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Dynamics of ethylene photodissociation from rovibrational
and translational energy distributions of H, products

Evan F. Cromwell, Albert Stolow, Marcus J. J. Vrakking, and Yuan T. Lee
Chemical Sciences Division, Lawrence Berkeley Laboratory and Department of Chemistry, University of

California, Berkeley, California 94720
(Received 6 May 1992; accepted 2 June 1992)

The dynamics of H, elimination from ethylene was studied via a pump and probe technique
utilizing an ultrahigh resolution vacuum ultraviolet laser system. H, product internal

and translational energy distributions were obtained for the photodissociation at 193 nm. The
distribution of energy in H, product from the dissociation of (1,1)-dideuteroethylene is

also presented. Two separate H, elimination channels are inferred: a 1,1 elimination producing
the vinylidene radical and a 1,2 elimination producing the acetylene molecule. Differences
between the vibrational, rotational, and translational energy distributions for these

two channels are discussed and correlations between product internal and translational energy
are presented. A comparison with ab initio calculations of the transition state
configurations for these processes is made. We suggest that the H, elimination process may
be nonstatistical in nature. The D atom elimination from C,D, was examined and

kinetic energy distribution for this product measured.

I. INTRODUCTION

The study of the unimolecular decomposition of ethyl-
ene (C,H,) has been of great interest to the scientific com-
munity for more than 30 years. The importance of this
molecule comes not only from its worth to industry as a
precursor to many widely used materials, but also from its
value as a test of ab initio computation for a six-atom
system.

Early experiments determined the major unimolecular
reaction pathways for C,;H, to be elimination of H [reac-
tion (1)] and elimination of H, [reaction (2)]; both form-
ing acetylene

CH;-»C,H,+2H, (n
C,H;-C,H,+-H,. (2)

These experiments were typically performed in a “bulb”
using a variety of excitation sources including radiolysis, "
mercury sensitization,® flash photolysis,* and discharge
lamps.>® It was found that the above two channels are
roughly equiprobable for 193 nm dissociation. However, a
number of important questions remained regarding the
structures of the intermediates and the electronic potential
energy surfaces involved in the different reactive processes.

The next important steps came with the detection of
two radical intermediates in the ethylene reaction scheme:
the vinyl (CH,CH-) and vinylidene (CH,C:) species.
These species had both been predicted theoretically, but it
was not known whether their lifetimes would be long
enough to permit detection. The presence of CH,CH" was
confirmed initially by detection of products which could
only result from the presence of CH,CH: in the reactive
process."'lo The existence of the biradical, CH,C:, was not
confirmed until much later when appropriate laser light
sources had been developed in order to detect it by spec-
troscopic means.''"!* The vinylidene formed was found to
be in an electronically excited triplet state (*B,), instead of
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its ground singlet state, 4('B,,). The temporal evolution of
the triplet species suggested that it was not produced by the
primary reactive process: this has been recently reinter-
preted as being due to secondary photodissociation of the
nascent vinyl radical.!*

The mechanism of H-atom elimination from C,H, has
been well characterized.'*!¢ Following excitation with a
vacuum ultraviolet (vuv) photon, C,Hf can internally
convert to the ground electronic state after which H-atom
elimination occurs via simple bond rupture leading to the
formation of energized CH,CH-. The excited vinyl radical
can then either subsequently decay into acetylene plus an-
other H atom (provided the initial excitation energy is
high enough) or react with other species that might be
present. The mechanism for the elimination of molecular
hydrogen from C,H,, however, is not as well determined.
The initially proposed reaction mechanism provided for
two pathways: a 1,1 hydrogen elimination (1,1E) from one
of the carbons leaving behind CH,C: [reaction (3)], or a
1,2 hydrogen elimination (1,2E) across the carbon—carbon
double bond forming acetylene [reaction (4)]

H,C—CH, - H,C=C:+H,, (3)
H,C—CH,—~HC=CH+H,. (4)

From studies of deuterated species the ratio for H, produc-
tion between these two pathways, reactions (3) to (4), was
determined to be approximately 3:2."*!# The total amount
of energy available to the H, formed from reaction (3) is
only 50-60 kcal/mol because of the high AH(} of vinylidene
(=100 kcal/mol).!” The energy available to H, from re-
action (4) is approximately twice as large at 106.3 kcal/
mol. (The AH‘}’S for all pertinent species in the dissociation
of C,H, are given in Fig. 1.)

The spectroscopy and excited states of ethylene have
been reviewed in some detail.'!® The planar ground state is
labeled N ( 12; ), while the first excited singlet state is des-
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FIG. 1. Standard heat of formations of the pertinent species involved in
the dissociation of C,H, at 193 nm. Energies are given in kcal/mol. Two
transition structures, labeled 1,1E and 1,2E, are shown. Their geometries
and energetics are based upon the work of Yoshimine (Ref. 23).

ignated V(IZ,}L ). The broad, diffuse VXN band system

extends from 215 nm into the vuv with the intensity rap-
idly rising towards shorter wavelengths. It is considered to
be the prototypical 7*«— transition. The first Rydberg
transitions appear at 174.4 nm. The V state of ethylene is
twisted; it has a potential energy minimum for the meth-
ylene groups in a perpendicular configuration. It is capable,
however, of free internal rotation for 193 nm (148 kcal/
mol) excitation. A third state predicted to be involved in
the photochemistry of ethylene is the Z(!4,) state which
has a 7*? character. In this state the two methylene groups
are pyramidalized!® and in that configuration the Z state
becomes the lowest lying electronic state.

A considerable amount of theoretical work has been
done relating to the problem of ethylene photochemis-
try.1%?2 In Fig. 2, we show a schematic correlation dia-
gram? for the relevant electronic states in ethylene. The
excited V state of ethylene correlates directly, with small
barrier, to the ground singlet state of vinylidene plus H,.
However, the V state correlates with necither the singlet
ground state of acetylene nor the singlet ground state of the
vinyl radical, but does correlate with the singlet ground
state of ethylidene (CHCHj;). Therefore, the 1,2E of H,
and the H atom elimination should be viewed as occurring
on the ground state surface. Ethylidene, initially postulated
as an intermediate, has been shown to be unstable with
respect to rearrangement. Recently, ab initio calculations,
by Yoshimine, of some transition structures involved in the
elimination of molecular hydrogen from C,H, have been
communicated to the authors.”® These results will be dis-
cussed later.

The experiments reported in this paper examine the
rotational, vibrational, and translational energy distribu-
tions of the nascent H, product from the photodissociation
of C,H, at 193 nm. The D-atom elimination channel from
C,D, was also examined for information about the trans-
lational energy of the D product. In order to distinguish
between the two H, elimination channels further experi-
ments with deuterated ethylene were carried out. H, prod-

o
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FIG. 2. State correlation diagram showing curve crossing in ethylene,
based upon the work of Yoshimine (Ref. 23). As the methylene groups
twist, the initially prepared V state intersects the Z state which, in turn,
intersects the ground state (N) upon pyramidalization. The transition, ¥
to Z to N, is an internal conversion process and is thought to be very fast.
We expect that the photochemistry of ethylene should be described as
occuring on the singlet ground state potential energy surface.

uct from the dissociation of 1,1 dideuteroethylene
(1,1-d,) was analyzed in the same manner, allowing for a
direct comparison between the products from the 1,1F and
1,2E channels in ethylene. The data presented below are
consistent with two distinct channels for formation of H,
each of which distributes differently the available energy
amongst product degrees of freedom.

Il. EXPERIMENT

The molecular beam apparatus and the vuv-xuv laser
system used in these experiments have been described pre-
viously.2*?> A pump and probe technique was used to pho-
tolyze ethylene molecules in a molecular beam and then to
probe the nasawnt H, products after a short time delay.
The pump and probe beams were collinear and counter-
propagating. The probe laser ionized the product H, mol-
ecules via (1+1) resonance enhanced multiphoton ioniza-
tion (REMPI).2%?’ The resultant ions were detected by
time-of-flight mass spectrometry using a Daly-type ion de-
tector.

The probe laser system employed pulsed amplification
of the output from a ring dye laser (Coherent 699-29).
Computer controlled scanning of the ring laser provided
the tuning ability of the probe laser. This high energy,
near-transform limited pulse of visible light was then fre-
quency doubled, forming ultraviolet (uv) light, and subse-
quently tripled or sum-frequency mixed in a pulsed rare
gas jet to produce vuv or extreme ultraviolet (xuv) radia-

!, Chem. Phys., Vol. 97, No. §, 15 September 1992



Cromwel! et al.: Dynamics of ethylene photodissociation 4031

PtPD. H,
k
1ON
OPTICS
—/ |
— —
==
e’ IT] lfjl vuv
183nm 1‘ & UV
e iﬁ'i’f:><l9<d—
1 I
Mt
GH,
aL (out-of-plane)

FIG. 3. Schematic of the interaction area in the main chamber for the
dissociation of C,H, experiment. The substrates of the various optical
components are indicated. Pt p.d.=platinum photodiode, QL=quartz
heat lamp, and BD=Wood’s Horn beam dump for 193 nm beam reflec-
tion.

tion. A schematic view of the setup of the laser and mo-
lecular beams in the main reaction chamber is shown in
Fig. 3.

A 193 nm ArF excimer laser (Lambda-Physik EMG-
103-MSC) was used as the photolysis source. The tempo-
ral pulse width of the laser output was 20 ns and the pulse
to pulse jitter was £ 1 ns. An unstable resonator laser cav-
ity was utilized in order to provide a uniform photolysis
beam intensity in the interaction region and to maximize
the brightness (Watt/steradian) of the laser beam. An 8
mm diameter section of the beam containing up to 10 mJ of
energy was selected and sent into the main chamber where
it was then focused to a 2 mm spot size with a 50 cm
CaF, lens. The excimer laser output was randomly polar-
ized.

The beam steering optics were dichroic high reflecting,
45° mirrors coated for 193 nm (Acton Research Inc.). The
input window to the main chamber was a 25 mm diameter,
3 mm thick MgF, laser grade window which was rotated
occasionally to avoid the attenuation of the laser due to the
formation of color centers. All optics inside the main
chamber were kept hot with a quartz heat lamp in order to
minimize burn spot formation due to photolysis of ad-
sorbed diffusion pump oil.

The 699-29 laser used in these experiments is ex-
tremely sensitive to external sources of vibration which can
cause unstable operation. Since the excimer laser was on an
optical table in contract with the 699-29 laser, it was nec-
essary to vibrationally isolate the excimer laser head
(which contained a mechanically “noisy” gas processing
unit) from the table. Electrical noise from the discharge in
the laser chamber did not adversely affect the 699-29 laser.

It is essential, when determining product state distri-
butions, to accurately normalize signals with respect to
drift and fluctuation in output of both the pump and probe
lasers. Therefore, careful measurement of the vuv—xuv and
excimer laser pulse energies was required. A pyroelectric
detector (Molectron J3-09) measured the 193 nm pulse
energy, as transmitted through one of the high reflectance

INPUT RADIATION
(XUV-VUV & UV)
Collector
I Ring “
={cm
-V
e_ H
5 o | GRAPHITE
e | coamng
woQoD’s
HORN —— Pt

CURRENT TO
AMPLIFIER  BOXCAR

FIG. 4. Schematic of the platinum photodiode used to measure vuv and
xuv radiation intensity. The main body (shown roughly to scale) is con-
structed of glass and the Pt is held in place with wire. — F'=Low voltage
power supply, CR =electron collector ring.

mirrors. A sandblasted fused silica window, used as a dif-
fuser, was placed in front of the pyroelectric device as an
attenuation source.

For xuv-vuv normalization, a platinum photodiode
(p.d.) was used to monitor the probe laser intensity after
the interaction region. The use of this type of system has
been noted by Tonkyn and White.”® A slightly different
design was developed in this laboratory, a schematic draw-
ing of which is shown in Fig. 4. The vuv light impinges
upon a disk of Pt metal ejecting electrons (by the photo-
electric effect) which are collected by a biased metal ring.
The charge lost from the Pt disk is then amplified via a
charge sensitive preamplifier. The uv light is discriminated
against by two methods. The high work function of the Pt
metal (around 5.65 eV) prohibits electrons from being
ejected by single uv photons. However, in practice there
was a fair amount of background electrons from the uv,
perhaps due to multiphoton effects. In order to further
reduce this background, a negative (retarding) bias was
applied to the collector ring. Since electrons generated by
uv light will generally be of much lower kinetic energy
than those generated by vuv photons, they will not be able
to overcome as high a potential difference. Application of a
—0.5 to —2.0 V bias was enough to reduce the uv back-
ground signal. This bias was adjusted to maximize the ratio
between vuv and uv signal. Under typical conditions, the
ratio between the vuv and uv signals was 8:1.

A 25 mm diameter, 2 mm thick LiF window was used
to reflect a fraction of the probe beam and send it directly
in to the Pt photodiode (see Fig. 2). This photodiode pro-
vided excellent discrimination against the uv light, which
was collinear with the vuv radiation and > 10* times as
intense. Care was taken to limit the amount of scattered
193 nm radiation in the interaction chamber as this was the
main source of background signal from the Pt p.d. In cases
where sum-frequency mixing was employed to generate
vuv radiation, an additional precaution was needed. Fre-
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quency tripling can occur simultaneously with sum-
frequency mixing and therefore both vuv and xuv radiation
may be present in the probe beam. Since the detected H,
signal depends only on the vuv light but the photodiode
signal responds to both, a LiF window was placed in front
of the Pt p.d., acting as a filter which transmits only the
vuv photons.

For the measurements of D atom elimination it was
necessary to generate Lyman-alpha radiation. This radia-
tion was generated by sum-frequency mixing in a pulsed jet
of Kr. This process has been previously reported in a low
pressure gas cell.”? The D atoms were then ionized via
(14+1) REMPI in a fashion analogous to the H,
ionization. The detection sensitivity for D atoms was
estimated to be 10* atoms/cm?>.

The normal ethylene was ultrahigh purity grade
(>99.995%) from Matheson. The 1,1-d, ethylene was ob-
tained from MSD Isotopes and was 98% pure. The C,D,
was also obtained from MSD and was 99% pure. All gases
were used neat and without further purification.

For the determination of the population distributions
of H, products, 800 mbar of C,H, was expanded through
the 0.5 mm nozzle of a pulsed valve.’® The pulse duration
was 150 ps. The photolysis laser was timed so as to
intersect the molecular beam 80 us after the start of the
pulse. A 1.02 mm diameter skimmer (Beam Dynamics)
was located 1.5 cm from the nozzle separating the source
chamber from the differentially pumped main chamber.
The distance from the skimmer to the interaction region
was 5 cm. The interaction region was located in the
extractor of a Wiley-McLaren-type TOF mass
spectrometer. The source chamber pressure was 2 10~*
Torr and the main chamber pressure was <2 X 107® Torr
when the valve was in operation. For the long photolysis/
probe time delay studies the skimmer was changed to a
low profile 2 mm diameter model, located 2 cm from the
nozzle and 4.5 cm from the interaction region. When
using the deuterated compounds, the backing pressures
were typically around 200 mbar and the molecular beam
pulse duration was reduced to 100 ps (to reduce gas
consumption). Although clusters could be detected via
single-vuv photon ionization when C,H, was seeded in a
rare gas carrier, none could be seen in the expansion of
neat ethylene when the valve backing pressure was below
1000 mbar.

The molecular beam diameter was calculated to be 5
mm in the interaction region and the probe beam spot size
was estimated to be 100-200 um. The delay between the
photolysis and probe beams was 20 ns for the population
scans. The Hy signals were normalized to both the vuv
dependent signal from the Pt p.d. and to the 193 nm de-
pendent signal from the pyroelectric detector. All acquired
signals were processed by boxcar integrators (SRS 250)
and averaged slightly (1/3 of the data collection time con-
stant) before being ratioed by analog processors (SRS
225/235). This was done to prevent overloading of the
dividing circuitry by the large fluctuations in the vuv in-
tensity. The averaged output from the final analog proces-
sor was then recorded by the 699-29 computer (Apple II).

Cromwell et al.: Dynamics of ethylene photodissociation

T = 4970 +/- 120K b
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FIG. 5. Distribution of vibrational energy in H, product from the disso-
ciation of C,H, (solid bars). A statistical fit to the distribution (7=4970
4120 K) is also shown (hatched bars).

All data were transferred from the 699-29 to a PC com-
puter for analysis.

1ll. RESULTS AND ANALYSIS
A. Populations

The vibrational distribution of the H, product from the
dissociation of C,H, at 193 nm is shown in Fig. 5. The
rotational distributions of the same product for the vibra-
tional levels v” =0 through v”=3 are shown in Fig. 6.
Each H, transition was scanned twice and, whenever pos-
sible, P, Q, and R transitions were used. This provided up
to six separate determinations of the population of a given
rovibrational state.

The H, quantum state populations were derived in the
following manner. The line shape of each transition was fit
by a nonlinear least squares method to the function’!

C
Ioc;l—)x[l+B><P2(cos )X P ()1, (5)

where vp = maximum Doppler shift, S=effective anisot-
ropy parameter, P, = second order Legendre polynomial,
6=angle between the electric field vector of the photolysis
laser and the direction of the probe laser (which was 90° in
our experiment), y=Doppler shift/v,, and C is propor-
tional to the line intensity. In our study this function was
convoluted with a normalized Gaussian H, velocity distri-
bution of a variable width. This is justified by the observa-
tion of Gaussian-type velocity distributions in the molecu-
lar beam photofragment translational spectroscopy
experiment reported elsewhere. 4 For overlapping transi-
tions partial fits were done to that part of the line shape
that exhibited no interference. Line intensity measure-
ments from these partial fits were used in the population
distributions but the Doppler widths and anisotropy pa-
rameters were not considered reliable.

An in-depth study of the anisotropy parameters was
not undertaken during this experiment. The reasons are
twofold. The experimental detection geometry did not lend
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FIG. 6. Distribution of rotational energy in H, product from the dissociation of C,H, for the vibrational levels v” =0 to v” =3. The various rotational
distributions as well as the vibrational distribution (Fig. 3) have the same relative scale. The error bars represent = one standard deviation of the

measurements,

itself to measuring correlations between the electric field
vector of the photolysis laser and the product velocity or
angular momentum distributions. Furthermore, the obser-
vations of other correlations {such as a (v, J) correlation]
would be complicated by the presence of two H, elimina-
tion channels. While nonzero anisotropy parameters were
measured (—0.5 < <0.5), no systematic behavior of the
parameters was found.

The relative H, populations were calculated from the
measured line intensities in the manner described previ-
ously.* When comparing populations for a given H, quan-
tum state that were measured from different transitions
(e.g., Pbranch vs R branch), significant discrepancies, due
to inaccuracies in the calculated line strength factors, were
noted. The large error bars seen for a few of the H, quan-
tum state populations in Fig. 6 are a result of these dis-
crepancies. Such differences had been seen previously for
different H, transitions when comparing the ratio of cal-
culated H, emission probabilities to measured values.*
The difficulty in calculating accurate line strengths arises
from perturbation of the energy levels due to rotational
coupling between the B IEJ and C ', electronic states of
H,. Reproduceability for a given transition was very good,
attesting to the effectiveness of the normalization tech-
niques used.

There are a number of immediate observations to be
made from the distributions shown in Figs. 5 and 6. First,
the H, product is vibrationally very hot and the distribu-
tion of energy among the vibrational quantum states ap-
pears statistical. This indicates that the H-H distance at
the ethylene transition state(s) is elongated with respect to

the equilibrium H-H distance of molecular hydrogen.
There is also a significant amount of translational and ro-
tational energy released in the dissociation, with H, ob-
served up to the J=13 level (which corresponds to =30
kcal/mol). This amount of rotational excitation suggests
an asymmetric transition state in which the C-H distances
are significantly different. In addition, the H, rotational
distributions have unusual shapes, especially for v"”=2.
The nonstatistical distributions, which look somewhat bi-
modal, could be indicative of two competing H, elimina-
tion channels: namely, 1,1E and 1,2E. In a later section, we
speculate on the nature of the energy release for each of
these channels.

The rotational state population distributions of H,
product from 1,1-d, ethylene were measured in order to
help understand the normal ethylene distributions. In pre-
vious studies of the photodissociation of deuterated ethyl-
ene compounds no isotopic scrambling was observed!®!*
indicating that H, elimination occurs on a time scale that is
fast compared to isotopic rearrangement. All H, product
from the photodissociation of CD,CH,, therefore, is as-
sumed to come from the 1,1F channel. These rotational
distributions for the vibrational levels v” =0 and v” =1 are
shown in Fig. 7. The error bars for the v” =0 levels repre-
sent the standard deviations of the various population mea-
surements, A statistical nonlinear least squares fit to each
of the vibrational levels?* is also presented in Fig. 7. The
rotational temperatures calculated are 2500+200 K for
v"=0 and 2000160 K for v”=1. Unfortunately, it
proved impossible to obtain a reliable H, vibrational dis-
tribution for this system due to high background contam-

J. Chem. Phys., Vol. 87, No. 6, 15 September 1992
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FIG. 7. Distribution of rotational energy in H, product from the disso-
ciation of 1,1-d, ethylene for the vibrational levels v”=0 and v”"=1
(hatched bars). Statistical fits to the distributions [TR(v" = 0)
= 2500 = 200 K, TR(v” = 1) = 2000 + 160 K] are also shown (solid
bars). The error bars represent + one standard deviation of the measure-
ments. The distributions are not scaled to each other.

ination in the mass spectrometer from D™ signal. For sim-
ilar reasons, we were not able to measure rotational
distributions for v” =2 and »” =3 for this isotopic species.

A statistical fit to the v” =0 and v” =1 H, rotational
distributions for C,H, shown in Fig. 6 yields *“‘tempera-
tures” of 2700+250 K and 2850+250 K, respectively.
While for the v” =0 level the measured rotational temper-
ature for H, product from CD,CH, is only slightly less
than that from C,H,, the »” =1 level shows a significant
difference. The measured H, rotational distributions from
the dissociation of 1,1-d, ethylene, which eliminates H,
only by reaction (3), clearly show that the amount of en-
ergy partitioned into H, rotation for this channel is less
than the amount of rotational energy measured in the H,
product from the dissociation of C,H,. It is important to
note that this observation is indicative of the existence of
two separate elimination channels. The amount of rota-
tional energy in H, from the 1,2E channel must be higher
than that from the 1,1 E channel in order to properly fit the
total H, rotational distribution.

Energetically, one can understand the decrease in ro-
tational energy for higher vibrational levels, especially for
1,1E, by considering that for v” =3 the H, vibrational en-
ergy is 33.6 kcal/mol. Given the translational energy of
~15 kcal/mol for this level, there is much less energy
available for H, rotation then at the lower vibrational lev-
els. Furthermore, the 1,2E channel has 106 kcal/mol of
energy available for products while the 1,1E channel has
only 65 kcal/mol available. This makes > 50% more en-
ergy available to product from the 1,2E channel. This is
one contributing factor to the higher H, rotational energy
for 1,2 elimination.

The calculated transition state?® for the 1,1 elimination
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channel (see Fig. 1) is similar to that for H, elimination
from formaldehyde. Rotational energy distributions for
H, from the photodissociation of formaldehyde have been
measured at a number of different excitation energies.”*
While the formaldehyde experiments were done at energies
much closer to the threshold for dissociation, the total
amount of energy available to the H, product is compara-
ble to that for the 1,1E channel (=86 kcal/mol for
H,CO and 65 kcal/mol for C,H,). The rotational distri-
butions measured by Butenhoff et al. for H, elimination
from H,CO were Boltzmann-like with temperatures of
1730 K for the »” =1 level and 1240 K for the v” =3 level.
The amount and distribution of rotational energy imparted
to H, in the two different dissociative processes is compa-
rable, as are the initial geometries.

Parallels can be drawn between the dynamics of the
1,1E channel of C;H, and H, elimination from H,CO. The
formaldehyde dissociation has been successfully described
by a modified impulsive model** with a large impact pa-
rameter. In this model, a single impulse between the de-
parting fragments determines the rotational energy for a
given impact parameter, direction of impulse, and available
energy. The width of the rotational distributions is ac-
counted for by vibrational motion of the parent molecule at
the transition state. The H, rotational energy distributions
appear statistical while the corresponding CO distributions
are peaked at high J and are nonstatistical in nature. For
the case of H, elimination from ethylene via 193 nm pho-
tolysis, the total energy (148 kcal/mol) is much greater
than the transition structure energies ( < 100 kcal/mol)
and, therefore, we expect that an impulsive model applied
to the calculated transition state geometries will not be
meaningful. In other words, due to the excess internal en-
ergy, the transition structure is severely distorted with re-
spect to the calculated saddle point minimum structure.

Experimental evidence for this point is revealed in the
distribution of rotational energy observed for the H, prod-
uct in the 1,2E channel. The transition structure in this
case (see Fig. 1) was calculated to have equal C-H bond
lengths—suggestive of low rotational excitation for the
products. However, the large amount of rotational excita-
tion suggests a highly distorted configuration at the tran-
sition state much different than the calculated minimum
energy structure.

It is possible, with some speculation, to further analyze
the H, distributions from C,H,. Specifically, we tried to
estimate the contributions of 1,1E and 1,2E to the distri-
butions for H,(»” = 0) and H,(v” = 1). This was done in
the following manner. The ratio of the total (i.e., not state
specified) H, product from the 1,1 elimination channel
[reaction (3)] to the 1,2 elimination channel {reaction (4)]
was taken (from previous measurements using deuterated
compounds)l"s'14 as 3:2. However, we could not measure
the relative contribution of each elimination channel to a
given vibrational level, i.e., we did not have the vibrational
population distributions for the two separate channels. In
the ab initio studies of Yoshimine, discussed above, the
H-H distance at the transition state for the 1,1E channel is
calculated to be 0.878 A, while the corresponding distance
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for the 1,2E channel is 0.941 A.?2 We expect that a larger
H-H distance at the transition state should correlate with
greater vibrational excitation of the H, product. Using a
harmonic approximation for the H-H extension at each
transition state relative to a H,(»” = 0) product molecule,
we estimate that the vibrational temperature for H, from
the 1,2EF channel should be approximately twice that for
H, from the 1,1E channel. With the above assumptions,
the percent contribution of the 1,1E channel to the H,
product in the vibrational levels v” =0 to v =3 was 67%,
49%, 32%, and 19%, respectively.

For the v"” =0 and v” =1 levels, the rotational temper-
ature of H, product from 1,1E [reaction (3)] is known
from the deuterated ethylene study. The rotational distri-
bution of H, product from the 1,2F channel for the v»” =0
and v” =1 levels was estimated by making a nonlinear least
squared fit to the difference between the total H, distribu-
tion and the fit for 1,1E (as obtained from the dideutero-
ethylene study). The rotational temperatures obtained in
this manner for the 1,2F channel are 3500+940 K for
v" =0 and 4000+ 800 K for v”=1. It is noteworthy that
these temperatures are significantly hotter than for the
1,1E case.

Due to the speculative nature of the above tempera-
tures, one must be cautious when making inferences from
the data. The temperatures derived for the 1,2E channel
have very large error bars. This might indicate that this
channel produces a nonstatistical distribution of rotational
energy in the H, product. Further evidence for this comes
from the v” =2 level—the level that showed the clearest
evidence of bimodality. It is not possible to reasonably fit
the v” =2 rotational distribution with two Boltzman dis-
tributions.

B. Average translational energy

In the case of concerted decomposition there is a po-
tential energy barrier in the exit valley and a coupling be-
tween relative translation of the products and their internal
degrees of freedom. This coupling is indicative of a “tight”
transition state. In general, for a concerted decomposition,
once the reaction proceeds past the critical configuration in
the exit channel, the products formed near the top of the
potential energy barrier are rapidly repelled from each
other with enhanced translational energy. Additionally,
translational energy may be gained by initial parent mo-
tions along the reaction coordinate and by the coupling of
vibrations at the transition state into translation through
exit channel interactions. The formation of H, in the pho-
todissociation of ethylene can be described as proceeding
through a tight transition state. For this case, we expect the
potential energy release to be the dominant contribution.
This has been observed previously for other concerted H,
elimination reactions with large potential energy barri-
ers, 2633

The average H; velocity associated with each quantum
state was calculated from the Doppler fits to the individual
line shapes by the procedure described above. From these
velocities the average H, transiational energy (FE,
= $mv?) was calculated. A plot of E,, for H, vs the internal
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FIG. 8. Plot of translational energy vs internal energy for H, product
from the dissociation of C,H,. The various vibrational quantum states of
the H, product are indicated.

energy of the molecule is shown in Fig. 8 along with a
linear least squares fit to the data. Only those transitions
which exhibited no interference from other nearby lines
were used in this analysis. It is seen that the product trans-
lational energies are high (around 20 kcal/mol) and that
they decrease slightly with increasing internal energy.

It would be tempting to treat the elimination of H,
from ethylene as the dissociation of a quasitriatomic mol-
ecule (where the hydrocarbon fragment is the third parti-
cle) because the calculated transition states?® reveal that
for both channels, the two H atoms recoil from a single
carbon atom. In a real triatomic molecule there is a 1:1
trade off between translational and internal energy since
the total energy is fixed. In a plot such as that shown in
Fig. 8, all data points would lie on a straight line with slope
— 1. The reason why this is not observed in the current
experiment is that the major part of the total energy re-
mains within the internal degrees of freedom of the hydro-
carbon fragment. In other words, the sum of internal plus
translational energies for the H, fragment need not be con-
stant.

The following simple model explains the observed cor-
relation between the H, translational and vibrational ener-
gies. The model contains two features which are consistent
with the observed correlations. At the transition structure,
the repulsive energy is expected to depend on the H-H
interatomic distance: as the H-H interatomic separation
increases, the forming H, molecule looks less like a closed-
shell molecule and, therefore, a weaker repulsion is antic-
ipated. A negative correlation follows from the fact that
transition structures with larger H-H interatomic dis-
tances are expected to correlate with vibrationally excited
H, product; concomitantly, weaker repulsion is expected to
result in lower translational energy.

A second contribution to the observed negative corre-
lation arises from the fact that fairly close to the transition
structure (on the exit valley side), the vibration of the
H, product molecules is expected to become adiabatic. A
quantum of H, vibration is very large compared to other
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FIG. 9. Cartoon of a three-centered transition state for H, elimination.
(Top) Motion leading to a positive correlation between rotational and
translational energy. (Bottom) Motion leading to a negative correlation
between rotational and translational energy. The latter case is consistent
with our observed correlations.

frequencies in the problem. However, the H, vibrational
frequency is at this point still significantly less than that of
a free H, molecule. Therefore, as the H, molecule is re-
pelled, some of the repulsive energy release appears as vi-
brational energy of the H, molecule and, consequently, less
energy will be available for translation. Hence, a negative
correlation is expected wherein the H, translational energy
decreases as the vibrational energy increases.

It is also instructive to analyze the amount of H, trans-
lational energy as a function of rotational energy. The dis-
tribution of translational energies, shown in Fig. 8, is sep-
arated into the various vibrational levels for this purpose.
For each vibrational level the translational energy de-
creases slightly with increasing rotational energy. The be-
havior for each v” level is somewhat linear. Linear least
squares fits to each vibrational level gives slopes of —0.15,
—0.19, —0.10, and —0.10 for v”" =0 to v"=3, respec-
tively. There is a stronger correlation between vibrational
and translational energy than between rotational and
translational energy for H, elimination from ethylene.
(There is undoubtedly an effect due to the presence of two
H, elimination channels which complicates any analysis.)

Two transition state models which would lead to a
correlation between rotational and translational energy are
shown in Fig. 9. These represent limiting cases for the
approach to the transition state for H, elimination from a
polyatomic molecule. In this picture, one H atom is much
closer to the carbon center than the other. The C,H repul-
sion for the close H atom is much greater than for the
other H atom and therefore makes the dominatant contri-
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bution to the translational energy of the H, product. Due
to the excess energy in the reaction, the transition state
must be vibrationally excited. The vibrational motions at
the transition state can affect the correlations between in-
ternal and translational energies of the products.

The first limiting case represents C-H bond rupture
where the second H atom interacts only weakly with the
carbon atom and the transition state is achieved through
motions of the closer H atom. In this case, an increase in
repulsive energy will lead to a simultaneous increase in
translational energy and rotational energy (since a larger
torque is exerted on the H, species). Therefore, a weak
positive correlation would be expected between transla-
tional and rotational energy.

The second limiting case represents a situation analo-
gous to a “fly-by pick-off” abstraction reaction. In this
case, the transition state is achieved through motions of the
farther H atom. As the farther H atom approaches the
carbon atom, repulsion increases and enhanced transla-
tional energy is expected. However, this same motion also
decreases the H-H separation and therefore a smaller
torque is exerted on the H; species, decreasing the rota-
tional excitation. Consequently, a weak negative correla-
tion is expected.

In sum, if the range of motions at the transition state
involves the closer of the two H atoms, we expect a weak,
positive correlation and if the range of motions involves the
farther H atom, then we expect a weak, negative, correla-
tion between H, translational and rotational energy. There-
fore, we suggest that the H, elimination from ethylene is
more consistent with the limiting case shown in Fig. 9(b).
It should be pointed out that these models are consistent
with the aforementioned discussion of vibrational correla-
tions.

C. H, velocity distribution

One of the interests of this experiment was to deter-
mine if a difference in translational energy of the H, prod-
uct from the two elimination channels of C,H, could be
measured. Although the distribution of the H, internal en-
ergies suggests a bimodal distribution there is no clear ev-
idence of this in the Doppler profiles themselves, even
though the instrument resolution was <0.1 cm~'. The
technique of velocity aligned Doppler spectroscopy
(VADS), first noted by Wittig35 was used to improve the
translational energy resolution of the experiment.

In VADS, a long time delay is introduced between the
formation of the product and its measurement. In addition,
the diameter of the probe and photolysis beams are kept as
small as possible. Under these conditions any product with
a velocity component directed perpendicular to the probe
beam will have moved out of the region that is interrogated
by the probe beam during the time between when the pho-
tolysis and probe beams are fired. This effectively discrim-
inates against those molecules so the only product mole-
cules that are detected are those directed at or away from
the probe beam. The product velocity resolution of the
experiment is then greatly enhanced and one can obtain a
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FIG. 10. Pictorial representation of the time delay effect used in velocity
aligned Doppler spectroscopy (VADS). Shown are (top) probe beam/
H, product overlap and expected line profile at zero time delay and (bot-
tom) probe beam/H, product overlap and expected line profile at a long
time delay (400 ns). The cross hatched areas represent the spatial distri-
bution of the H, dissociated from C,H,.

true speed distribution of the product. A diagram showing
this effect is given in Fig. 10.

A number of transitions for the v” =1 and v” =2 levels
were measured under long time delay, or VADS, condi-
tions. Those transitions which exhibited no interference
from other lines and had large signals (the signal is signif-
icantly reduced under the VADS conditions) produced the
best results. The delay between the photolysis and probe
lasers needed to observe a VADS profile was dependent on
the experimental parameters. The most critical of these
was the size of the photolysis beam in the interaction re-
gion. The timing varied between 100 ns for a small pho-
tolysis beam to 400 ns for a larger beam. The delay was set
at the point where no further depletion in signal at the line
center could be observed.

For the v” =1 level the following H, transitions were
observed under VADS conditions: B-X (1,1) R(1), B-X
(2,1) P(3), and B-X (2,1) R(5). For the v"=2 VADS
profiles were measured for the following transitions: B—-X
(2,2) R(0), B-X (2,2) R(1), and B-X (3,2) P(5). The
measured Doppler profiles under normal and VADS con-
ditions for the B—X (2,1) P(3) transition is shown in Fig.
11. It is obvious, from Fig. 11, that the distribution of
translational energy in the H, product is peaked away from
zero. This is consistent with molecular beam time-of-flight
measurements of this distribution.'®

The VADS profiles provide information about the dis-
tribution of internal energy in the acetylene product. In
order to calculate the amount of internal energy in the
acetylene molecules that correspond to H, produced in the
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FIG. 11. H, Doppler profiles measured under VADS conditions for the
v”=1 level transition H, B—X (2,1) P(3). The VADS profile is shown
with a heavy line, while the normal Doppler profile is shown with a light
line. The intensity scales are not related.

six quantum states for which the VADS profiles were ob-
tained, the probe and photolysis lasers were approximated
as overlapping lines and a 1/v* weighting was applied to
the H; intensities in the VADS profiles. While this is a
fairly large approximation, it greatly simplifies the calcu-
lation and the average H, translational energies (measured
from the peak of the weighted VADS profile) agree well
with those measured from normal Doppler profiles. The
calculated acetylene internal energy distributions, there-
fore, should be reasonable approximations to the true dis-
tributions. For each VADS profile the peak acetylene in-
ternal energy and the FWHM (full width at half-
maximum) of the distribution was calculated according to

Eggﬂz = Eavait— E’ﬁ': - ;{2 - Egz“z'

These results are given in Table 1. The FWHM’s are
roughly centered about the peak of the distributions.

The v” =2 rotational distribution, shown in Fig. 6,
gives the clearest evidence of a bimodal product energy
distribution. This led us to undertake a very long time
delay VADS study of the B—X (2,2) R(1) transition with
the hope that the improved velocity resolution (approxi-
mately 8% ) would allow us to resolve the 1,1E and 1,2F
contributions to the VADS line shape. The result of this
study is shown in Fig. 12. The Doppler shift extends to
almost 4 cm~!, corresponding to a H, translational energy
of 46 kcal/mol. Given the H, internal energy (v"=2,
J”=1; 23 kcal/mol) and the reaction exothermicities from

TABLE 1. C,H, Internal energy distributions as measured by VADS.

H, v(0) Peak E,, E,, FWHM

transition (cm™") (kcal/mol) (kcal/mol)
B-X(1,1)R(1) 87 358.22 71.5 24.5
B-X(2,1)P(3) 88 077.07 70.4 21.2
B-X(2,1)R(5) 87 709.96 69.0 19.9
B-X(2,2)R(0) 84 751.31 68.5 15.5
B-X(2,2)R(1) 84 714.90 64.8 18.0
B-X(3,2)P(5) 84 729.84 61.5 17.0
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FIG. 12. Red side of VADS profile for B-X (2,2) R(1) transition at 700
ns (top trace) time delay. The trace is an average of 10 scans.

Fig. 1, this wing of the Doppler profile must correspond to
the 1,2E channel. We might expect to see a slower compo-
nent, due to 1,1E, superimposed on the 1,2E line shape.
We do not see clear evidence of this despite the significant
differences in exothermicity for the two channels. This is
consistent with the majority of the available energy being
partitioned to the hydrocarbon fragment, obscuring ener-
getic differences as measured by the H, Doppler line shape.

One would expect that the Doppler shift observed for
H, dissociating from ethylene through both 1,1 and 1,2
elimination would be larger than that for H, dissociating
from 1,1-d, ethylene solely from 1,1 elimination. Although
no VADS studies were performed for the deuterated spe-
cies, a comparison of the H, normal Doppler profiles mea-
sured from C,H, and C,H,;D, reactions for the transitions
C-X (1,0) Q(5), C-X (2,0) Q(7), and B-X (2,1) P(3)
was made. The H, translational energies measured from
these transitions are given in Table II. As one proceeds to
higher energy H, quantum states, the excess energy for 1,1
elimination becomes considerably less. As a result of this,
the H, translational energy decreases faster for product
from the 1,1-d, ethylene than from C,H,.

D. D-atom elimination

In addition to probing the H; elimination channels in
the dissociation of C,H,, experiments were performed to
gain information on the H atom elimination process in this
molecule. Due to the presence of large background H*

TABLE 1II. Translational energy of H, dissociated from C,H, and
CH,CD, at 193 nm.

H, E.(H,)/C,H, E (H,)/CH,CD,
transition (kcal/mol) (kcal/mol)
C-X (1,0) Q(5) 21.8 22.1
C-X (2,0) Q(7) 21.3 19.3
B-X (2,1) P(3) 21.2 14
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FIG. 13. Scans of the Lyman-alpha transition v,=82 282.65 cm™!) for
D atoms eliminated from C,D, dissociated at 193 nm under normal delay
(top trace) and VADS conditions (bottom trace). The arrow indicates
the maximum kinetic energy expected for a single photon event.

signals it was necessary to measure D atoms eliminated
from C,D, photodissociated at 193 nm.

Doppler scans of the D atom Lyman-alpha transition
at both short and long (VADS condition) photolysis/
probe time delays are shown in Fig. 13. Both scans peak at
zero Doppler shift and are fairly narrow in energy as com-
pared with the H, translational energy. This is consistent
with a simple bond rupture in which the translational en-
ergy distribution is peaked near zero and with previous
measurements of the translational energy distribution in D
(and H) atoms eliminated from C,D, (and C,H,).'*1¢
The HWHM of the line profiles are 1.43 and 1.57 cm ™! for
the short and long time delay scans, respectively, corre-
sponding to translational energies of 6.5 and 7.8 kcal/mol,
respectively.

An attempt was made to measure the maximum D
atom translational energy release in order to estimate the
C-D bond strength in C;D,4. D atoms were observed with
up to =70 kcal/mol of translational energy. This would
correspond to a C-D bond strength of only ~78 kcal/mol,
well below accepted values. Clearly, these fast D atoms
cannot be the result of a single photon absorption. Photol-
ysis power dependence studies done on the fast D atom
component showed a linear response over an order of mag-
nitude of change in the photolysis energy density. How-
ever, this does not rule out a two photon absorption pro-
cess, as has been previously assumed in other studies of this
reaction.’® If the cross section for absorption of a second
photon by a product molecule (such as the vinyl radical) is
much greater than that of the first photon this secondary
absorption process can be saturated. If this is the case then
power dependence studies will produce a linear result.

For the case of ethylene, where the absorption cross
section of the product vinyl radical is much greater than
that of ethylene,*®*" a careful photolysis laser power study
as a function of D atom Doppler shift did reveal a nonlin-
ear behavior at low intensities, confirming the multiphoton
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nature of the process.® This has been observed previously
for other concerted H, elimination reactions with large
potential energy barriers.?®33 This suggests to us that the
nascent vinyl radicals produced in the dissociation of eth-
ylene can absorb a second 193 nm photon to produce a
second D (or H) atom.

IV. SUMMARY

The evidence presented in this paper clearly supports
the existence of two distinct channels for the elimination of
H, from C,H,. The existence of these channels, the 1,1
elimination shown in reaction (3) and the 1,2 elimination
shown in reaction (4), has been proposed previously and
supported by numerous experiments. However, the infor-
mation presented here provides an insight into differences
in the dissociation dynamics of the two processes.

For the 1,1 elimination process, the amount of released
energy is limited by the heat of formation of the vinylidene
biradical. The average translational energy of H, from this
channel is less than the total average H, translation energy
observed. The amount of rotational energy imparted into
the H, product from this dissociation pathway is also sig-
nificantly lower than from the other channel. The critical
configuration near the transition state for this reaction we
suggest to be analogous to that for H, elimination from
formaldehyde.

There is =~50% more energy available to H, product
formed in the 1,2 elimination process. This larger amount
of available energy is reflected in the rotational, vibra-
tional, and translational energy of that H, product. The
higher vibrational energy implies a longer H-H distance at
the critical configuration of the 1,2 elimination reaction
than of the 1,1 elimination reaction. This is consistent with
recent ab initio calculations of the 1,1E and 1,2F transition
states.?> The higher rotational energy for the 1,2 elimina-
tion is due mostly to the larger kinetic energy release for
this channel, despite the fact that the calculated transition
state for 1,2F is more symmetric than for 1,1E. This im-
plies that the critical configuration of the 1,2E transition
state is significantly distorted from the calculated mini-
mum energy structure by the excess available energy. Fur-
thermore, the poor fit of the 1,2F rotational distribution
with a rotational temperature suggests that the actual dis-
tribution is non-Boltzmann in nature.

Recently, we learned that the barrier in the ground
electronic state to 1,2 hydrogen exchange is calculated to
be =75 kcal/mol, corresponding to the heat of formation
of ethylidyne.?® This is barrier is significantly lower than
that for either 1,1£ H, elimination (at 95 kcal/mol) or
1,2EF H, elimination (at 110 kcal/mol). We would expect,
therefore, that if the dynamics on the ground state were
statistical in nature, then there should be complete isotopic
scrambling on the time scale of reaction (i.e., no difference
in HD yields between 1,1 dideuteroethylene and 1,2 dideu-
teroethylene). This is contrary to what is observed.'* We
conclude, therefore, that the elimination reaction exhibits
nonstatistical dynamics. This is very interesting: as the
molecule has 12 internal degrees of freedom and almost
150 kcal/mol of internal energy, one might expect in-
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tramolecular vibrational energy redistribution (IVR) to be
extremely rapid and the dynamics, it follows, to be statis-
tical. In the case of 1,1 elimination, excited state ethylene
can move directly from the pyramidalized configuration at
the crossing of the NV and Z states (see Fig. 2) to the 1,1
transition state on the ground state by a simple twisting
motion, thus avoiding hydrogen “‘scrambling.” In the case
of the 1,2E channel, calculations have not yet shown if
excited state ethylene can proceed directly to the 1,2F tran-
sition state on the ground state without going through an
ethylidynelike structure (where 1,2 hydrogen exchange
may readily occur). However, it is also possible that the
system does proceed through such a configuration but
traverses quickly as it moves towards the 1,2E H, elimina-
tion transition state and the product channel.

Other information presented in this paper helps to fur-
ther elucidate the dynamics of the dissociation processes.
The VADS profiles confirm a concerted elimination mech-
anism and give an indication as to the distribution of in-
ternal energy in the hydrocarbon fragment. The D-atom
Doppler profiles confirm that this atomic elimination pro-
cess occurs on the ground state potential surface. Hope-
fully, these results will stimulate further experimental and
theoretical work, providing a more complete picture of the
dissociation dynamics of this important molecule.
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