry is in the,OC: or DCCD row, it refers to the number of times the molecule passed through the given structure
before crossing over the isomerization barrfekverage time to reach thé recurrence of a given structure. Only those trajectories that passed the

recurrence of the structure within 1 ps are included in the aveF'algeEDf1 (714 fs), the molecule went to a structure that looked like the TS
(732—799), chattered around the TS, and returned to DCCD instead of continuing to recrog3Go Bs expected.

tories, we find that if the CRrock is not strongly activated  modes since the vinylidene normal mode classification does not
(dominant> 25% of the time), isomerization does not occur account for anharmonicity and the sample size is relatively
(at least on the 1 ps time scale). Even though the average kineticsmall.
energy is significantly above the barrier top, 80% of the  Once the CBrock is activated, conventional wisdom has it
trajectories did not isomerize within the first ps, strongly that the time scale for isomerization should be on the order of
suggesting that vinylidene’s lifetime is generally longer than one vibrational period, or~100 fs. A “road map” containing
one ps. the time each configuration (vinylidene, the TS, and acetylene)
Likewise, nearly all the trajectories started at the TS have a is reached during the four isomerizing trajectories is contained
strongly activated CProck mode in the vinylidene well (see in Table 5. Figure 8b provides a more visual representation of
Table 6), which leads to rapid isomerization. Somewhat the trajectories based on the position of the deuteria, as a
surprisingly, the average kinetic energy (6.2 kcal/mol) of these function of time. Taking the-axis parallel to the CC bond axis,
TS trajectories lies between the average kinetic energies of thewe first define D, (see Fig. 8a as thecoordinate of deuterium
600 K (3.7 kcal/mol) and 1440 K~8.2 kcal/mol) electron (D4 or Dy) relative to thez-coordinate of the bridging deuterium
detachment trajectories. When we started the TS trajectories atin the TS. Then, a simple classification of the molecular
the TS geometry, we automatically populated the modes along configuration can be inferred from the produgt,® D, When
the reaction coordinate, thus allowing the vinylidene to isomerize the product is:>0, both C-D bonds point in the same direction
at a lower kinetic temperature on average. In the electron and the species is vinylidene:0, the C-D bonds generally
detachment trajectories, the higher kinetic energy allows more are roughly perpendicular and it is near the TS (dotted line);
of the potential energy surface to be sampled, but often in and <0, the C-D bonds point in opposite directions and it is
regions that do not lead to isomerization. acetylene. In general, this method yields structural assignments
By Comparing the persistence of the other vibrational modes that match the visually observed Configurations to within 10
in the isomerizing and nonisomerizing trajectorieS, itis tempting fs. The visual representation immediately reveals the extensive
to make the generalizations that (i) the £&rissors and the  barrier recrossing observed.
CC stretch are slightly less activated in those trajectories that Formation of Acetylene. Of the four trajectories that
isomerize, in partial agreement with the predictions of Car- isomerized after electron detachment, the time from initial
rington et al}” and (ii) the CD stretches do not affect which activation of the CB rock to formation of acetylene ranged
trajectories isomerize, in opposition to the conjectures of Keifer from 59 to perhaps 322 fs (see Table 5), where formation of
et al'® Care must be taken in the interpretation of the dominant acetylene is defined as the time when the molecule first reached
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Figure 8. (a) D,; is thez-coordinate of deuterium (Dor Dy) relative to thez-coordinate of the bridging deuterium in the transition state (the TS

is 8% displaced from the CC bond midpoint towarg),@vhere thez-axis is parallel to the CC bond axis. (b) The product; DDy, where D;

is defined in a, is plotted as a function of time for the four 1 ps trajectories that isomerized following electron detaE{Dﬁ,eEDé, EDS, EDi).

The product, R, * Dy, provides a simple means to identify the molecular configuration. For vinylidene, where both deuteria are on the same side
of the molecule, B, * Dy, > 0. For the TS, where one of the deuteria will be in the bridging positiap;*, ~ 0 (shown by the dotted line).

For acetylene, where the deuteria are on opposite sides of the molecule, the z-coordinate of the deuterium vectors will have opposite sign, and
hence Q; * Dy, < 0. In general, this method matches the visually observed configurations to within M@tésthe number of recrossings and
significant number of failed isomerization attempts during 1 ps.

the linear acetylene structure. The short time to formation that CD; rock activation is essential to formation of acetylene.
(ED)) is a case where isomerization occurs how one might Table 6 gives a detailed account of the molecular configuration
expect, namely the CDrocks, goes over the TS, and im- as a function of time for the TS-originating trajectories. As noted
mediately forms acetylene. However, our simulations show that below, all of these trajectories exhibit extensive recrossing of
the dynamics is generally not so simple. One of the trajectories the TS. The one exception to GDock activation occurs in
(ED‘Z’) nearly reaches the TS, then turns around and then TS where the molecule stays in the vinylidene well for over
isomerizes on the other side of the=C bond, resulting in a 220 fs before crossing the barrier. Once again, this can be
time to acetylene of 161 fs. Another trajectoy) reaches  explained by the low CProck mode dominance of only 17.9%
the TS and then the D atom vibrates around the TS for aboutand an average kinetic energy for this trajectory of only 5.5
60 fs before going on to acetylene, resulting in a time to kcal/mol.
acetylene of 127 fs. Indeed, all of these reactive trajectories  Since the CD rock is nearly always activated in these TS
exhibit some “chattering” of the D atom around the transition- cases, we can use the total time spent on the vinylidene side of
state region, in which the D atom hovers around the TS betweenthe TS as an upper bound to the time during which the, CD
~ 15-140 fs before moving on. For example, every crossing rock is activated. By calculating the time elapsed from the
of the TS in ED::’, exhibited some chattering, where the time formation of vinylidene to the formation acetylene, using the
spent in the transition-state region is more than 15 fs. Finally, values in Table 6, we obtain a further estimate of the time to
the last reactive trajectoryEpj), has the lowest CProck acetylene after activation of the GDock. In these cases, we
dominance (28.5) and the longest initial time to isomerization find a range of times to reach acetylene of 40 fs to at least 130
(291 fs), further indicating the close correlation between the fs. Likewise, Schork and Kapel® found that activation of the
CD, rock and the vinylidene lifetime. Later in the trajectory CHzrock (2v) and (4)) in vinylidene led to lifetimes of 29 and
(730-800 fs), the acetylene appears to reach the TS, but revertsl25 fs respectively, in agreement with our results. Thus, we
back to acetylene, only to recross 50 fs later. Such motion conclude the CRrock is almost always immediately effective
illustrates well the tremendous complexity of the isomerization at producing acetylene, and direct isomerization by the shortest
dynamics. path often occurs.

Neutral TS Trajectories. In the case of the trajectories G. Violation of Transition-State Theory. The isomerization
originating at the neutral TS, the GDock is almostalways dynamics reported here violates completely the conventional
activated on the vinylidene side of the TS, suggesting again notion that once the TS for a highly exothermic reaction is
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Table 6. Times (fs) along Backward and Forward Trajectories at which Vinylidene, the TS, and Acetylene Are Formed from the Neutral TS
t=0

Tsd TS Tsd 7o Tse Tgd  7gd od Tsd 7% 4y time

[D.CCF 220 220
DCCD 179 198 189
[D.CCF 160 182 171
D,CC: 134 139 137
[D.CCF 91 108 100
DCCD 74 >220 165 152 106 88 71 92 103 106
[D.CCF 52 206 136 111 75 57 47 71 69 92
D,CC: 19 53 79 54 31 23 17 29 85 29 42
[D.CCF 0 0 0 0 0 0 0 0 0 0 0
DCCD 24 44 54 31 27 22 23 19 47 22 31
[D.CCF 94 120 45 37 63 41 67
D,CC: 142 160 84 97 133 73 115
[D.CCF 183 >220 117 151 174 99 145
DCCD 203 149 175 202 121 170
[D.CCF 184 197 143 175
D,CC: 218 >220 169 194
[D.CCF 190 190
DCCD 215 215
no. TS crossed 6 2 2 2 4 8 2 5 3 6 4
% time CD, rock dominant 43.7 28.7 36.3 34.8 68.5 48.0 94.9 324 17.9 46.2 39.5

a Also shown are the number of times the TS was crossed (no. TS crossed) and the percentage of timedble ©8&de dominated while in
the vinylidene well” Average time to reach thi" recurrence of a given structure. Only those trajectories that passetl theurrence of the
structure within 220 fs are included in the average.

traversed, the activated complex is irreversibly converted to is reached by pathways that differ somewhat from each other
products. When one considers energetics only, it is easy tobecause finite temperature fluctuations make the paths deviate
assume that with a small barrier and large exothermicity, the from the Borr-Oppenheimer minimum energy path; this further
reaction should be irreversible. However, we shall argue that increases the likelihood of recrossing by opening up more
the observed irreversibility depends on the time scale on which reaction channels.
the observation is made. We contend that on (sub)picosecond While it is well-known that transition-state theory can fail
time scales, extensive recrossing of the TS occurs. The recrossfor reactions in solutioi® where “solvent friction” can cause
ing times (defined as the time elapsed between when a “product’extensive recrossing (due to, for example, collisions with solvent
has formed and the TS is reached again) in the trajectoriesmolecules), it was not expected to happen here. For gas phase
derived from electron detachment (Table 5) and from the reactions at low pressures, where the thermal energy is
isomerization TS (Table 6) range from 20 to 600 fs aneé-16 comparable to the barrier height (as it is in this case), we claim
200 fs, respectivelyThus we find the recrossing usually occurs extensive recrossings are likely to be the rule rather than the
early and often: in the electron detachment trajectories, all four exception, unless IVR is very effective at dissipating energy
recross at least once in the first 0.4 ps and recresk23times out of the reaction coordinate modes. Thus, transition-state
for trajectories out to 1 ps. In the TS-originating trajectories, theory should be expected to break down for such cases. This
each trajectory recrosses a minimum of 1 and a maximum of 7 occurs despite the large exothermicity, which would lead one
times, during a period of only 0.44 ps! to conclude erroneously that the reaction is irreversible. At
The reason for the recrossing in this system can be sum-higher pressures, or in a “low-friction” liquid solvent, transition-
marized in a simple picture. After the GBock induces passage state theory works well because the excess kinetic energy
over the barrier and formation of acetylene, the acetylene is acquired in the formation of product in an exothermic reaction
highly energized due to the large exothermicity of the reaction. can be dissipated not only by IVR or radiative processes, but
This energy is localized particularly in large amplitude bending also through energy transfer to other molecules via collisions.
motion of the D atom that passed over the TS. This bending In the gas-phase simulation we have explored, these other
motion is so large that the D atom can swing around and recrossprocesses are not occurring or are not possible.
the TS easily. This is immediately apparent in the movie  H. Reconciliation of Lifetimes. AIMD versus CEI and
available at http://www.chem.ucla.edu/carter/movies.html. This NIPES. Eventually the vibrational energy in acetylene should
picture is entirely consistent with the observations of large redistribute itself into nonproductive modes (e.g., into the CC
amplitude bending motions, with minimal intramolecular vi- stretch, etc.) or be lost in fluorescence, as a means of dissipating
brational energy redistribution (IVR), in dispersed fluorescence energy out of the mode associated with the reaction coordinate.
experiments that use lasers to pump energy into acetylene upWhen this happens, the reaction may then be termed irreversible.
to near the isomerization barrigf'>Indeed, Holme and Levisé The original NIPES experiment explored the subpicosecond time
also predicted this type of “orbiting motion” of the hydrogens regime, thus they probably only observed fingt isomerization
in highly excited acetylene in their classical dynamics simula- of vinylidene to acetylene. However, it appears that the time
tions. Thus, it is the easy interconversion of the vinylidene CD scale for irreversible conversion to the more stable product,
rock to the large amplitude DCC bending motion in acetylene acetylene, is likely to be on the order of microseconds or longer,
that leads to the extensive recrossing observed. based on the 3.5s lifetime measured by Vager and co-workers
Although \.Ne often ass_um_e MICToSCopIC reverSIblmy implies (68) Hynes, J. T. Crossing the Transition State in SolutiorSdlent
that recrossing the barrier involves following the same exact gffects and Chemical Reaaty; Tapia, O., Bertran, J., Eds.; Kluwer:
path, this is absolutely not required. Indeed, generally the TS Amsterdam, 1996; pp 231258.
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in their recent CEI experimeff.It is highly likely, based on ensures a smooth potential surface, which is essential for
our evidence of extensive recrossing, that what Vager and co-dynamical studies. While CASSCF molecular dynamics cer-
workers measured was simply the result of millions of ultrafast tainly does not provide a panacea of 1 kcal/mol accuracy (errors
recrossing events by eachH species. In this light, it makes  are more typically a few kcal/mol), the method treats adiabatic,
complete sense that roughly half of the species would still look classical systems well (those without hydrogen) and eliminates
like vinylidene, since the particular configuration of the nuclei the problems posed by CCSD(T) potential surfaces.

at the point of collisional ionization would be rather randomly Second, the quantum dynamics calculations could not address
selected from either side of the barrier. Indeed, we find that the the importance of the barrier recrossing mechanism, since the
four neutral vinylidene trajectories that isomerize and the 10 absorbing potential placed just after the saddle point eliminated
neutral TS trajectories spend at leasB2% (a conservative  the possibility of recrossing. Their model PES is guaranteed to
estimate) and-42%, respectively, of their time in a state best yield an underestimate of the survival probability of vinylidene,
described as vinylidene, in moderate agreement with the 51%since it was assumed that once acetylene was formed, it never
finding of Vager et al. reverted to vinylidene. Our work clearly shows this is not a

Thus, while the initial vinylidene species formed from the good assumption. On the other hand, in defense of quantum
C,H; anion may decay quickly to acetylene on the 100 fs time dynamics, tunneling and zero point effects are naturally ac-
scale, vinylidene is reborn a little while later, over and over counted for.
again, via the multiple recrossings back from acetylene. Both
the NIPES inference of a lifetime on the order of 0.1 ps and IV. Concluding Remarks
the CEl inference of a lifetime beyond 35 can be made
consistent with each other, via a generalized definition of
lifetime: the lifetime of vinylidene involves an initial fast decay
to acetylene, followed by multiple recrossings back to vinylidene
over many orders of magnitude in time, such that vinylidene
not in its “original” state, but vinylidene nonethelessan exist
for much longer than anyone previously suspected. It is clear
that one should not interpret the CEI experiments as if vinylidene
stays localized in its shallow well for 3/s; on the contrary,
the species decays rapidly but just as rapidly recurs, over an
over again. Vager and co-workers indeed suggest that recur-
rences of the vinylidene structure, oscillating between vinylidene
and acetylene, may be responsible for their observatftfis.
Our calculations strongly support that suggestion.

AIMD versus Quantum Wave Packet Dynamics. Our
vinylidene lifetime analysis is qualitatively consistent with a
number of aspects of Schork and fl’'s quantum dynamics
resultst®1® We see an initial limiting time interval where
isomerization does not occur while the atoms are moving to
the transition state, the rapid isomerization of those trajectories
where the CRrock is strongly energized with sufficient kinetic . ;
energy, and the picosecond or longer lifetime of th80% the nature of this reactlor_l. .
remaining vinylidene. However, two limitations of the most ~ Lower bounds on the lifetimes were extracted from NIPES
recent CCSD(T)-derived PES should benoted: (i) although the 8XPeriments to be=0.033 ps and=0.027 for BC=C: and

PES constructed from CCSD(T) was smooth, a second (albeit)HZc:C: respectively, with estimates of subpicosecond lifetimes
shallow minimum was found along the reaction path, which overall. In our simulations, 100% of the 1 ps trajectories initially
Schork and Kppel believe is an artifact; and (ii) the F’>ES is thermalized at 600K and 80% of the 1 ps vinylidene trajectories

truncated with an absorbing potential just beyond the isomer- INitially equilibrated at 1440 K did not isomerize, despite the
ization transition state. The main dynamical consequences of &/€rage kinetic energy being larger than the barrier for the latter
these constraints are that: (i) the artificial extra minimum may Case. Thus, the average igg'ilme is probably longer than 1 ps,
affect the predictions, and most importantly, (i) the dynamics Consistent with theoreticell*®3and Ervin et al.'s experimental
beyond the initial traversal of the transition state, crucial to 0Wer bounds. This makes physical sense, since electron
understanding the measured lifetimes, cannot be considered. détachment does not prepare vinylidene in a structure close to

Finally, regarding consequence (i) above, it has been pointedthat O_f th_e TS, and_ hen_ce some time (ofteh ps) IS requwe_d
out recentljO that the single-reference CCSD(T) method should to redistribute the vibrational energy into the reaction coordinate
in order to cross the saddle point. Once this occurs, primarily

not be used to construct PES’s where bonds break and form, ad o . T ;
the method becomes unstable for severely stretched bonds. A:[hrough excitation of the _C’D ock, isomerization W'd'y follows
deeper artificial extra minimum was also found in single- on the subpicosecond time scale. However, this is not the end

reference MP2 vinylidene-acetylene calculatiéhhis points of ghﬁl story. I|3ue tlo thfgggnt? cgupllnfg ziEN?en the, @"
out the importance of using multireference correlation methods and the acetylene local C¢ end, we find that recrossing occurs
to describe reactions where multiple bonds are broken and multiple times, in violation of conventional transition-state

formed, as is done in the current work. The use of CASSCF theory. ) ) L

By contrast to the subpicosecond to picosecond lifetime
(69) A similar suggestion is made on page 32 of M. P. Jacobson’s Ph.D. estimates from the NIPES experiment, the CEl experiment

gPOGSF;?{h“QZ‘ZZE}]Ctm?e‘tS Institute of Technology, 1999 (http://rwi.Ims.mit.edu/ g, ggested lifetimes for vinylidene at least 6 orders of magnitude
(70) Dunnihg, T H., Jr.: Harding, L. B., during independent lectures at longer—living for as long as microseconds. The CEI experiment

the American Conference on Theoretical Chemistry, June 28, 1999. captured a snapshot 3.5 after the birth of vinylidene and saw

The rich dynamics we observe for the isomerization of
vinylidene to acetylene have both confirmed previous conjec-
tures, such as the importance of the bck to isomerization,
as well as provide startling, suggestive evidence of the
breakdown of transition-state theory due to extensive OBk—
local CCD bend mode coupling. This results in extensive barrier
recrossing, which provides the means to reconcile dramatically
conflicting estimates of the lifetime of the metastable species
OIvinylidene.

Our simple GVB calculation offers an intuitive origin to the
small isomerization barrier: 3fo sp rehybridization of the
carbenoid lone pair. Similar mechanisms likely play a role in
other important rearrangement reactions involving unsaturated
molecules (e.g., carbenes, silylenes, and nitrenes). However, this
work points out the importance of not just considering the
potential energy surface as a means to understand a chemical
reaction; examination of the PES alone would have one conclude
that such an exothermic reaction must be irreversible. However,
because of kinetic energy associated with the vibrational mode
coupling, we arrive at completely different conclusions about
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that roughly half the molecules were “still” vinylidene. We identify reactive events: (i) extra peaks due to the product and/
contend that both the NIPES and CEl measured corrector transition state, (ii) broadening of observed peaks, (iii)) and
lifetimes—the issue is all in the definition of what is meant by disappearance or significant reduction in size of reactant peaks.
lifetime. The NIPES experiment probes subpicosecond decayWhen used together, AIMD and FD provide a powerful tool in
of vinylidene, corresponding to thiast time it traversed the the interpretation and intuitive understanding of the experimental
barrier, while the CEI experiment simply captured the thou- spectra of ultrafast processes.
sandth or millionth recurrence of the original vinylidene, To our knowledge, our analysis provides the best estimate
suggesting a lifetime>3.5 us. If one defines the lifetime as  of the deuterated vinylidene lifetime to date. More precise results
how long vinylidene lives before irreversibly becoming acety- will require prohibitively expensive quantum dynamics on a
lene, the latter microsecond lifetime from CEl is relevant, while nine-dimensional, multireference configuration interaction po-
if one refers to lifetime as the length of time before vinylidene tential energy surface, to account for effects of tunneling, ZPE,
initially converts to acetylene, then the former subpicosecond out-of-plane motion, vibrationalrotational coupling, and 2.8
lifetime from NIPES is appropriate. kcal/mol overestimation of the barrier height. When such
A question arises as to whether the observed multiple accurate calculations become feasible, the current calculations
recrossings are an artifact of the initial high temperature and associated predictions will provide an important point of
equilibration of the anion. However, this only introduces on comparison. These theoretical lifetimes also await comparison
average~2.7 kcal/mol of excess kinetic energy above the barrier with direct measurements, which, e.g., could be provided by
top, not all of which is in the reaction coordinate mode. Once Negative to Neutral to Positive (NeNePo) experiments (also
isomerized to acetylene, even those trajectories with kinetic called charge reversal experiments) like those recently conducted
energy just equal to the barrier height suddenly posses® on Ags.”* Despite its small size and simple structure, vinylidene
kcal/mol kinetic energy. Thus, the additional.7 kcal/mol exhibits complicated dynamical behavior that continues to
represents a small perturbation on the kinetic energy of the challenge our understanding of experiments and conventional
newly formed acetylene. We conclude then that the recrossingtheories.
observed is realistic.
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