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The 584 A photoelectron spectra of rotationally cold C,H, and C,D, were obtained with
improved resolution, permitting the first three electronic states of the ions to be characterized in
greater detail. Temperature-dependent studies led to a definitive assignment of the low intensity
features in the X *I1, state, yielding v, = 837 + 12 cm ™~ for C,H;" and v, = 702 + 12 cm ™! for
C,D," . The v origin of the Renner-Teller multiplet was identified. In the case of C,D;", a Fermi
resonance with this multiplet contributed intensity to the v; mode, facilitating its evaluation at
2572 + 16 cm—*. The C,, geometry of the 4 %4 ¢ state was determined from the two previously
unobserved bending progressions, assigned to v, and vz, and evaluated at 492 + 12 and 605 4- 12
cm~! for C,H;+ and 339 + 12 and 516 + 12 cm ™! for C,D;*, respectively. A more extensive
vibrational progression than previously evident, comprised of irregular spectral features
indicative of nonadiabatic effects, was observed for the B 3" state. Autocorrelation functions
were derived from the spectra for all three electronic states, and the two electronically excited
states exhibit an ultrafast decay on a 10~ ' s time scale. The 4 °4, state decays within one period
of bending vibration, while the B 22} state survives only 14 fs, corresponding to a single period of

symmetric stretching motion.

I. INTRODUCTION

The nonresonant photoionization process associated
with Hel photoelectron spectroscopy typically produces
ions with 0-15 eV internal energies. The electronically and
vibrationally excited ions are subject to relaxation processes.
In cases where ultrafast (10~'* s) nonradiative relaxation
occurs from the initially formed states, the vibrational fine
structure in the photoelectron spectra will become diffuse.
Such photoelectron bands then provide information con-
cerning both the initially formed states and the dynamics of
these states.

The intramolecular dynamics of the acetylene ion and
its deuterated analog might be expected to exhibit character-
istics intermediate between those of very small molecules
and those of larger polyatomics. Because of its intermediate
size, the central question in both the relaxation and decom-
position of the excited-state ion is whether the density of
background vibrational levels and electronic states is suffi-
cient to serve as a quasicontinuum in the intramolecular re-
laxation process. Or, failing this, are there particular door-
way states involved in the decay, determining the relaxation
pathways and rates? We have addressed these questions ex-
perimentally by performing high resolution photoelectron
spectroscopy on supersonic molecular beams of C,H, and
C,D, deriving autocorrelation functions from the spectra.

Through the Heisenberg uncertainty relationship and
under the Born-Oppenheimer approximation, Heller has
shown that the time evolution of the initially formed wave
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packet, described by an autocorrelation function, may be
obtained through an appropriate Fourier transform of the
absorption spectrum.’ This method has been used to obtain
autocorrelation functions from the photoelectron spectra of
N,', HBr*, HCN*, and C,H;" .>® These autocorrelation
functions describe the vibrational wave packet as it propa-
gates on the upper potential energy surface. The usefulness
of this approach in interpreting complex spectra is illustrat-
ed for electronically excited states of HCN* and C,H," . The
correlation functions exhibit rapid decay that is indicative of
a fast intramolecular energy transfer. Caution must be exer-
cised in extracting quantitative results from these experi-
mentally derived correlation functions, however, because
the initially formed wave packet is not a single eigenstate of
the system, but rather a coherent superposition of eigen-
states of all ionic states accessible with the irradiating pho-
tons.* Although this prevents the correlation function from
being rigorously quantitative, the time scale of the nonradia-
tive decay will be manifested in the experimentally derived
correlation functions.

Numerous investigations of the spectroscopy, photoion-
ization, and subsequent behavior of the acetylene ion in each
of the three electronic states accessible with Hel (21.218 V)
photons have resulted in a partially characterized ground
21, electronic state and less complete descriptions of the
excited 4 >3 and B 23" states. (Here the traditional term
symbols, applied under an assumed D, symmetry, are used
to represent the electronic states.) Early photoelectron spec-
troscopy studies by Baker and Turner revealed a very short
progression in the v,, predominantly C—C stretching, mode
of the ground 211, state.® A complex band was reported for
the first excited >Z;" state, and a vibrational assignment of
the spectra, as combination bands of the v, and v, modes,
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was proposed for C,D;" only. The second excited 23} state
of each ion exhibited vibrational structure also assigned as
combinations of the v, and v, modes. More recently reported
photoelectron spectra have not provided additional informa-
tion about the vibrational fine structure in the excited elec-
tronic states.>” Dehmer and Dehmer’ reported a spectrum
of the ground state of C,H;* , which manifested low intensity
features in addition to the previously observed v, progres-
sion, and attributed these to unspecified v, and vs Renner—
Teller active bending modes.

Photoionization efficiency curves for C,H;" and the
fragment ions from C H2 have been reported over the 400—
1100® and 600-1000 A® regions. For the parent-ion curve,
two broad maxima centered at 930 and 810 A with some
additional structure are observed below the second ioniza-
tion threshold and are assigned to autoionizing states of
acetylene. The photoionization threshold for C,H* forma-
tion was reported by Dibeler, Walker, and McCulloh at
17.36 4+ 0.01 eV, placing it approximately 1.0 eV above the
adiabatic ionization potential for the 4 >Z;" state and about
0.5 eV greater than the value determined for the thermoche-
mical threshold.'® Two more recent studies of the C,H™
photoionization threshold, however, report a low intensity
onset in C,H™* formation occurring at 16.79 £ 0.03 eV, fol-
lowed by a large increase in formation at 17.36 eV.*!! Al-
though these latter studies have resolved the discrepancy
between values for the thermochemical and photoionization
appearance potentials, they do not explain the delay of 0.5
eV before an appreciable amount of C,H™ is formed, and the
value for the thermochemical appearance potential itself
may contain substantial error. The appearance potentials of

+ (19.4 eV) and CH* (20.7 eV) fall above threshold for
the B 23 state. At a photon energy of 21.218 eV, however,
the predominant ions formed (>98%) are C;H;* and
C,H+*?®

The subsequent behavior of excited state C,H;" has
been investigated by photoelectron-photoion and photo-
electron—photon coincidence methods as well as by several
theoretical approaches. Both coincidence studies employed
21.218 eV photons. The photoelectron—photoion study re-
vealed formation of C,H™ from levels of the 4 23 state
above 17.3 eV, but no C,H™ below this energy, in agreement
with the earliest PIE work.'? At 17.6 eV anomalous peak
shapes suggested a reappearance of the parent ion from the
A 23t state and incomplete predissociation of this state.
Yet no C,H;t A — X emission was detected in the photo-
electron-photon coincidence measurement.'® Quasiequili-
brium theory (QET) calculations indicated that the elec-
tronic excitation energy of the acetylene ion is generally, but
not completely, randomized.'* The 4 23 state relaxation
does not, therefore, occur through complete internal conver-
sion or through radiative decay to the X 2II,, state.

Beginning with C, and introducing a single proton to
obtain multiplicity, spins, and symmetries, Fiquet-Fayard
utilized known correlation rules and energetics to determine
asymptotic limits (in parentheses) for the X 21, (°I1,) and
A?Z; ('3;) states.' She noted that the 2% potential
energy surface could cross with a repulsive 423_ surface, but
that the energetics probably prevented a surface crossing.

3023

Her calculations placed the “Z,~ surface completely below
the 23" surface, thereby eliminating this predissociation
mechanism and leaving no mechanism for the relaxation of
the 4 >, state. The B 23} state, on the other hand, does
have a curve crossing with a repulsive *Il, state. Complete
predissociation was predicted to occur from the B3} state
via spin-orbit coupling to the *II,, state.

Rosmus, Botschwina, and Maier have demonstrated
with ab initio self-consistent field (SCF) and pseudonatural
orbital-coupled electron pair approximation (PNO-CEPA)
calculations that a unimolecular arrangement of the C,H;"

A3} state to the 4 24, state of H,CC* (vinylidenic struc-
ture) may contribute to the nonradiative decay.'® Their cal-
culations indicate that the v, (7, ) bending mode initiates a
reaction pathway with virtually no energy barrier, leading to
the B 2B, state of H,C;" (vinylidenic structure). This path-
way avoids a curve crossing with the A 24, state of the viny-
lidene ion, giving rise to the possibility for further decay.
Their results also verify that the repulsive ‘=, C,H;* state
lies completely below the 22" state, but is positioned for
possible interaction with the more accessible vinylidenic
states.

In this work Her (21.218 eV) photoelectron spectra
were obtained from supersonic molecular beams of C,H,
and C,D,. Rotationaily cold samples and improved resolu-
tion have elucidated additional structure in the spectra of
each of the three electronic states. Refined or previously un-
measured spectroscopic constants are reported and the ap-
plicability of the normal mode description is discussed. Cor-
relation functions are derived for each isotope and ultrafast
decay mechanisms are observed for the two excited elec-
tronic states of each species. Section II of this paper contains
the details of the experiment. An abbreviated derivation and
the method for calculating the autocorrelation functions
from the experimental data are presented in Sec. III. The
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FIG. 1. The He1 (584 &) photoelectron spectra of C,H, (A) and C,D, (B).
The states are labeled with an assumed D_, symmetry.
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spectroscopy and intramolecular dynamics of C,H;" and
C,D;" are presented and discussed in detail in Sec. IV. The
principal conclusions are summarized in Sec. V.

Il. EXPERIMENTAL

The complete photoelectron spectra of acetylene and
dideuterated acetylene, displayed in Fig. 1, were obtained
with a resolution of 12 meV FWHM, as measured for
Ar P, ,,. The molecular beam photoelectron spectrometer,
consisting of a 90° spherical sector prefilter, a 180° hemisphe-
rical analyzer, associated electron optics, and multichannel
detection, has been described in detail.!” The electrons are
collected at a 90° angle with respect to the incident photon
beam and the supersonic molecular beam and the intensity is
uncorrected for angular distribution effects. Acetylene £
values for Hel photons are available for the X 2II, and
423} states and are 1 and 0.3, respectively,’® yielding a
1.16:1.0 preference for collection of 2.+ electrons to *II,,
electrons for the nonpolarized radiation employed here. No
B value was found in the literature for the B 23 state.

Acetylene of 99.6% purity was obtained from Mathe-
son. It was passed through a dry ice/ethanol trap at 900 Torr
and expanded through a 70 um diam nozzle at room tem-
perature. The molecular beam was characterized with 584 A
photoionization and a quadrupole mass filter (Extranuclear
Laboratories). Under these conditions the presence of < 1%
clusters was observed. Additional photoelectron spectra
were taken at nozzle temperatures of — 62, 120, and 360 °C,
in order to identify hot band contributions. Spectra obtained
with harder beam expansion conditions (1600 Torr neat
acetylene and 1600 Torr 2% acetylene seeded in helium)
provided no additional line narrowing.

The deuterated acetylene was prepared by addition of
D,0 (99.8% purity Aldrich) under vacuum to calcium car-
bide (80% purity Alfa products). Impurities were removed
by passing the C,D, through a dry ice/ethanol trap before it
was expanded at a stagnation pressure of 500 Torr through a
70 um diam nozzle at room temperature.

The complete photoelectron spectrum of each isotopic
species was obtained as four sequential scans of the electron
kinetic energy. Each scan was preceded and immediately
followed by an argon calibration scan. In order to improve
the statistics, four complete spectra of C,H, were obtained
and summed. The scan width was determined by measuring
the voltage of the power supply controlling the kinetic ener-
gy with a computer-interfaced precision digital voltmeter
(Dana 5900) at four points during the scan. The linearity of
the kinetic energy scale was determined by obtaining the N,*
photoelectron spectrum and comparing the N;* X 2}
(v =0)and B 23+ (v = 0) splitting with the accurate liter-
ature value (3.16981 eV) obtained from optical emission
spectroscopy.’® At higher kinetic energies, the linearity of
the energy scale was determined from photoelectron spectra
obtained from xenon and argon. The ionization potentials of
these rare gases (Ar 2P,,, = 15.759 75 eV and Xe °P,,,

= 12.130 00 eV ) have been accurately determined from op-
tical spectroscopy.”’ The molecular beam photoelectron
spectrometer maintains an energy scale linear to within
+ 0.001 eV over this entire energy range.

Reutt ef a/. : Femtosecond dynamics of C,H;

An additional source of error resulted from a drift in the
energy scale of <0.002 eV over a 2 h period. This was attri-
buted to C,H,- and C,D,-induced modification of the sur-
face potentials in the photoelectron spectrometer. This error
was minimized by limiting individual scan lengths to 2 h and
frequently recalibrating the energy scale with rare gases. The
systematic error arising from the small nonlinearity and drift
in the energy scale limits the accuracy of the absolute values
of the reported ionization potentials to + 0.005 eV. Other
spectroscopic constants are obtained from line splittings,
thereby reducing the systematic error, and may be reported
to higher accuracies.

Hll. THE CORRELATION FUNCTION

Correlation functions determined from photoelectron
spectra allow one to infer intramolecular dynamics of molec-
ularions on an ultrafast (femtosecond) time scale. A variety
of unimolecular decay processes such as direct dissociation,
predissociation, nonradiative transitions, and fluorescence,
are available to excited state ions and of these the first three
processes tend to occur on time scales commensurate with
the correlation function. Although it would be preferable to
have real-time femtosecond measurements of the decay of a
single prepared eigenstate of the excited state ion, this is not
experimentally feasible. Through autocorrelation functions
one can extract qualitative, albeit limited, information about
dynamics on a femtosecond time scale. Meaningful interpre-
tations of the correlation functions, however, require com-
plementary information available from theoretical calcula-
tions of the initial and nearby interacting potential energy
surfaces, as well as experimentally determined details of the
photofragments and fluorescence produced from the initial-
ly formed electronic state.

The time scale for which the correlation function is reli-
able is determined by both the instrumental resolution, typi-
cally 11-12 meV for our apparatus as measured with argon,
and the ability to deconvolute the instrument response func-
tion to provide an effective resolution. In the present experi-
ment, an effective resolution of 3 meV leads to a time win-
dow of greater than 200 fs. Within this window, the time
resolution is determined by the width of the photoelectron
band of interest. A typical width of 1 eV corresponds to a
resolution of a fraction of a femtosecond.

The correlation function can be expressed as

C(r) = (s [¢(D)], (1

where C(t) is the probability amplitude at time ¢ that the
system remains in the initially prepared system and ¢ is the
nuclear wave function of the wave packet produced on the
upper potential energy surface. This can be extracted from
the photoelectron spectrum from the following argument,
which has been previously applied to the analysis of the eth-
ylene photoelectron spectrum.? The form for the photoioni-
zation cross section within the strict Franck—-Condon ap-
proximation is given by?!

o(E) <M, (R.EY|(¢" ¥, (2)
where M_; (R,E) is the pure electronic transition moment, a

function of the nuclear coordinates (R) and the electrons’
kinetic energies (E), and ¥” and ¢’ are the initial- and final-
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state vibrational wave functions. The electronic transition
moment is not expected to vary significantly over the photo-
electron band and a constant value is therefore employed. By
applying the completeness relation to the set of eigenstates
¥" of a molecular Hamiltonian and invoking the analytical
expression for the Dirac & function it has been shown? that
the form of the cross section becomes

U(E) o (1/2#)f meiEt/ﬁ<¢n|e_iEz/ﬁ|¢n) dr. (3)

In this expression ¢” is identified as the initial nuclear wave
function, ¢(0), and e ~ ‘E*/#|¢y" as ¢ (¢). Making these substi-
tutions results in

+ o
$(E) « (1/21r)f SE(B(0) |4 (1)) d. 4)

Finally, by a Fourier transform of the cross section one ob-
tains

+ oo
C(1) = [($(0) (D) < f o(E)e—BMdE,  (5)

In order to evaluate the correlation function, we need first to
determine o(E) from the quantity 7( E), intensity vs energy,
which we measure. This is achieved by deconvoluting the
instrument response function, which we determine from the
photoelectron spectrum of a rare gas at a kinetic energy com-
parable to the band of interest. In this experiment the
Ar *P, , line was used exclusively.

The ground *I1, state of C,H;* and C,D;" possesses a
small spin-orbit splitting, which introduces an oscillatory
factor in the correlation function. This effect is removed by
dividing the correlation function by |cos(€)t /2#)|, as sug-
gested by Lorquet, Lorquet, Delwiche, and Hubin-Frans-
kin.” A value of 4 meV (32 cm™!) was selected for 0, the
spin-orbit splitting, because it was comparable to the esti-
mated value®* of 50 cm ~* and provided an overall monoton-
ic behavior for the ground state correlation function. The 50
cm ™' value appears to be too high, since it creates greater
than unity values for the correlation function at longer
times. To ensure a pure vibrational correlation function, we
have also found it necessary to convolute the instrument re-
sponse with a narrow Gaussian to account for a residual
rotational temperature present in the sample following the
supersonic expansion. A Gaussian of 2 meV FWHM was
determined from the X ?II, state by optimizing the correla-
tion function to maintain an overall monotonic slope.

The correlation functions for the X, 4, and B states of
C,H," and C,D;" were determined by the following meth-
od. Each photoelectron band was isolated and the empirical-
ly determined background, plus any constant background,
was removed. The resulting band was normalized, yielding
I(E), and then transformed using a discreet fast Fourier
transform. The combined effect of the instrument response
function and residual rotational broadening was then re-
moved. This was achieved by dividing the product of sepa-
rate fast Fourier transforms of the normalized argon spec-
trum {designated /,, (E)] and a normalized Gaussian of 2
meV FWHM {designated g(E)] into the Fourier trans-
formed photoelectron band. The modulus of the quotient
was then evaluated, resulting in the autocorrelation func-
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FIG. 2. Normal modes of vibration of an X,Y, molecule in the trans-bent
C,,, linear D_,, and cis-bent C,, configurations.

tion. For the X 2I1, state only, the final correction for the
spin-orbit splitting was then applied. The procedure is sum-
marized below:

C™(1) = I(E)e~"®"*dE /

1 e
|cos (2t /24) | U_ w
+ o
[ I, (E)e B/"dE x

+ oo

g(E)e~ =/*dE ] ' :

(6)

Several effects arising from the coherent distribution of
states present in the initially formed wave packet contribute
to the appearance of the correlation function. In addition to
the dynamical processes of interest there are effects due to
vibrational anharmonicity and to the phase relationship
between the oscillators in a multimode system. The net effect
of vibrational anharmonicity is to damp the correlation
function, by creating a phase randomization at longer times.
Since most physical systems contain a measurable degree of
anharmonicity, the experimental correlation functions will
display such damping. For example, the X 2.+, 4 *I1,,, and
B23 7 states of N;* exhibit anharmonicities of 16.10, 15.02,
and 23.18 cm ™!, respectively,?* and maintain correlations in
excess of 0.85 at times greater than 100 fs.2 This provides a
reference for the magnitude of correlation losses due to an-
harmonicity.

The presence of more than one mode produces a more
complex effect on the correlation function. A beat pattern
will be introduced by the relative phases of the modes of
vibration. The structure of this beat pattern will be deter-
mined both by the relative frequencies of the vibrations and
by the relative population of the modes. The time scale on
which the beat pattern and associated damping occurs must
not be mistaken for the time scale on which the dynamical
processes of interest occur.

- ™
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TABLE I. Spectroscopic constants for C,H;* and C,D;*.

Reutt et al. : Femtosecond dynamics of C,H;

Adiabatic 1.P. Vibrational frequencies (cm ™)
State (eV) v, vy Vs vy Vs
CH;
X,
This work 11.403(5) 1829.0(2.5)* 837(12)
Ref. 7 11.406(5) 1807
Ref. 6 11.43
Ref. 5 11.40 1830
Ref. 10 11.402(5)
44,
This work 16.297(5) 2530(20) 1730(20) 492(12) 605(12)
Ref. 6 16.76
Ref. 5 16.36
B3y
This work 18.391(5) 1815(20) 2500(20)
Ref. 6 18.71
Ref. 5 18.38 1900 2510
c,D;
xum,
This work 11.405(5) 2572(16) 1651(4)® 702(12)
Ref. § 11.40 1610
Ref. 10 11.408(5)
au,
This work 16.351(5) 2280(20) 1450(20) 339(12) 516(12)
Ref. 5 16.53 2500 1370
B3y
This work 18.427(5) 1475(20) 2275(20)
Ref. § 18.44 1420 2290

*w,x, =60+ 08cm™".
bw,x, =5.6+08cm™".

The consequence of the vibrational anharmonicity and
beat pattern is that the slope of In{[C(#) ]} cannot exactly
measure the nonradiative decay time. In the case of ultrafast
decay, however, the extensive loss of correlation will be rec-
ognizable beyond any smaller losses originating from the
composition of the Franck—Condon ensemble itself. A sig-
nificant loss of correlation can thus be related to dynamical
processes, and can yield time scales on which those processes
occur.

IV. RESULTS AND DISCUSSION

Results for the first three electronic states of C,H;" and
C,D;" are discussed separately below. The vibrational nor-
mal modes of an X,Y, molecule are illustrated in Fig. 2.
Table I presents a summary of our measured spectroscopic
constants, together with those previously available in the
literature.

A. X 2I], state

Spectra of the ground electronic state of C,H;" and
C,D;* taken at 297 K are displayed in Fig. 3. The X 11, v,
progression is described by vibrational and anharmonicity
constants of v, = 1829.0 4 2.5 cm ™' and w,x, = 6.0 + 0.8
cm™! for C;H;t and v,=1651+4 cm™! and w,.x,
=35.6+0.8 cm™! for C,D,". These constants were ob-
tained through a linear regression of the centroids of the four

principal peaks, which are averages of the unresolved spin-
orbit split states. Linewidths of 16 meV FWHM indicate a
spin-orbit splitting of 32 + 8 cm ™!, and correction for this
spin-orbit splitting leads to adiabatic thresholds of
11.403(5) eV for C,H;" and 11.405(5) eV for C,D,". [Er-
rors are reported parenthetically, in units of the last digit;
i.e., 11.403(5) eV corresponds to 11.403 + 0.005 eV.]

The lower intensity features of the ground state, labeled
a—c, were examined as functions of temperature in order to
assess the hot-band contributions. Only the features labeled
a, appearing as high ionization potential shoulders on the
main v, progression, result solely from hot band contribu-
tions. These features are shifted up in energy by 0.031(3)
and 0.028(3) eV from the principal peaks of the C,H," and
C,D," spectra, respectively. This indicates the hot mode is
of a higher frequency in the ion than in the neutral molecule.
The features designated c, occurring at 0.207(2) and
0.174(2) eV higher binding energies than the {0v,000] lev-
elsof C,H," and C,D;", respectively, are too low in frequen-
¢y to correspond to stretching modes and must be attributed
to two quanta of bending excitation. (Here [0v,000] refers
to peaks originating from the transtition 0v,000 «— 00000.)
This yields bending frequencies of 837(12) cm ™! for C,H;*
and 702(12) cm~! for C,D;". These bending frequencies
are each 226 cm ™! (28 meV) higher than the neutral mole-
cule’s v, mode, identifying the spectral hot features, a, as
[0v,010] « [00010] transitions. Since the v, mode is
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FIG. 3. The X 2II, state photoelectron bands of C;H, (A) and C,D, (B).
The features labeled “a” arise from hot band contributions. A Renner-Tell-
er multiplet is assigned to feature “b.” Two quanta of v, vibration in combi-
nation with the v, mode appear as feature “c.”

prominent in the cold spectra in units of two quanta only,
this mode does not couple strongly to the 2II, electronic
state and undergo an appreciable Renner—Teller type distor-
tion.

The multiplet features labeled b, present in combination
with the v, progression are assigned to a Renner—Teller mul-
tiplet arising from interaction of the remaining doubly de-
generate cis bending mode v and the 21, electronic state.
The Renner—Teller interaction of a singlet II state for linear
X,Y, molecules has been treated theoretically by Petelin and
Kiselev.2* They give the following form for the vibronic lev-
els of the molecule with one quantum of v bending excita-
tion:

G(v,0) =ws[1 — (1/8)&; + (1/2)6;] (s + 1)

+a,[1— (1/4)€ ] (N
when K =0 and
Gw.K) =ws[(vs+ 1)] — (1/8)6K(K + 1)
+a,[1— (1/4)€} ] (8)

when K #£0 and v = K — 1. Here €, and ¢, are the Renner-
Teller constants for the v, and v modes, respectively. In the
present case, spin-orbit interactions should cause a further
shifting and splitting of the three vibronic levels described
above for the singlet state with one quantum of bending exci-
tation. Because we can resolve only three spectral features,
however, the magnitude of the effects due to spin-orbit cou-
pling are apparently smaller than those due to the Renner—
Teller interaction. Spectra of much higher resolution (<1
cm ') would be necessary to evaluate €,, €,, and w5 accu-
rately.

In the spectrum of C,D;", a more intense feature ap-
pears on top of the Renner-Teller multiplets in combination
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FIG. 4. The correlation functions calculated for the X 2I1, state of C,H;
(A) and C,D;* (B).

with the v, stretch. The Petelin—Kiselev model for Renner—
Teller interaction does not include further complications
due to Fermi resonances. The C,D," features at ionization
potentials of 11.724(5), 11.925(5), and 12.125(5) eV are
proposed to originate from the v, stretch, here evaluated at
2572(16) cm™". The unexpected enhancement of intensity
may arise from interaction with the isoenergetic multiplet.

Correlation functions for the ground state of each ion
are given in Fig. 4. In both cases substantial correlation is
retained at longer times, indicative of the bound and stable
electronic state. After one v, vibrational period, 18.2 fs for
C,H;" and 20.2 fs for C,D;", the correlation functions reach
reduced values of 0.88 and 0.84, respectively. This initial loss
is due to the dephasing of the high and low frequency oscilla-
tors comprising the wave packet. This phase relationship is
responsible for weakly modulating the correlation function,
and together with the vibrational anharmonicity serves to
damp the correlation at longer times.

Itis interesting to note that although the isotopic species
possess similar anharmonicities and the heavier species is
associated with longer periods, the correlation function for
C,D;" decays more quickly. Several factors may contribute
to this effect. One is that the proposed Fermi resonance for
C,D;" may more effectively mix the near resonant modes,
creating a phase randomization and loss of correlation. A
second is that the vibrational wave packet for the heavier
species is contracted in some dimensions of phase space and
in the time-dependent picture ¢ (0) becomes a smaller target
for the grazing incidence of ¢(¢).?* A third is that the trajec-
tory of the wave packet will be modified by the isotope effect,
again influencing the incidence of ¢(0) and ¢(z). The ex-
perimental autocorrelation functions unfortunately cannot
distinguish among these three effects.

B.A 74, state

The isolated spectra of the first electronically excited
state of C,H;* and C,D;* are presented in Fig. 5. Two
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FIG. 5. The 4 4, state photoelectron bands of C,H, (A) and C,D, (B).
Here v, and v, refer to the principal vibrational progressions in those nor-
mal modes, originating from the [00000] level. The appearance potential
(A.P.) for C,H™ is indicated by a double arrow, designating both the low
intensity threshold reported in Ref. 11 and the more intense step in ion yield
at 17.36 eV. The appearance potential for C,D™ is obtained from Ref. 9.

strongly excited low frequency bending progressions indi-
cate a nonlinear equilibrium geometry for this state. Tem-
perature-dependent studies of C,H," revealed dominant hot
band contributions from v,, the trans-bending mode. A C,,
geometry is assigned to the 4 23" state on the basis of
Franck—Condon considerations. The term symbol appropri-
ate for this electronic state under C,, symmetry is ’4,, rath-
er than the traditional >Z,;" applied under an assumed D,
symmetry. The 4 ’4, term symbol will be adopted for this
discussion.

An accurate evaluation of the adiabatic ionization po-
tential is hindered by the negligible Franck—Condon overlap
for the [00000] « [00000] transition. Small peaks occur-
ring at 16.297(5) eV for C,H," and 16.351(5) for C,D," are
assigned to the adiabatic transitions, because no peaks com-
prising the progressions are observed at lower binding ener-
gies on a semilogarithmic scale. The 54 meV difference in
adiabatic ionization potential between the two isotopic spe-
cies is attributed to zero point energy differences. Another
possibility, however, is that the true adiabatic transition is
too weak to be detected by this experiment. The presently
reported values may be conservatively regarded as upper
bounds on the adiabatic ionization potentials for the 4 24 <
state.

In the threshold region the vibrational levels are suffi-
ciently resolved to distinguish two low frequency progres-
sions. The more intense progression is assigned to v,, which
possesses the larger Franck-Condon overlap for a C,
<~ D_, change in geometry. The frequency of this mode is
492(12) cm ™! for C,H;" and 339(12) cm ™' for C,D;" . The
remaining low frequency mode is tentatively assigned to vs,
an in-plane cis bend. The frequency of vs; is thereby given as

Reutt et al. : Femtosecond dynamics of C,H;

605(12) cm ™! for C,H," and 516(12) cm~ ! for C,D," . The
other possible assignment, v, is an out-of-plane cis bend,
which would presumably be of lower intensity.

_The vibrational manifold becomes extremely dense for
the 4 %4 ¢ Stateions with vibrational internal energies greater
than 0.20 eV. This is partially due to the onset of combina-
tion levels involving v, and vs5 and the two symmetry-al-
lowed high frequency stretches, v, and v,. Poor Franck—
Condon overlaps for [0v,000] «— [00000] and
[v,0000] <« [00000] transitions make it difficult to evalu-
ate the pure v, and v, frequencies accurately.

In order to determine v, and v,, therefore, a simulation
of the vibrational manifold of this photoelectron band was
performed for each ion. This was accomplished by first sim-
ulating the threshold region of each spectrum with two low
frequency progressions. The energies and relative intensities
of the vibrational levels were obtained from the recorded
spectra. Twelve meV Gaussians, corresponding to the in-
strumental resolution, were then convoluted with the stick
spectra. Energies and intensities were adjusted to optimize
the simulation of the recorded spectra in the threshold re-
gion. The high frequency modes were then combined with
the low frequency mode progressions, without altering the
relative intensity patterns of the low frequency modes. The
v, and v, frequencies were adjusted, assuming v, > v,, to
generate a band shape comparable to the measured photo-
electron bands. By this procedure v, and v, for C;H," were
evaluated at 2530(20) and 1730(20) cm™', respectively.
For C,D;* v, and v, were found to be 2280(20) and
1450(20) cm ™, respectively.

The simulated spectra display the general band shapes
of the recorded spectra, as shown for each ion in Fig. 6. The
intensity variations are largely credited to the assumptions
used to assign peak intensities. Although the general band

INTENSITY

18.0 1 7‘.5 1 7l.O 16.5
IONIZATION POTENTIAL (eV)

FIG. 6. A simulation of the vibrational mani_{old (line) is compared to the
recorded photoelectron band (dots) for the A 24, state of C,H,;* (A) and
C,D;+ (B).
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FIG. 7. The correlation functions derived for the 4 24 ¢ state of each species
exhibits rapid decay, as indicated by the slope of In{[C(#) ]2} shown for
C,H;" (A) and C,D;* (B).

contours are similar, however, the density of states and
linewidths are signficantly greater in the experimental spec-
tra. The simple normal mode model appears to describe the
complex photoelectron band inadequately. Even the vibra-
tional levels near the bottom of the potential well are broad-
ened significantly beyond the instrumental resolution. Spec-
tra taken with a nozzle temperature of — 62 °C show that
this is not simply due to thermal broadening. Such line
broadening and level density effects may be related to the
stability of the 4 24, state.

The complex photoelectron band for the 4 4, state, the
Cyn < D, change in geometry, the absence of any detect-
able 4 — X emission, and the delay of 0.5 eV above thermo-
chemical threshold before appreciable C,H™ is formed sug-
gest very interesting dynamics for the 4 %4 ¢ State relaxation.
The correlation functions exhibit an ultrafast decay, which
has not been amenable to measurement by other methods. In
order to ensure that the presence of hot bending modes in the
spectrum did not appreciably alter the correlation functions,
these functions were also determined for the acetylene spec-
trum taken at 120 °C and for the room temperature spectrum
with an assumed Boltzmann distribution subtracted. The
hot bands did not affect the results significantly.

Because the low frequency modes are heavily populated
in the transition to the trans-bent state, a pronounced de-
phasing is evident in the correlation function at shorter times
for each isotopic species. Following this initial dephasing, a
correlation of 0.145 is achieved for C,H;" at 13 fsand 0.12 is
achieved for C,D," at 25 fs. Subsequent to the initial dephas-
ing, the decay may be evaluated qualitatively from the slope
of In{[C(#)1?}, which is shown for each ion in Fig. 7. The
decay time for each ion (51 fs for C,H;* and 52 fs for C,D;")
is within one period of low frequency bending motion. No
strong isotope effect is manifested beyond the deeper minima
of the correlation function for the deuterated species. The
A %4, state relaxation therefore occurs on a 10~ s time
scale

The correlation functions indicate the importance of the
low frequency bending modes in the relaxation of the first
electronically excited state. The photoelectron spectra had
shown that these modes are populated extensively in combi-
nation with other symmetric stretching modes. The present
results support the calculations of Rosmus, Botschwina, and
Maier. Both the trans-bent geometry of this state and the
strongly excited bending modes can initiate their proposed
rearrangement to the 4 24 ¢ vinylidenic state. The autocorre-
lation functions further suggest that this relaxation pathway
is irreversible, occurring in less than one period of bending
motion.

C.B 23} state

The principal peaks of the B 22} state vibrational pro-
gressions were first observed and assigned by Baker and
Turner.’ For this electronic state v, >v,, as a result of the
C—C antibonding and C-H bonding character of the 2o,
electron removed. The spectra presented in Fig. 8 exhibit
more extensive vibrational progressions than were previous-
ly evident. Closer inspection of the individual levels, particu-
larly the well isolated lower ionization potential features,
reveals lines of very irregular profiles. Such peaks are inad-
equately described as single vibrational levels. The absence
of any low frequency modes in the spectra indicates a linear
geometry, which in turn signifies very small rotational con-
stants for this state. The broad asymmetric peak shapes of
the “vibrational” lines cannot, therefore, result from a rota-
tional distribution. The temperature insensitivity of these
features corroborates this conclusion. By ignoring the line
profiles and evaluating the vibrational frequencies from the
spacings between peak centroids, we arrive at frequencies of
v, = 1815(20) cm™! and v, = 2500(20) cm~! for C,H;*
and v, = 1475(20) cm™! and v, =2275(20) cm™! for
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FIG. 8. The B2} state photoelectron bands of C,H;* (A) and C,D;*
(B). The vibrational levels are determined from peak centroids.
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FIG. 9. The decay of the correlation functions derived from the B 3+ state
of each species is demonstrated by the slope of In{[C(¢) ]?} for C,H;" (A)
and C,D;* (B).
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C,D;" . Despite the irregular profiles of the individual peaks
the levels follow a reasonably harmonic progression.

A comparison of the C,H;* and C,D;* B23} photo-
electron spectra reveals their pronounced differences in
band contours and vibronic line shapes. These differences do
not result primarily from a variation in the initially prepared
ensemble of states, but from the subsequent behavior of the
two ensembles. The erratic line shapes and the magnitude of
the splitting of the C,H," [00000] and [01000] levels sug-
gests that a vibronic coupling mechanism is operative. The
large isotope effect demonstrates the strength of this vi-
bronic perturbation, which is determined by the nuclear ki-
netic energy operators coupling the B 2=} state vibronic
levels to those of a nearby potential energy surface. Koppel,
Domcke, and Cederbaum have theoretically treated the cou-
pling of two potential energy surfaces for molecular ions by
multimode vibronic interaction.?® Using the 4 and X states
of C,H," as an example, they demonstrate that two surfaces
can couple with sufficient strength to obviate an application
of the Born—-Oppenheimer approximation. This coupling
can lead to a splitting and shifting of spectral features, result-
ing in a dense and irregular photoelectron band. In the case
of C,H;* and C,D;*, the B 23 surface may couple to the
nearby 4 24 ¢ surface. Energy proximity is not a prerequisite
to multimode vibronic coupling,?® however, and a vibronic
coupling to the ground state potential energy surface must
also be considered.

The correlation functions for the B 22} state of each
ion were evaluated. Following the initial wave packet de-
phasing, reduced maxima are reached for C,H;* (0.35at 13
fs) and C,D," (0.12 at 15 fs). The C,H;" correlation func-
tion continues to decay rapidly, as demonstrated by the slope
of In{[C(#) ]?}, presented in Fig. 9 for each ion. The slope of
In{[C(£)]1?} yields a decay time of 14 fs for this state of
C,H;t. This 14 fs decay time indicates that relaxation is oc-
curring on the order of a single period of symmetric stretch-
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ing motion. The correlation function for C,D," exhibits the
same relaxation behavior, but at shorter time a complex
beating pattern reduces the value to 0.12, preventing an eval-
uation of the decay time from the slope of this species.

Two ultrafast decay mechanisms may be suggested for
the B 23 state. One is through a spin-orbit coupling to the
repulsive “Il, state, as originally suggested by Fiquet-
Fayard. Another, as discussed above, is through a vibronic
coupling to a lower potential energy surface (4 ’4, or

X ?I1,,). The spectroscopic differences that dlstlngulsh the
C,H;" and C,D;* photoelectron bands indicate that the lat-
ter mechanism is more important. The spin-orbit coupling
cannot account for the erratic vibronic line shapes and the
pronounced isotope effect. A definitive interpretation of the
relaxation of this state warrants a theoretical treatment.

V. CONCLUSION

Rotationally cold photoelectron spectra of C,H, and
C,D, of improved resolution have allowed each of the three
electronic states accessible with Hel radiation to be charac-
terized in greater detail. For the X *II, state the v, bending
vibration was evaluated and the v, origin of the Renner—
Teller was identified. Enhanced intensity of the Renner—
Teller multiplet in combination with v, for C,D;” may be
explained by a Fermi resonance with the v, stretch. The
trans-bent geometry of the A zAg state could be determined
from the previously unobserved low frequency v, and v,
vibrational progressions, and refined v, and v, frequencies
were obtained from spectral simulations. An extended vibra-
tional progression was found for the B 23 state. Although
these levels followed a reasonable harmonic progression, the
irregular line profiles indicated strong nonadiabatic effects.

Correlation functions for all three electronic states were
derived. Variations between the isotopic species’ correlation
functions were attributed primarily to differences in the
phase space spanned by the initially formed wave packets.
Ultrafast decay mechanisms were evident for the 4 24 . and
B 23} states of each ion. The decay of the first excited 4 24 .
state occured in less than one period of bending vibration,
supporting the relaxation pathway through a vinylidene ion
intermediate as proposed by Rosmus, Botschwina, and
Maier. The decay of the B 23 state was the more rapid,
occurring in less than 14 fs for C,H,". A vibronic coupling
mechanism involving the lower potential energy surfaces of
the ions may explain this rapid decay. The experimentally
derived correlation functions corroborate earlier experimen-
tal investigations which noted the absence of radiation from
the excited state acetylene ion.
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