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We measured angular-anisotropy paramef¢is) of fragments from photolysis of ethene and four isotopic

variants at 157 nm using photofragment translational spectroscopy and selective photoionization. The averaged

S value of products ranges from0.17 to 0.10, depending on dissociation pathways. Angular distributions of
atomic hydrogen produced fromd, and GD, are isotropic. For dissociation inta,; + H,,  has a small
negative value whereas dissociation intgb€+ D, has an isotropic angular distribution. The photolysis of
dideuterated ethene reveals site and isotopic effects on the angular distributions of products; prgducts H
HD, and 3 from photolysis ofl,1-CH,CD, have negative, nearly zero, and positive values, séspectively.
Molecular hydrogen from photolysis df2-cisCHDCHD has a negativg value and the anisotropy has a
trend D, > H, > HD. Photolysis ofl,2-transCHDCDH produced a result similar to photolysis h-cis-
CHDCHD for the angular anisotropy of molecular hydrogen except slightly more isotropic. A calculation of

optimized geometries of ethene in the ground electronic state and pertinent transition structures enables a

qualitative interpretation of the site and isotopic effects on the angular anisotropy of products. We deduce
that the photoexcited state of ethene at 157 nm has a major chaigténat produces a transition dipolar
moment parallel to the €C bond.

I. Introduction Wavelength / nm

200
Several experiments® have been devoted to absorption L 15|0
spectra of ethene in the vacuum ultraviolet (VUV) region. Figure
1 shows an absorption spectrum of ethene from 53 000 to 93 000,
cm~L; in the low energy part, the spectrum shows distinct intense &
features from 57 200 to 63 400 ciyweak features from 63 400
to 70 800 cm!, and a broad underlying continuum from 53 000
to 70800 cm®. Theoretical calculatiods® of electronic
structure have been performed for electronic states of ethene,
but the assignment of transitions pertinent to VUV absorption T
spectra is still controversial. We use the following assignments
for electronic states. Five electronic statesz* (1 By), 7—3s
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(1 Bay), 7—3p, (1 Big), 7—3p; (1 B2g), andz—3px (2 'Ay)
contribute to absorption below 68 000 ch Term symbols
related to orbitals 3g,, are based on an orientation of ethene
for which in the ground electronic state all atomic centers in
their equilibrium positions lie within thg—z plane with the
C=C bond along the-axis. The intense features from 57 200
to ~63 400 cn1?! are attributed to ther — 3s transition, less
intense features from63 400 to~68 000 cm! are ascribed
to transitions of ther — 3p manifold, and the broad underlying
continuum is attributed to the — s* transition. One-photon
transitions from the ground electronic statéA, to states 1
1B1g, 1 B3y and 2%Ag4 have formally zero oscillator strength
by virtue of a transition g— g being forbidden. According to
a theoretical investigatiohthe 11By4 surface intersects the 1
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Figure 1. Absorption spectrum of ethene in the VUV region, adapted
from ref 5.

1By, surface at a torsional angle of 24he 1'B,4 state can
thereby borrow absorption intensity from théBy, state. The
three components of the — 3p transition were investigated
through electron impa®t® and two-photon absorption spec-
trall12 The absorption at wavenumbers greater than 68 000
cm 1 is attributed to transitions to higher Rydberg states.

As the smallest olefin and as an important species in
atmospheric phenomena, ethene attracts interest in its photo-
dissociation dynamic¥-18 In the VUV region ethene has four
dissociation pathways: #£s + H, C;H, + 2H, GH, + Ha,
and HCC + Ha,. The GH3 (vinyl) fragment with internal energy
greater than ca. 36 kcal mdldissociates further to £, +
H.18 The elimination of H from ethene involves three site-
specific dissociation pathways vig1, 1,2-cis, and 1,2-trans
mechanism$?-2! The former process first produces,EC
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(vinylidene), followed by rapid isomerization to HCCH (ethyne) perpendicularly. We selected dissociating light at a linear
with a forward barrier of 1.38 kcal mol.2! In the latter two polarization with two thin-film polarizers (Laseroptik GmbH)
processes an H atom first migrates to the other carbon atom toarrangedn a V shape. To avoid complication from multiphoton
form CHCH (ethylidene), followed by elimination of Hrom processes we set the photon flux to-8M0xJ mnT? pulse ™.

the CH; moiety to produce ethyne. The branching ratios of the The dispersion of the velocities of photofragments occurred
four product channels depend on excitation energy. Time-of- along a flight path of length 100 mm before these species
flight (TOF) spectra of photofragments from photolysis of ethene became ionized. An undulator installed in the storage ring of
at 193 nm3-15 and 157 nrt¥~18 were investigated with the use  NSRRC provided radiation, and the Chemical Dynamics beam-
of a molecular-beam apparatus. For photolysis at 193 nm, theline delivered it to the ionization region of the molecular-beam

distributions of kinetic energy for elimination of H anc kere machine. Radiation from the undulator has a highly oscillatory
measured, and the dependence of kinetic-energy release on thdistribution of photon energy due to interference; the maxima
vibration—rotational state of KHwas investigated® Electron- occur at fundamental, second harmonic, third harmonic, ...

impact ionizatio®%1” and photoionizatiol¥ were used to detect  frequencies. Because only photons at the fundamental frequency
fragments from photolysis of ethene at 157 nm. Products H, were desired for the present experiments, we equipped this
H,, C;H,, and GH3 were successfully detected with synchrotron  beamline with a windowless cell filled with noble gas to absorb
radiation whereas only H and,hivere reported with electron-  photons at high harmonics. An optical filter of Mg&erved to
impact ionization. Branching ratios and distributions of kinetic absorb residual photons at high harmonics effectively when the
energy of photofragments have been measured for photolysisenergy of the fundamental photons was less than 10 eV. After
of ethene in five isotopic variants. ionization, ions were extracted into a quadrupole mass filter to
The angular distribution of a photofragment pertains to the Sselect a desired ratio/z of mass to charge. A detector of Daly
angle between recoil velocity of the fragment and transition  type counted ions and a multichannel scaler displayed ion signals
dipolar momentu of its parent molecule. For randomly on a computer versus flight time. Background spectra were
orientated molecules, their products that recoil parallel and recorded when not negligibly small. Subtraction of the back-
perpendicular te: have angular anisotropieg)(of 2 and—1, ground spectra and the flight interval of ions from the raw
respectively, in the laboratory fram&An understanding of  spectra yielded TOF spectra of products. All TOF spectra were
angular distributions of products facilitates not only the recogni- recorded at 250 ns per channel. A pulse generator operating at
tion of fragmentation but also the assignment of the photoexcited 75 Hz synchronized components of the experimental apparatus.
state. Two electronic states!Biq (7—3py) at 7.80 eV+12and
1 1By (m—3p,) at 7.90 e\A! of ethene have energies near that 1ll. Computations

of the present excitation energy of 7.87 eV (157.6 nm), butthey  chang et al. have calculated the optimized structures of

have formally zero oscillator strength for a one-photon excitation {4nsition states and intermediates on the ground-state potential-
as mentioned above. Our objectives in the present work are toenergy surface of ethene at the B3LYP/6-311G(d,p) 18vel.
determine the major photoexcited state of ethene at 157 nm ffompgecaise the Cartesian coordinates of atoms are not reported in

measurements of the angular anisotropy of products and tOine jiterature, we recalculated the optimized geometry of ground-

reveal site and isotopic effects on the angular distributions of giate ethene and its transition structures tsl, ts2, and ts4 for

products. elimination of molecular hydrogen with a program GAUSSIAN
98 at a level of B3LYP/aug-cc-pVTZ. As previously definéd,

Il. Experimental Section ts1, ts2, and ts4 correspond to transition states on dissociation

paths from CHCH, to intermediate CHCE} from CHCH; to

The apparatus is described in detail elsewh&?éBriefly, .
our molecular-beam machine comprises two source chambersCHCH +. Hz, and from CHCH, to ChC + Ha, respectively.
Vector displacements of atoms in transition structures ts2 and

a reaction chamber and a detection chamber. By means of 4 dqf h in five i . . Th
several turbomolecular pumps backed with dry fore pumps, the 154 were co_mpute or ethene in five isotopic species. The
pressure of the molecular-beam machine without gas loading lengths of G=C and G-H bonds of g;‘f)und-stat_e ethene were
attained less than 2 1078 Torr. A liquid-nitrogen trap and a computed to lg)e. 1'3.25 and 1'082 respectlve]y;CH IS

He refrigerator were employed in combination to suppress 121.7. For_ elimination of atomic hydr_ogen, an opt'l&mlzed
residual gas, especiallysHo 5 x 10-12 Torr in the ionization structure with a carbonhydrogen bond fixed at 2.082 A was

region. A F excimer laser provided radiation at 157 nm for calculated for ethene in all isotopic species involving H and D.

photolysis, and the synchrotron in the National Synchrotron
Radiation Research Center (NSRRC) provided VUV radiation
to ionize photofragments. A solenoid valve (with orifice of We measured TOF spectra of fragments upon photolysis of
diameter 0.5 mm) located in the source chamber served toethene in five isotopic forms using dissociating light with linear
expand samples into the reaction chamber with a backing polarizations at, o + 90°, o + 180°, anda + 270 relative
pressure of 300 Torr. The samples were pure ethepeC to the detection axis. Angle that corresponds to a maximum
1,1-dr-ethene {,1-CH,CDy), 1,2-cis-d,-ethene {,2-cis-CHD- or minimum of signal in the laboratory frame depends on the
CHD), 1,2-trans-d,-ethene {,2-transCHDCDH), andds-ethene recoil velocity of a fragment; for simplicity, angle averaged
(C.D4). We detected no fragmentation of ethene clusters under over all velocities was adopted for each fragment in this paper.
these conditions of expansion. The molecular beam was The averaged value ofis less than $for atomic and molecular
collimated with two successive skimmers. To prevent molecules hydrogen. To diminish systematic error we summed TOF spectra
from rebounding from an outlet surface into the detector, we recorded atr ando + 18C° to form a parallell) spectrum and
installed a copper panel (with an orifice of diameter 3 mm) just summedx + 90° anda + 270 spectra to form a perpendicular
beyond the outlet of the source chamber and chilled it to 18 K ([0) spectrum. For brevity, only the most pertinent TOF spectra
with a He refrigerator. The dissociating beam of radiation was are presented here. Figure 2 shawand O TOF spectra of
introduced into the reaction chamber along the pivot of the products atm/z 2—4 and 26-28 after photolysis ofl,1-CH,-
rotating source assembly and intercepted the molecular beamCD,. Partitions of product TOF spectra have been previously

IV. Results and Analysis
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Figure 2. TOF spectra of products a¥z 2, 3, 4, 26, 27, and 28 after Flight time / us

photolysis ofl,1-CH,CD.. Products ain/z 2—4 (26—-28) were detected Figure 3. TOF spectra of products awz 2, 3, and 4 after photolysis

at a laboratory angle of 30115°), using ionizing photons at 17.0 eV of 1,2-cisCHDCHD and1,2-transCHDCDH. These products were

(12.8 eV). TOF spectra were recorded using dissociating light with detected at a laboratory angle of°3@sing ionizing photons at 17.0

polarization parallel (solid line) and perpendicular (dotted line) to the eV. TOF spectra were recorded with use of dissociating light with

TOF axis. polarization parallel (solid line) and perpendicular (dotted line) to the
TOF axis.

reported® The rapid component of ethyne correlates with

molecular hydrogen and the slow component is due to loss of

two hydrogen atoms. Figure 2 indicates that two momentum-

matched products, ethyne and molecular hydrogen, have the

024 1,1-d,-CH,CD,

same behavior in the difference betwekend ] TOF spectra, 0.0
which confirms the accuracy of the measufedalues. Ethyne ;
due to loss of two hydrogen atoms has an isotropic angular 024
distribution, independent of isotopic variants of ethene. Figure

3 showsl| and [0 TOF spectra of products aw/z 2, 3, and 4 024
from photolysis ofl,2-cissCHDCHD andl,2-trans CHDCDH,; ’
these spectra were recorded using ionizing photons at 17.0 eV. —~
The TOF spectra of atomic D were measured separately with L 004

ionizing photons at 14.0 eV, as shown in ref 18. TOF spectra
of H, are thus obtained on subtracting the 14-eV spectra from 024
the 17-eV spectra recordedratz 2 but not shown in this paper.

The angular distribution of a product with a specific kinetic
energy is expressible as

lonlEs6) = 2= PENL+ BEIP, o) (1)

0.2 1

in the center-of-mass (c.m.) fram(E,) is the distribution of 021

c.m. kinetic energy of product, ag¥{E) is the distribution of o 1o 1
the angular-anisotropy parameter as a functiof0&; is the
c.m. kinetic energy of products including two momentum-
matched fragment®,(cos) equals (3 co® — 1)/2; 0 is the Figure 4. B(E) for dissociation of @D, + H; (solid line), GHD +
angle between the recoil direction of a product and the linear HD (dashed line), and £, + D (dotted line) from ethene in three
polarization of the dissociating radiation. Using a computer dideuterated variants.

program PHOTRAN based on forward convolution, we derived HD + HD, and GH, + D, has negative, nearly zero, and
thelem(Ell) andlcw(E, ) spectra from théd and0 TOF spectra, positive 5 values, respectively, which differs from the results
respectivelyS(E) = 2[lem(Ell) — lem(E, D)V 1em(Edll) + 2lenr of photolysis ofl,2-cisCHDCHD andl,2-transCHDCDH. The
(E;,0)] is derivable from eq 1. Figure 4 summarize&;) for latter two have similar angular distribution of products; the
elimination of molecular hydrogen from three dideuterated elimination of molecular hydrogen has a negaiiealue and
species of ethene. After photolysis hil-CH,CD,, the angular the anisotropy has a trend,> H, > HD. The elimination of
anisotropy of products from dissociation inteB% + Hy, Co- H, from CH,4 has a negativ@ value whereas the elimination

E,/ keal mol”
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Figure 5. B(E;) of all molecular hydrogen, i.e., a sum of,HHD, and
D, produced on photolysis of,1-CH,CD; (solid line), 1,2-cis-
CHDCHD (dashed line}l,2-trans CHDCDH (dotted line), @H4 (dash-
dotted line), and ¢D, (dash-dot-dotted line).
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Figure 6. TOF spectra of products atz 29 and 28 after photolysis
of 1,1-CH,CD; and 1,2eisCHDCHD, respectively. Products were
detected at a laboratory angle of°lsing ionizing photons at 10.3
eV. The TOF spectra were recorded with use of dissociating light with
polarization parallel (solid line) and perpendicular (dotted line) to the
TOF axis.
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of D, from CD4 is isotropic. Figure 5 summarize$(E;)
averaged over all 5l HD, and D for ethene in five isotopic
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simplicity, we neglect the process of optical excitation to a
higher electronic state followed by internal conversion back to
the ground electronic state. This assumption is not completely
unreasonable because the complicated vibrational motion of
ethene prior to dissociation might not be a determinant on
product angular anisotropy; the key point is the structure of
ethene along a dissociating coordinate. We initially arranged
ground-state ethene in tlye-z plane with the &C bond along
thez-axis, and then aligned the transition structures with respect
to that of ground-state ethene according to conservations of
center of masses and of angular momentum, Pes, 3 m-z;
=0andL = Y; m(fi x 1) = 0. P andL are linear and angular
momenta of ethene and are initially set to zem;r, and v
denote atomic mass, coordinate, and velocity, respectively, and
i denotes the index of an atom. Because the trajectories of atoms
from ground-state ethene to a transition structure are unknown
in the present work, we assumed that each atom has linear
motion from the ground state to a transition state and fius
m-ATi/At = 0 andy; m(F; x AT;)At = 0; AT denotes an atomic
displacement from the ground state to a transition structure after
a duration ofAt. In the present calculation, we assumed that
transition state ts4 is a gateway for 1,1-elimination (1,1-E) of
molecular hydrogen, and transition states ts1 and ts2 are two
sequential gateways for 1,2-elimination (1,2-E) of molecular
hydrogen. Figure 7 shows the structures of the ground state and
transition states ts2 and ts4 of ethene for elimination HHD,

and D, from 1,1-CH,CD,. Structure ts?! serves as the first step

in determining the orientation of ts2 but is not shown here. To
facilitate comparison, the leaving hydrogen molecule is arranged
at the bottom of ethen&,1-CH,CD, undergoes a 1,1-E process
for elimination of H and D, and a 1,2-E process for HD
elimination. The latter process involves two mechanisms:
migration of an H atom to form CHCHpPfollowed by HD
elimination (i.e., 1,2-E on the D side), and migration of a D
atom to form CDCHD followed by HD elimination (i.e., 1,2-E

on the H side). Figures 8 and 9 show the structures of ethene in
its ground state and the transition state for elimination gf H
HD, and B from 1,2-cissCHDCHD and1,2-transsCHDCDH,
respectively. State ts4 for 1,1-elimination of HD frah2-cis-
CHDCHD andl,2-transCHDCDH has two structures with HD
wagging to the H side (i.e., 1,1-E on the H side) and to the D
side (i.e., 1,1-E on the D side). Elimination of 1,2-HD from

species; we employed product branching ratios 0.38:0.41:0.21,1,2-cissCHDCHD involves migration ba D atom to form

0.16:0.71:0.13, and 0.16:0.71:0.13 forHD:D- of 1,1-d»-, 1,2-
dy-cis-, and 1,2-d,-trans-ethene'® respectively, to yield the
averaged3(E;). The angular distributions of atomic hydrogen
are isotropic except for the,8D, + H dissociation froni,1-
CH.,CD, and the GH,D + D dissociation from1,2-cis-
CHDCHD, as shown in Figure 6. Table 1 summarizes angular-
anisotropy parametef8averaged over all kinetic energies with
P(E) as a weighting factor; the uncertainty @lis estimated
to be 0.01. In the molecular frame tfigparameter of a product
pertains to the recoil angle of a product with respect to the
transition dipolar momenp of a parent molecule and is
expressible aff= 3 cogy [ 1; we thus derivéyfrom (B0
as shown in Table 1. Threeangles 0, 54.7 (called the magic
angle), and 90lead top = 2, 0, and—1, respectively.

We also calculated the value of a hydrogen molecule

CHCHD, followed by HD elimination (i.e., 1,2-E on the H side),
and migration of an H atom to form CDGH followed by HD
elimination (i.e., 1,2-E on the D side). Elimination of, ldnd
D, from 1,2-transCHDCDH implies a 1,2-E mechanism.
Elimination of H, (D) from 1,2-cissCHDCHD requires, how-
ever, cis— trans isomerization or a torsional motion of
intermediate CDCED (CHCHD,) if ts2 is a gateway for bl
(Do) elimination; we refrain here from tackling this complicated
problem. The various recoil angles of molecular hydrogen were
evaluated from the computed vector displacements of molecular
hydrogen with respect to theaxis and are listed in Table 1.
Because elimination of atomic hydrogen has no transition
state, the recoil direction of atomic hydrogen is estimated from
the difference between ethene in an optimized structure that

leaving ethene in an optimized transition structure to compare has a carbonhydrogen bond fixed at 2.082 A and the

with the experimentaly[value. Because structures of ethene

equilibrium structure of ground-state ethene. The recoil angles

were computed in a molecular frame, we aligned those structuresof atomic hydrogen were calculated with respect to zzis
of ethene from the ground state to a transition state in the (i.e., the initial axis of the €&C bond) and are listed in Table

laboratory frame, i.e., involving their relative orientations. For

1.
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TABLE 1: Averaged f Values and Corresponding Recoil Angleg of Products after Photolysis of Ethene in Three
Dideuterated Species At 157 nrh

1,1-CH.CD; 1,2-cisCHDCHD 1,2-transCHDCDH
product channel pd [yldeg pd [yldeg pd [ylldeg
C,HD,+ H —0.04 56 (59) ~0 55 (58) ~0 55 (58)
C,H.D + D ~0 55 (55) 0.08 53 (56) ~0 55 (56)
C.D,+ H, —0.16 58 (67) —0.06 56 —0.02 55 (59)
C,HD + HD —0.02 55 (563 68°) —0.02 55 (572591 642 68) ~0 55 (594 63°)
CoHz+ Do 0.10 53 (56) —0.17 58 —0.10 57 (62)

aNumbers in parentheses are theoretical restlts2-E on the D side 1,2-E on the H side? 1,1-E on the H sidet 1,1-E on the D side.

(a) GS GS
(c) TS4 TS4
(e) TS2 TS2

Figure 7. Transition structures ts4 and ts2 for elimination of molecular Figure 8. Transition structures ts4 and ts2 for elimination of molecular
hydrogen from1,1-CH,CD,. Ground-state ethene, GS (a and b), lies hydrogen from 1,2iss=CHDCHD. Ground-state ethene, GS (a and b),
with atomic centers in thg—z plane with the &C bond along the lies with atomic centers in thg—z plane with the &C bond along
z-axis. Structures ¢ and d depict the transition states ts4 for elimination the z-axis. Structures ¢ and d depict transition states ts4 for elimination
of H2 and Dy, respectively. Structures e and f depict the transition states of HD on the H side and on the D side, respectively. Structures e and
ts2 for elimination of HD via migration of a D- and H-atom, f depict transition states ts2 for elimination of HD via migration of a
respectively. Recoil angles of molecular hydrogen from structures ¢, D- and H-atom, respectively. The recoil angles of molecular hydrogen
d, e, and f are calculated to be°656°, 68, and 56, respectively, from structures c, d, e, and f are calculated to bg 52°, 68, and
with respect to the-axis. 57°, respectively, with respect to tteaxis.
V. Discussion site and isotopic effects on branching ratios and distributions
A transition state plays a particularly crucial role in a of kinetic energy; these two effects on product angular anisot-
dissociation that just surmounts the energy of that state-Rice ropy are revealed in this paper. We interpreted the angular
RamspergerKasset-Marcus (RRKM) theory employs the  distributions of products according to the following scheme.
nature of a transition state to evaluate a rate coefficient for First, internal conversion of ethene from the photoexcited state
dissociation and further branching ratf§g1Several theoretical ~ to the ground electronic state is extremely rapid. Second,
models, such as an impulsive model or transition-state theory following internal conversion, ethene dissociates through a
and its variants, also employ a transition structure to evaluate transition structure that is rotated with respect to the initial
energy disposal and the population of products in quantum orientation of ethene. Third, the angular anisotropy of a product
states. Moreover, the angular distribution of a product might is determined by the angle between the recoil direction of a
also pertain to a transition structure if the transition state is a product and the transition dipolar moment of ethene. Fourth, a
gateway for dissociation. Although a dissociating molecule large vibrational energy might cause ethene to dissociate through
might not exactly surmount the saddle point of a transition a structure far from the minimum in a transition state, and parent
structure, that structure provides more or less information on rotation might decrease the angular anisotropy of products.
angular distributions of products. Products from separate chemi- A. Elimination of Molecular Hydrogen. C,H; and GD4
cal sites have distinct recoil directions and thus varied angular have a small angular anisotropy wiffilfl= —0.06 and~0,
distributions. Deuterium is typically used to label dissociation respectively, in elimination of molecular hydrogen, which is
from a specific chemical site, but deuterium substitution in attributed mainly to averaging over all chemical sites. Site and
ethene might alter the center of total mass, the vector displace-isotopic effects on the angular anisotropy of products are
ments of atoms during molecular deformation, and the molecular observed in the photolysis of ethene in three dideuterated
orientation in the laboratory frame. We previod$lyeported species. We surmised that ldnd D, produced on photolysis
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tions proceed via ts2 states and two others proceed via ts4 states.
Table 1 indicates that the theoretical value§jdfare somewhat
larger than the experimental values, although their trends are
in agreement. The discrepancy is partly due to uncertainty in
the present theoretical calculation and partly due to the large
excitation energy, 181.4 kcal mdl After internal conversion,
a large vibrational energy (e.g., 74 kcal mbin ts2 and 88
@ GS (b) kcal mol? in ts4) increases the probability of dissociation
trajectories occurring far from the saddle point (vide infra). Thus,
elimination of H and D, from 1,1-CH,CD, occurs aty angles
less than 67 and 56, respectively.

Figure 4 indicates thaf(E;) for elimination of H and D
from a dideuterated ethene appears to have similar distributions
but a shift in magnitude. The same mechanism to eliminate H
and D, from a dideuterated ethene accounts for the similarity
in their § distributions withE;; the aforementioned mass effect
is responsible for the shift in the magnitude/fBased ors
= 3 cogy — 1, a variation off with kinetic energy might be
regarded as a variation of with kinetic energy. Using a
trajectory model to simulate the angular distributions of products
from a triatomic dissociating system, Loock ef&found that
the angular anisotropy of a product depends significantly on
the bending motion of the triatomic molecule if the transition
Figure 9. Transition structures ts4 and ts2 for elimination of molecular dipolar moment lies in the. mOIGCU|ar. _plane, whereas thG_)
hydrogen from 1,2rans CHDCDH. Ground-state ethene, GS (a and dependgnce becomes weak if the transmqn dipolar moment is
b), lies with its atomic centers in the-z plane with the &C bond perpendicular to the molecular plane. As in the present work
along thez-axis. Structures ¢ and d depict transition states ts4 for the transition dipolar moment of ethene is parallel to theCC
elimination of HD on the H side and on the D side, respectively. bond (vide infra), and molecular hydrogen can alter its recoil
Structures e and f depict transition states ts2 for elimination,cirid angley through the bending motion of the-€C—H,. Ethene
sz vualmlglratlgn dOf an Hf' and tD-attom, res%eCt'Ve'ﬁ fThe rec?" ?qgff with a greater bending motion of-8C—H, spreads molecular
gen;g’jagugo?rsgcy, ;?]gegz'r?en;;egﬁlglr; va(/:i’th ’r:s'pag::t toatrI;;iig? ated o hydrogen into a wider angle (i.e, becoming_more isotrqpic) a_md

causes fragments to become more rotationally excited (i.e.,

having less kinetic energy). The variation of angular anisotropy
of a product with kinetic energy pertains to dissociation

(©) TS4

(e) TS2

of 1,1-CH,CD, have the same angular anisotropy before
performing this experiment because they occupy chemically . S L
identical sites of ethene, but eliminations of &hd D, from a dynamics and warrants further theoretical investigation. More-

dideuterated species have dispajaielues, even though they ~ OVer: Figure 5 indicates that an isotopic. effef:t rema?ns even
come from chemically identical sites. The present theoretical though hydrogen molecules from all chemical sites are included.
calculations for the direction of product recoil enable a qualita-  B. Elimination of Atomic Hydrogen. Ethene has four
tive interpretation of our observations about the angular ani- chemically identical hydrogen atoms. For elimination of atomic
sotropy of products. Because atomic H is less massive thanH from 1,1-CH,CD, = —0.04, whereas for elimination of
atomic D, according to conservation of angular momentum atomic D from1,2-cisCHDCHD 3 = 0.08; other processes to
structure ts4 ofl,1-CH,CD, has an angle for H, larger than eliminate hydrogen from ethene in five isotopic species are
that for D in the laboratory frame; see Figure 7. An analogous isotropic. Because no transition state participates in elimination
argument is applicable to the photolysisig?-trans CHDCDH of atomic hydrogen, the recoil direction of a hydrogen atom
for which H, has a smaller recoil angle thar;ee Figure 9. might be evaluated from the structure of ethene in its ground
The elimination of H and D from 1,2-cissCHDCHD requires state, for which the equilibrium-CCH angle is 12172 If a
cis — trans isomerization to forni,2-transsCHDCDH or a hydrogen atom leaves along the direction of the carbon
torsional motion along the €C bond of the ethylidene hydrogen bond, the recoil direction of the hydrogen atom is
intermediate for state ts2 to be the gateway for elimination of ~58.3 with respect to the €C bond, which accounts for the
H, and D intrinsically small angular anisotropy for atomic hydrogen. To
Elimination of HD from1,1-CH,CD,, 1,2-ciss=CHDCHD, and express as an isotopic dependence, we evaluated the recoil
1,2-transsCHDCDH has nearly isotropic angular distributions, direction of atomic hydrogen from the displacement of a leaving
which we attribute mainly to an average of at least two hydrogen atom from its equilibrium position in ground-state
dissociation mechanisms; see Figure970ur present theoreti-  ethene to a structure with a carbelmydrogen bond fixed at

cal calculation indicates that elimination of HD frolyl-CH,- 2.082 A. During bond rupture the total angular momentum and
CD; has two mechanisms via migration of an D and H atom, center of masses of ethene are conserved. Our theoretical result
to form transition structure ts2 of CDGH and CHCHD, indicates that elimination of atomic H from a dideuterated
respectively, followed by HD elimination. As D is twice as species of ethene hasyavalue, 58-59°, larger than that for
massive as H, CDCHD has ay value larger than CHCHEXor elimination of atomic D,y = 55—56°, which is satisfactorily

HD elimination. The elimination of HD froml,2-trans consistent with the experimental result. The present theoretical
CHDCDH involves two ts4 structures with HD wagging to the calculation is more applicable to elimination of atomic hydrogen

H and D sides, respectively; the former structure hasvalue than to elimination of molecular hydrogen. An elimination of
smaller than the latter because of the mass effe@cis- atomic hydrogen after cistrans isomerization is not taken into

CHDCHD has four mechanisms to eliminate HD; two dissocia- account in the present work.



Photodissociation of Ethene at 157 nm J. Phys. Chem. A, Vol. 110, No. 7, 2008343

In a consecutive ternary dissociation ABEA + BC— A experiment® and RRKM calculatioft indicates that the frag-
+ B + C, the secondary fragments B and C commonly have a mentation of ethene after excitation at 157 nm is not fully
smaller angular anisotropy than the primary fragments A and statistical.
BC by a factor of approximatelifP,(cos)); o is an angle of The rotational effect pertains to the lifetime of parent
the recoil direction of fragment B or C relative to the original molecules. By means of a RRKM approach, Chang ét al.
flight direction of fragment AB. Because fragment AB is calculated rate coefficients for dissociation of ethene with
rotationally excited, the primary fragment spreads its secondaryinternal energy equivalent to a photon of wavelength 157 nm;
fragments inta angles over a wide range, which thus decreases the rate coefficients for dissociation o4 to C;D3 + D and
the resultant angular anisotropy of secondary fragments. A D.CC + D, are 3.74x 10 and 4.77x 10 s7%, respectively.
primary fragment with a lifetime much greater than its rotational Moreover, GD, dissociates to CDCD+ D, through an
period typically produces an isotropic angular distribution for intermediate CDCR the rate coefficients for {0, — CDCD;
secondary fragments. In the title reaction, after elimination of and CDCDR — CDCD + D; are 7.59x 10! and 2.31x 10'2
two hydrogen atoms ethyne has an isotropic angular distribution s™%, respectively. From these RRKM calculations we estimate
because the factdP,(cos)lis nearly zerd?® that the lifetime of internally hot ethene might be less than 1
C. Photoexcited State From the measured angular-anisot- PS. Rotational paramete#s (4.828 cm), B (1.0012 cm?),
ropy parameters of various fragments, we deduce that the@ndC (0.8282 cn?) of CoHa correspond to classical rotational
transition dipolar moment of ethene at 157 nm might be parallel Periods 3.5, 16.6, and 20.1 ps along principal xes andc,
with the C=C bond of ethene in its electronic ground state. As eSpectively; a larger rotational quantum number produces a
mentioned in section I, only 2By, and 1!Bg, states have ~ Smaller rotational period. Rotation along theaxis has no
nonzero oscillator strength in the absorption systems from Significant influence on the angular anisotropy of a product
53 000 to 68 000 cri; the transition £A;— 1 1By, produces because tha-axis is parallel to the €C bond and: of ethene.

a dipolar moment along the=6C bond and the transition A Rotation along axels andc of ethene before dissociation might
— 1 1B, produces a dipolar moment perpendicular to the alter the orientation of ethene and thus decrease the angular

molecular plane. Accordingly, we suggest that the photoexcited @nisotropy of a product. In our experiment involving supersonic
state of ethene at 157 nm has a major charactéBgf ethene expansion in a molecular beam, ethene is cooled to several low
is excited either to a high vibrational level of statéBl, (7— rotational levels; our results indicate that rotation of ethene
7*) or to state 11By, (7—3p,) in which the latter transition before fragmentation does not completely scramble the angular
borrows oscillator strength from the fornfevith the same  distributions of products.

experimental apparatus, staté? (7—3p) has been identified Using classical mechanics for a symmetric top molecule,
as the major photoexcited state of propene at 152%ifihe Yang and Bersoh treated the effect of parent rotation on the

methyl substituent alters the symmetry fr@w, (ethene) taCs angular anisotropy of products; this treatment averages over all

(propene) and produces a nonzero oscillator strength for therqtat_iongl states.of parent molecules accprding toa Boltzmann
three components of the — 3p transition of propene. distribution and includes all allowed rotational transitions, i.e.,

i . e o7 . in P, Q, and R branches. If the transition dipolar moment is

Q”a”t“’.“_ che_mlcal cglcu!atlo?ﬁ"s _|nd|cate that a nonad|a_ along the top axis of a symmetric top molecule, the angular
b_atlc transition _(|.e., conical intersection) among three Iovy-lymg anisotropy of a product decreases with increasing lifetime and
S'”g'?t states (i.e., N, V, and Z states _aqcordlng to I_\/I_ulllken S approached/, or Y5 as the lifetime tends to infinity, but the
notation) of ethene_ oceurs th_rough twisting th_e olefinic bond. rotation of a parent molecule does not alter the sigf.ofhis
g_o stgdx the _ghotofln(#ljced eBhtrar’l\ls |somcjalr\|/lzaé|%n alndl ntor(;a- classical model is unsuitable to treat the angular distributions

labatic transition of €neéne, Ben-INun and Martiieaiculate of products from parent molecules in a single rotational state.
the molecular dynamics in several electronic states. After Using a quantum-mechanical model to treat the angular ani-
photoexcitation ethene first stretches itssC bond; a torsional sotropy of products with respect to parent rotation in a
motion along the €C bond follows, and then a methylene dissociating system with a long lifetime, Butenhoff et%found
group becomes pyramidal. The€isans isomerization of ethene that the angular anisotrop§ of Hy (v = 1, J = 0) produced
begins at~50 fs in the excited electronic state through the from photolysis of HCO varies in the rarllge 0.6% 54 with
torsional motion, and the first nonadiabatic event of ethene rotational quantum number < 4 of H,CO Beca.use. ethene is
occurs at~250 fs through the motion into the pyramidal - ;

f h itatigh Th id ci - a nearly prolate rotor, hag parallel to the rotor axis, and
geometry after photoexcitatioh.The rapid cis-trans isomer- dissociates rapidly after optical excitation, the model of Yang
ization is responsible for the similarity betweeh2-cis-

d 1 kineti distrib and Bersohn seems more suitable for interpretation of the
CHDCHD andl,2-trans CHDCDH in Kinetic-energy distribu- iationa effect in our experiments than that of Butenhoff et
tions and branching ratios of produésFor the angular |

anisotropy of the products, photolysis h-trans CHDCDH Overall, a large vibrational energy might cause fragmentation

produpesaresult §ti|| similar to photolysishP-cis CHDCHD, of ethene at angler away from a transition structure, and

but slightly more isotropic. rotation of ethene before fragmentation might somewhat dimin-
D. Vibrational and Rotational Effects. After ultrarapid ish the angular anisotropies of products. With rotation and

internal conversion, the excitation energy 181.4 kcal thol  vibration of parent molecules, it is, however, difficult to account

converts into vibrational energy of ethene in the electronic for the isotopic effect on the angular anisotropy of products,

ground state. If the dissociation of ethene is extremely rapid, particularly for the different sign of of H, and D; produced

most energy is deposited into several vibrational degrees offrom 1,1-CH,CD,. The aforementioned mass effect plays a

freedom, and ethene dissociates through a route away from thecrycial role in differentiating the angular anisotropy of isotopic

energy minimum of a transition structure. If energy flow is more products.

rapid than decomposition, a stationary vibrational motion normal )

to the dissociation coordinate of ethene in a transition structure VI- Conclusion

has a smaller average effect on the angular anisotropy of a We investigated the angular anisotropies of photofragments

product. Comparison of product branching ratios between upon photolysis of ethene and some isotopic variants thereof at
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