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Photodissociation of acrylonitrile at 193 nm: A photofragment translational
spectroscopy study using synchrotron radiation for product
photoionization

David A. Blank, Arthur G. Suits, and Yuan T. Lee
Chemical Sciences Division, Lawrence Berkeley Laboratory, University of California, and Chemistry
Department, University of California, Berkeley, California 94720

Simon W. North® and Gregory E. Hall
Chemistry Department, Brookhaven National Laboratory, Upton, New York 11973-5000

(Received 23 October 1997; accepted 8 January )1998

We have investigated the photodissociation of acrylonitrileGEHCN) at 193 nm using the
technique of photofragment translational spectroscopy. The experiments were performed at the
Chemical Dynamics Beamline at the Advanced Light Source and used tunable vacuum ultraviolet
synchrotron radiation for product photoionization. We have identified four primary dissociation
channels including atomic and molecular hydrogen elimination, HCN elimination, and CN
elimination. There is significant evidence that all of the dissociation channels occur on the ground
electronic surface following internal conversion from the initially optically prepared state. The
product translational energy distributions reflect near statistical simple bond rupture for the radical
dissociation channels, while substantial recombination barriers mediate the translational energy
release for the two molecular elimination channels. Photoionization onsets have provided additional
insight into the chemical identities of the products and their internal energy contenl.99®
American Institute of Physic§S0021-96008)01814-5

I. INTRODUCTION distribution[ P(Et) ] consistent with statistical bond rupture

involving little or no barrier to recombination. The(Ey)

As the simplestr-bonded hydrocarbons, ethylene and its LT
; ; far the molecular hydrogen elimination channel was peaked
substituted analogues serve as prototypical systems for th

L aet 20 kcal/mol reflecting a substantial recombination barrier.
study of this important class of molecules. These compound|§rom the dissociation of selectively deuterated ethvlene iso-
exhibit a strongm* < 7 transition around 190 nm and their ' 'at vely ced y !

photochemistry following excitation has been the subject Oitopome_rs a 2:3 ratio of 1,1 versus .1’23 bll|m|nat|pn was
considerable literature. At excitation wavelengtig00 nm determined. Based on thermodynamic considerations, the 1,1

there is sufficient available energy for both radigah 1 and elimination was assigned predominantly to the production of

2) and moleculafrxn 3 and 4 elimination channels. singlet vinylidene, contrary to previous repofts addition,
the authors also measured tR€E;) for hydrogen atoms

H,CCHX—CHX +H, (rxnl)  which resulted from the subsequent dissociation of the na-
H,CCHX—CHa+X, xn2)  Scent vinyl radical photoproducts. _ o
2 Bk (rxn2) Of the mono-substituted ethylenes, the photodissociation
H,CCHX—C,HX +H,, (rxn3)  of vinyl chloride has received the greatest attenfiove
tion h ly af f the k ints f th Its of
H,CCHX—CyH,+ HX. (rxnd) mention here only a few of the keypoints from the results o

those investigations. Gordon and co-workers have pursued
Understanding the competition between these dissociatioan extensive series of studies investigating the dissociation
pathways as well as the underlying dynamics of each channeif vinyl chloride at 193 nm using Doppler spectroscopy. The
has been central to previous experimental investigations. authors have measured Doppler profiles for hydrogen atom
The photochemistry of ethylene has been the subject gbroducts with an average translational energy of 17 kcal/mol
numerous studiesBalko et al. used the technique of photo- assuming a Maxwell-Boltzmann distribution. They also
fragment translational spectrosco®T9 to study the dis- measured the rotational distributions fog(bll=0-4) prod-
sociation of ethylene at 193 nm. The authors characterizedcts and obtained the maximum translational energy release
both the atomic and molecular hydrogen elimination chanfor several states of jfrom the measured Doppler profiles.
nels, which were found to occur with nearly equal yields.The focus of these investigations has been the Cl and HCI
Both dissociation channels followed internal converdi@)  elimination channels. The bimodal translational energy dis-
to the ground electronic surface. The hydrogen atom losgibution for the radical Cl elimination channel was origi-
channel exhibited a center of massm) translational energy nally assigned as two dissociation channels based on the re-
sults of Umemotcet al. for 1,1 dichloroethylene. The faster

dPresent address: Department of Chemistry, Texas A&M University, Col-frag_ments were th_OUght to originate from Mﬂé(_C_-CI) elec-
lege Station, TX, 77843. tronic surface while the slower fragments originated from a
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ground state dissociati¢hThe state resolvedP(E+)’s for 193 nm (148 keal/mol)
HCI measured by Gordon and co-workers were qualitatively HO™ ceon HHLCOY+ HON
similar to theP(E;) measured by Balket al. for H, elimi- 1200

nation from ethylené. The HCI rotational population was HCCN T H

found to be biexponential far=0 and was fit well with a
single Boltzmann rotational temperature for=1 and v
=2. Gordon and co-workers also dissociated vinyl
chloride-1d at 193 nm and found a 25:75 ratio of HCI:DCI.
While this might suggest a 25:75 ratio of 1,2 versus 1,1 HCI
elimination, this conclusion was contradicted by the identical
internal energy distributions of the HCI and DCI products. A
complex mechanism involving partial H-atom scrambling HCCHeN
followed by a concerted 1,1 HCI elimination and isomeriza-, | 1.0 relative ener. e -
. . L ) L1 gy of possible dissociation channels from acryloni
tion of the singlet vinylidene product to acetylene was in-yie following absorption at 193 nm. The origin of the thermodynamic val-
voked to explain the experimental results. ues are in Ref. 31.

The photodissociation of acrylonitrile gBCHCN) has
received comparably less attention. The vacuum ultraviolet
absorption spectrum was measured by Mullen and OrloffPECtroscopy to measure nascent CN Doppler profiigse

who assigned the following transitions:— 7 at 217.0 nm, measured CNo=1 t0 v=0 branching ratio was in good
m—a* at 203.0 nm, and— o* at 172.5 nnt. Gandini and  &dreement with the results of Bird and Donaldson. The CN

dDoppler profiles, however, were consistent with a prior trans-
lational energy distribution and showed no detectable vector
correlations, suggesting that the dissociation proceeds via
simple bond rupture on the ground electronic surface. The
m@uthors also determined a quantum yield<00.01 for the

CN elimination channel.

We have recently demonstrated the power of the tech-
nigue of photofragment translational spectroscopy with tun-
n?—ble VUV synchrotron radiation used for product photoion-
ization to resolve a complete picture of complex
photodissociation dynamics in small molecular systéhis.
acrylonitrile at 193 nni. The authors identified two single this_ stud.y we have useq t_his method to iqvestigate the pho-

todissociation of acrylonitrile at 193 nm. Figure 1 shows the

photon dissociation pathways, CN and HCN elimination. . . . . .
: Lo thermodynamically available dissociation channels following

The translational energy distributions for both channels were ! ) o ! .
bsorption at 193 nm. We have identified four primary dis-

obtained by a direct inversion of the TOF spectra, and each . . . : . "
' , o sociation channels including both of the radical dissociation
was fitted with a Boltzmann distribution. The lower energy . .
channels, reactions 1 and 2, and both of the molecular elimi-

contribution, Tygy=2500 K, was assigned to the CN elimi- ., channels, reactions 3 and 4. The dissociation is con-

nation channel, and the higher energy contributi®ge . . - :
— 6000 K. was assianed to HCN elimination with a ratio of sistent with competition on the ground electronic surface fol-
_ ' 9 lowing internal conversion from the initially excited=*

CN/HCN>3. Experiments by Fahr and Laufer employing state. Translational energy distributions have been deter-

VUV flgsh photoly5|s_of acrylonitrile-1d followed by spec- mined for all of the observed dissociation channels. The se-
troscopic VUV o!etgctlgn of the products s_uggested that MOTective photoionization has enabled us to distinguish between
Iepu!ar .HCN eI|m|na_t|on results_ predomlnantl_y from 1,1 ignals generated by molecular HCN elimination and radical
el'lmlnat'lon'on a'?; excited electronic surface to give HCN and::N elimination, despite the identical product mass combina-
triplet vmyhd_ene;. The authors also placed an upper fimit on tions (m/e 24 m/e 26) of these dissociation channels. Addi-

the CN elimination channel of 5%. tionally, we have measured the photoionization onsets for all

h B'rdl anfg;)onalds_on Ilnves_tl%atedd the CN ehllurlglnatlon of the dissociation products heavier thag Idroviding addi-
channel at nm using laser-induced fluorescehle) to tional information about their identities and extents of inter-

probe the CN product state distributioh€nly v =0 andv nal excitation
=1 vibrational states were populated with a ratio of ( '
=1/v=0)=0.14. The nascent rotational distributions for
bothv =0 andv=1 were fitted with a Boltzmann rotational
temperature of,,;= 1450 K. Based on the nonstatistical vi- These experiments were carried out at the Chemical Dy-
brational distribution, the level of rotational excitation, and namics Beamline at the Advanced Light Sour@d.S) at

the translational energy distribution reported by Nishal.  Lawrence Berkeley National Laboratory. A complete de-
the authors concluded that the CN elimination channel proscription of the apparatus can be found in Ref. 12. The in-
ceeds via a prompt dissociation on an excited electronic sustrument is based on a previously constructed apparatus that
face. Recently, North and Hall investigated the CN elimina-is described in detail elsewhéfewith the most significant

tion channel at 193 nm using transient frequency-modulatedifference being the use of tunable VUV undulator radiation

L '(H,CC) + HCN

80—

N
=)
I

Relative Energy (kcal/mol)

IS
=)
{

8]
=]
I

Hackett photolyzed acrylonitrile at 213.9 nm and identifie
end products consistent with the molecular elimination chan
nels, reactions 3 and 4, with a ratio of HCN tg lbss of

1.68 The authors noted a drop in the Huantum yield when

photolyzing at 206.5 nm and suggested the onset of a co
petitive radical dissociation channel. Dissociation of
acrylonitrile-1d resulted in a ratio of 1:50.2 for both

HD/H, and GHD/C,H, and, while the evidence was not
conclusive, the authors favored a mechanism where rando
ization of the H/D atoms precedes elimination of both HCN
and H. Nishi et al. have performed PTS experiments on

II. EXPERIMENT
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from the ALS for product photoionization in place of elec- 600
tron impact. A continuous molecular beam was generated by
expanding 100 Torr of 3% or 11% acrylonitrile in He
through a 0.125 mm nozzle into a source chamber main-
tained at 4<10~* Torr. The nozzle was heated 0200 °C

to inhibit cluster formation. The velocity distribution of the
resulting beam was measured by chopping the beam with a
slotted mechanical wheel. The beam velocity for 3% acry- AN o o
lonitrile in He was 1710 m/s with a FWHM of 12% and for ‘ ‘ ’
11% acrylonitrile in He was 1330 m/s with a FWHM of I

13%. The molecular beam was skimmed twice and inter- 200
sected at 90° with the output of a Lambda Physik LPX-200
excimer laser operating on the ArF transitiét93.3 nm).
Laser fluence ranged 10—300 mJfcrithe molecular beam
was rotatable about the axis of the photodissociation laser.
Neutral photodissociation products which recoiled out of the g
molecular beam traveled 15.1 cm where they were inter- 50 100 150
sected by VUV undulator radiation and photoionized, mass flight time / usec

selected, and counted as a function of tithe.

The VUV undulator radiation used for product photoion- FIG. 2. TOF spectra for m/e 52 ¢8,N ) photoproducts at source angles of
ization is described in detail elsewhéfeThe undulator ra- ° @nd 7.5° and a photoionization energy of 14.0 eV. The solid line is the
diation is continuously tunable from 7 to 50 eV, has an ap_forward convolution fit using thé&(E+) shown as the solid line in Fig. 3.
proximate Gaussian energy distribution with a FWHM of

2.5%, and provides-1x 10*° photons/s at the fundamental ToF spectra presented, the circles represent the data, the
energy with substantial energy in the higher harmonics. Ifyashed lines represent contributions of individual dissocia-
order to suppress the higher order harmonics the undulaiqfon channels to the forward convolution fit, and the solid
radiation is focused into a filter consisting of 30 Torr of jine js the total forward convolution fit to the data. While
argon.” Below the ionization potentiallP) for argon, 15.76  ToF spectra were taken at multiple laser fluences to insure
eV,”" the filter is transparent. Above the argon IP the filterinat gissociation signals were the result of a single photon
becomes opaque, pro_v_ldlrtglo“ suppression of the undu- apsorption, all TOF spectra presented were taken with a laser
lator radiation. In addition, there is also a removable MgF fj,ence of~ 100 mJ/cri. In all of the experiments presented
window between the rare gas filter and the point of intersece photodissociation laser was unpolarized, which has the
tion with the photodissociation products. This window caneyperimental result of an isotropic laboratory photofragment
be used at ionization energies below the Mg&itoff of 11.2gjstripution in the plane defined by the molecular beam and
eV™ to provide additional suppression of higher energy ra-yetector.

diation. After passing through the rare gas filter, the undula- Hydrogen atom elimination. Figure 2 shows the TOF

tor radiation is refocussed to 18@50um at the point of spectra for m/e 52 (§¢1,N*) at source angles of 5° and 7.5°
intersection with the scattered neutral photodissociationy,q 5 photoionization energy of 14.0 eV. The spectra contain
products. The undulator flux is continuously monitored usingy single feature which was fitted with tH(E ) shown as

a VUV calorimeter. For measurements of the photoionizaine solid line in Fig. 3. TOF data at m/e 52 could not be
tion onsets of photodissociation products the total scatteringg|iected at scattering angles less than 5 degrees due to back-

signal at a fixed source angle is integrated as the undulat(grround from the molecular beam. A minimum of 4 kcal/mol
energy is stepped. For these measurements the apertures

fining the undulator radiation were adjusted to accept less of
the radiation cone, narrowing the energy distribution to a
FWHM of 2.0% with a 75% reduction in flux.

Acrylonitrile, 99+ %, was obtained from Aldrich and
used without further purification.

300

counts

counts

this work

-
[ — —prior
|
r

Ill. RESULTS

Center of mass translational energy distributions,
P(E+), were obtained from the time of flight spectra, TOF,
using the forward convolution techniqt&The forward con- 0.00
volution technique involves convolution of an initiB((E+) 0 10 20 30 40
and photofragment angular distributioh(#), over the in- Er / kcal/mol
strument response function to generate a simulated TOF S _ o
|G. 3. The solid line is th&(Et) used to fit the TOF spectra in Fig. 2 for

spectrum. The simulated TOF spectrum is then compared tI'Ei)ydrogen atom elimination, £;N—H+C3H,N. The dotted line is the cal-

the_ experimgntal data_and tREET) a.ndT( 0). are iteratively  cjjated prior distribution given an available energy of 40 kcalimol for com-
adjusted until a best fit to the data is obtained. For all of theparison.

P(E;) / arb. units
o )
o -
(@)} (@)
I I
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FIG. 4. The circles are the photoionization spectrum for the m/e 52 100
(CsH,NY)  photoproducts  from hydrogen atom  elimination,sHgN 5
—H+C3H,N, at a source angle of 7.5°. The triangles are the photoioniza- g 50
tion spectrum for the m/e 51 (BIN*) photoproducts from molecular hy- 8
drogen elimination, gH;N—H,+CsHN, at a source angle of 10°. o

50 100 150

: . . flight time / usec
of translational energy is required to scatteyHGN photo-

products to this angle, making our determination of theFIG.5. TOF spectra for m/e 51 ¢BN") photoproducts at source angle of
P(E;) insensitive to total kinetic energies below 4 kcal/mol. 7.5°and a pohotpionization _engrgigs of 14.0 eV and 12.0 eV and at a source
The P(E-) for the H atom elimination channel, as shown in angle of 10 with a phot0|or1|ze}t|on energy qf 12.0 eV. The dotteq Ilng
. - . ) A representing the larger contribution to the fits is the forward convolution fit
Fig. 3, is monotonically decreasing out to a maximum Ofusing the P(Ey) shown in Fig. 6 for molecular hydrogen elimination,
about 40 kcal/mol. The photoionization spectrum for theCsHsN—H,+C3HN. The dotted line representing the smaller contribution
C3H,N photoproducts collected at a scattering angle of 7.5%0 the_ fit is the result of dissocie_xti\(e ignization okHLN photoproducts
is shown as the circles in Fig. 4. Taking into consideration;.es“'t'”.gl from hydrogen atom elimination ;N —H-+C5HaN, and was
j . DT itted with theP(Ey) in Fig. 3. The solid line is the total forward convolu-
the width of the undulator radiation, the photoionization on-iion it to the data.
setis 9.30.3 eV.
The observed photoionization onsets depend on a com-
bination of energetic factors in addition to the intrinsic of 9.3+0.3 eV should be considered a lower limit to the IP
photoionization potential of the detected species. We use thef cold GH,N radicals. Using electron impact, Mon-
following expression to calculate the available energy, igny etal?! reported fm appearance potential of 13.82
+0.08 eV for H,N™ from acrylonitrile, HiN—
Eavaitable= Eny~ Do(H-CgHoN) + Eparent @ CsH,N* +H. Subtcréac%ing théestimate}ai C-H bong3 e%ergy,
EstimatingDo(H-C3H,N) to be 108 kcal/mol based on the Dy(H-C3H,N)=4.69 eV, the result suggests an IP fgHGN
C—H bond strength in ethyleleand neglecting the internal of 9.1 eV in good agreement with our measured photoion-
excitation of the parent molecule in the supersonicization onset.
expansiorf’ the available energy following H-atom elimina- Molecular hydrogen elimination.Figure 5 shows TOF
tion at 193 nm is about 40 kcal/mol. A minimum of 13 spectra for m/e 51 (§IN*) at a source angle of 7.5° for
kcal/mol of translational energy is required to scatter aphotoionization energies of 12.0 eV and 14.0 eV, and a
C3H,N photoproduct to 7.5°. The portion of the measuredsource angle of 10° for a photoionization energy of 12.0 eV.
P(Ey) above 13 kcal/mol has an average of There are two contributions in the forward convolution fit to
(ET)(>13 kearmoi= 20 kcal/mol. Since this channel results the TOF spectra. The major component in the fit is the result
from atomic elimination and there is no evidence for elec-of H, elimination and was fitted with th@(Ey) in Fig. 6.
tronic excitation of the products, any portion of the availableThe P(E;) has a maximum probability at 18 kcal/mol and
energy not partitioned into translation must be partitionedextends beyond 47 kcal/mol witkE+)=23=1 kcal/mol.
into internal degrees of freedom in thgH;N products. Sub- The cross-hatched region shows the range in R{&q)
tracting the average translational energy from the availablevhich leads to a reasonable fit to the TOF data. The minor
energy leaves an average internal energy in tii¢,8 pho-  component in the fit is the result of dissociative photoioniza-
toproducts detected at 7.5° of 20 kcal/mol. Therefore, thdion of C;H,N products that resulted from atomic hydrogen
photoionization spectrum for m/e 52 photoproducts in Fig. 4elimination and was fitted with th®(Et) in Fig. 3. Com-
represents gH,N radicals containing a very broad internal pared with the spectra at 12.0 eV, the 14.0 eV spectrum was
energy distribution with E;,)~20 kcal/mol. Without quan- well fitted by increasing the contribution of the dissociative
titative information about the effect of internal energy in theionization channel from the atomic hydrogen elimination
neutral GH,N products on the photoionization process weproducts with respect to the,Helimination channel. Fitting
are unable to report a corrected value for the photoionizatiospectra taken at both 12.0 eV and 14.0 eV, where the ratio of
onset of internally cold ¢H,N radicals. However, additional the two contributions to the signal is significantly different,
internal energy will most likely lead to a red shift in provides additional confidence in the fit to thg élimination
the photoionization onset, and therefore our measured valughannel. The photoionization spectrum foHD photoprod-
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FIG. 8. TOF spectra for m/e 27 photoproducts at a source angle of 20° and
photoionization energies of 10.0 eV, solid line, and 15.0 eV, dashed line.
The TOF spectrum at 10.0 eV represents vinyl radical products from CN
elimination and the spectrum at 15.0 eV is dominated by HCN photoprod-
ucts; see text. The two TOF spectra have been independently normalized,
however the TOF spectrum at 10.0 eV has a corrected signal inten&ig

of the TOF spectrum at 15.0 eV.

FIG. 6. The P(E;) for molecular hydrogen elimination, 83N
—H,+C3HN, used for the forward convolution fits to the TOF spectra in
Fig. 5. The cross-hatched region represents the uncertainty iR (B¢).
Within this region we are able to obtain a satisfactory forward convolution
fit to the TOF spectra in Fig. 5.

ucts collected at a scattering angle of 10° is shown as the
triangles in Fig. 4. The spectrum shows a photoionizatiornred shift of 5.1 eV from the HCN IP of 13.6 eV exceeds the
onset of 10.8:0.3 eV. This is consistent with the IP for cy- available energy following photodissociation at 193 nm. The
anoacetylene of 11.6 é¥/with the red shift in the photoion- dominant feature in Fig. 7, with a photoionization onset
ization onset resulting from internal excitation in the HC- ground 11.0 eV, can be assigned to HCN photoproducts with
CCN photoproducts. the red shift of the photoionization onset reflecting substan-
HCN and CN elimination. There are two possible prod- tial internal excitation in the HCN products. Additional evi-
uct channels which can result in a photoproduct mass congence for the presence of two distinct dissociation channels
bination of m/e 2#4m/e 26: HCN+-C;H, or GH3+CN. In  |eading to m/e 27 photoproducts is shown in Fig. 8. Figure 8
traditional PTS experiments that employ electron impacihows TOF spectra for m/e 27 at a source angle of 20° and at
product ionization it is often difficult or impossible to distin- photoionization energies of 10.0 eV and 15.0 eV. The two
guish between dissociation channels that generate the sarggectra have been separately normalized in Fig. 8, although
mass combination. The selectivity afforded by tunable VUVafter kinematic and ionization intensity corrections the signal
photoionization provides a significant advantage in suctbpserved at 10.0 eV photoionization energy was more than
cases. The photoionization spectrum for m/e 27 photoprodi00 times weaker than the signal at 15.0 eV. It is clear in
ucts collected at a scattering angle of 15° is shown in Fig. 7Fig. 8 that at photoionization energies well above the IP for
The spectrum has a dominant feature with an onset aroungbth HCN and the vinyl radical the m/e 27 TOF spectrum is
11.0 eV and a small shoulder with an onset around 8.5 eVdominated by HCN photoproducts. However, when the
The two possible photoproducts at m/e 27 are HCN and th@hotoionization energy is set below the IP of HCN and
vinyl radical, which have ionization potentials of 13.6 eV above the IP for vinyl radicals, a very different TOF spec-
and 8.6 eV, respectivefy. The shoulder with a photoioniza- trum is observed, which we attribute to the vinyl radical
tion onset around 8.5 eV is consistent with the IP for vinyl + CN dissociation channel. It should be noted that selective
radicals. It cannot result from HCN photoproducts since gonization is essential to distinguish these channels, since the
minor radical elimination channel is lost in the tail of the
dominant molecular elimination channel without selective
ionization.
- HCN elimination. Figure 9 shows TOF spectra for m/e
27 photoproducts at source angles of 30° and 50° and a
photoionization energy of 15.0 eV. As discussed above, at a
. photoionization energy of 15.0 eV the spectra in Fig. 9 are
completely dominated by HCN photoproducts. Figure 10
shows TOF spectra for m/e 26 at source angles of 30° and
50° and a photoionization energy of 15.0 eV. The TOF spec-
Bgeese™ tra in Figs. 9 and 10 were fitted with tH&(Ey) in Fig. 11,
8 10 12 14 18 confirming the TOF spectra in Fig. 10 to be the momentum
Energy / eV matched GH, partner fragment to HCN photoproducts.
While 15.0 eV is sufficient to photoionize bothl€, and CN
F'Gi 7. :zgop?’;"io”i?aﬂo” Spec"urt“ f‘_’tfhm/e 2752*1“1“05@"‘:“5 a;?: ;"Ufcﬁhotoproductﬂhe ionization potentials are 11.4 eV and 14.1
angle o . € major component with an on ev Is fTrom . f .
phgtoproducts, Q-|3NJHCN+£2H2, and the small shoulder with an onset ev, respectlveIV) no difference in the _shape of the_m/_e 2_6
at 8.5 eV is from vinyl radical photoproducts generated by CN elimination, 1 OF spectra was found when decreasing the photoionization
C3H3N—CN+C,H,. energy to 12.0 eV. Since 12.0 eV is well below the IP for CN

3000 (— ]
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1000
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FIG. 9. TOF spectra for m/e 27 at source angles of 30° and 50° and
photoionization energy of 15.0 eV. The solid line is the forward convolution
fit for HCN elimination, GH;N—HCN(m/e 27+C,H,(m/e 26, using the
P(E;) in Fig. 11.

products, this confirms that the m/e 26 TOF spectra consi
almost exclusively of gH, photoproducts from HCN elimi-
nation. TheP(E;) for HCN elimination in Fig. 11 has a
maximum probability at 8 kcal/mo{,E)= 15 kcal/mol, and
decreases out beyond 47 kcal/mol. The cross-hatched regi
shows the range in the(E;) about which a reasonabile fit to

the TOF data can be achieved. The photoionization spectruf

for the m/e 26 (GH,) photoproducts scattered to a labora-
ure
r

tory angle of 15° is shown as the circles in Fig. 12. Fo

comparison, the photoionization spectrum obtained by sendft Source angles of 10°
ing a neat molecular beam of acetylene directly into the de*

tection region of the instrument is shown as the triangles i

|
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FIG. 11. TheP(Ey) for HCN elimination, GH;N—HCN+C,H,, used for

the forward convolution fits to the TOF spectra in Figs. 9 and 10. The
cross-hatched region represents the uncertainty inPifte;). Within this
region we are able to obtain a satisfactory forward convolution fit to the
TOF spectra in Figs. 9 and 10.

Fig. 12. The two ionization spectra in Fig. 12 have been
arbitrarily scaled to the integrated signal at a photoionization
energy of 13.0 eV. The photoionization spectrum for acety-
lene has an abrupt onset at the IP for acetylene of 11.% eV.
A more gradual onset is exhibited by theH; photoprod-

dycts, starting at 10:50.3 eV. Based on this red shift in the

ionization potential we estimate that an appreciable fraction
of the GH,, products contain at least 1 eV of internal energy.
CN elimination. As discussed above, by tuning the

Hhotoionization energy below the onset for HCN photoprod-

ucts it is possible to discriminate against HCN photoproducts
t m/e 27 enabling the measurement of TOF spectra for vinyl
radical photoproducts that result from CN elimination. Fig-
13 shows TOF spectra for m/e 27,(65) photoproducts
and 20° and a photoionization energy
of 10.0 eV. The TOF spectra in Fig. 13 were fitted with the
P(E1) shown as the solid line in Fig. 14. THEy) has a
maximum probability at 1 kcal/mol and decreases out to a
maximum translational energy of 12 kcal/mol. Since CN
has an IP of 14.1 eV’ which lies above the IP of all of the
possible GH, photoproducts, we were not able to discrimi-
nate against the £, photoproducts from HCN elimination
at m/e 26 in order to obtain TOF spectra for CN photoprod-
ucts.
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FIG. 10. TOF spectra for m/e 26 at source angles of 30° and 50° and a
photoionization energy of 15.0 eV. The solid line is the forward convolution FIG. 12. The circles are the photoionization spectrum for m/e 26 photoprod-

fit for HCN elimination, GH;N—HCN(m/e 273+C,H,(m/e 26, using the
P(E) in Fig. 11.

ucts at a source angle of 15°. The triangles are the photoionization spectrum
for a molecular beam of acetylene.
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FIG. 14. The solid line is theP(E;) for CN elimination, GH3N
—CN+C,H3, used for the forward convolution fits to the TOF spectra in
Fig. 13. The dashed line is the(E;) for CN elimination determined by
Doppler spectroscopy by North and Hall. The dash-dot-dash line is the
| | | I calculated prior distribution assuming 18 kcal/mol of available energy.
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which indicates that slightly more energy is partitioned into
FLGi _13-,T?': spectra f?fl%e %/7 ?r: Soulﬁzel,ang'etf] 0:: 10° Z”d 20°|at’)d the translational degrees of freedom than the statistical ex-
photoionization energy o .0ev. € Solld line Is the Torward convolution . . . . .
fit for CN elimination, GHaN_-CN(m/e 26+C,Hm/e 27. using the pectation. One possible explanat|qn fgr the excess kinetic
P(E-) represented by the solid line in Fig. 14. Note that 10.0 eV is below€Nergy would be a small recombination barrier. Alterna-

the IP for HCN thereby discriminating against the HCN elimination channeltively, the classical treatment of high frequency oscillators in

at m/e 27. the prior model may overestimate the vibrational energy in
C5HLN, leading to an underestimate of the translational en-
ergy.

The endothermicity, available energy, and average trans-

. . L While there have been no previous reports of measure-
lational energy release for each of the observed dissociation o - :
. ments of this dissociation channel, our measuprge ) is
channels are shown in Table I.

very similar to theP(E;) measured by Balket al? for hy-
drogen atom elimination from ethylene at 193 nm. Interest-
IV. DISCUSSION ingly, Mo et al. reported a translational energy distribution
A. Radical elimination channels based on hydrogen atom Doppler profiles from the dissocia-
Hydrogen atom elimination. The P(E+) for hydrogen tion of vinyl chloride at 193 nm which were consistent with
atom elimination shown by the solid line in Fig. 3 has aa Maxwell-Boltzmann distribution and contained an average
maximum probability <4 kcal/mol and decreases out to translational energy of 17 kcal/m®i.This very large frac-
~40 kcal/mol. Translational energy distributions of this typetion of the available energy, 35% on average, in translation
are indicative of simple bond rupture on the ground elecwould seem to indicate a nonstatistical partitioning of the
tronic surface involving little or no barrier to recombination available energy suggesting a significant difference in the
and near statistical partitioning of the available energy. Fomechanism of hydrogen atom elimination from vinyl chlo-
comparison, the statistical prediction from a prior ride as compared with acrylonitrile and ethylene. The hydro-
distributiorf? is shown as the dashed line in Fig. 3. Since wegen atom Doppler profiles were isotropic which was consid-
do not measure the comple®(E;) (we cannot measure ered an indication of internal conversion prior to
below 4 kcal/mol we were not able to normalize the mea- dissociation. This result is consistent with our measured
sured P(E+) with respect to the statistical prediction. We P(E;) for acrylonitrile and the measurdél(E;) for ethyl-
have arbitrarily scaled the two distributions in Fig. 3 to ene, that suggest internal conversion to the ground electronic
match at 6 kcal/mol. surface prior to C—H bond cleavage. Using the same tech-
A prior distribution for the available energy of 40 kcal/ nique as in this study, we have investigated the dissociation
mol predicts(E+1)=4 kcal/mol. The measureB(E;) does of vinyl chloride at 193 nnt* Although we were not able to
not fall off above 4 kcal/mol as rapidly as the prior model measure the completB(E;) for the H-atom elimination

TABLE I. Summary of translational energy release from the four observed dissociation channels. All values are
in kcal/mol. Thermodynamic values were taken from Ref. 31 and available energies were calculated using Eq.

.

Reaction channel AHgq Eavai @t 193 nm (Et) (Ex)Eavai
H,CCHCN—H+H,CCCN ~108 ~40 NA NA
H,CCHCN—CN+H,CCH 131 17 2.4 0.14
H,CCHCN—H,+HCCCN 50 97 23 0.24

H,CCHCN—HCN-+HCCH 43.0 104.4 15 0.14
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channel, the portion of th®(E;) which we were able to B. Molecular elimination channels

measure is consistent with statistical bond rupture on the HCN elimination. Thermodynamically there are three
ground electronic surface and contradicts the large averadezH2 isomers that can be produced from the elimination of
translational energy release reported in the Doppler studydCN following absorption at 193 nm, reactions 5-7:

Our results indicate that the primary hydrogen atom elimina-

tion channel in both acrylonitrile and vinyl chloridas well ~ HZCCHEN=HCCHHCN AHp=43.0 kcal/mol, (rxn5)
. . y .. y . H,CCHCN—:CCH,(*A;)+HCN AH,=86 kcal/mol,  (rxn6)
as in ethylenginvolve very similar mechanisms.

et ; R _ H,CCHCN—:CCH,(®B,)+HCN AH,=134 kcal/mol. (rxn7)
CN elimination. The minor CN elimination channel in

acrylonitrile has been reinvestigated receftlf.North and  The P(Ey) for HCN elimination in Fig. 11 has a maximum
Hall*® measured a CN quantum yield of 0.008.001 in  Probability at 8 kcal/mol, extends beyond 47 kcal/mol, and
stark contrast to the earlier PTS study of Nishal.who had ~ has & FWHM of~20 kcal/mol. The available energy for
assigned a CN quantum yield of 0.75 based on indirect TOf€action 7 is only 14 kcal/mol. Since 50% of tR¢Ey) lies
evidence, Although we lack quantitative information con- 2P0ve 14 kcal/mol we can place an upper limit on the con-

cerning the photoionization cross sections of the productsgfslg('jog:ferne;(:t'ozozlsztrc;foaf ?ﬁemtr?l)tlgi%:zilligl:itlcg:;tra
we estimate this channel to account farl% of the total gy ) b P

di i iold at 193 . C with th it or the GH, photoproducts, shown in Fig. 12, has an onset at
ISsociation yield & nm in agreement wi eresults Ohpsrp.3ev. Although the ionization potential for singlet

North and Hall. The CN eliminatiqn f:harlnel is substgntigllyand triplet vinylidene are not well determined, we have
smaller than the analogous CI elimination channel in V'”yladopted a value of 11.4 eV for the IP of singlet vinylidene
chloride, which may account for as much as 50% of thepased on the recommended value from Romiusl?’ If we
dissociation products at 193 rfmin vinyl chloride the large  assume that the IP for triplet vinylidene is the IP for singlet
Cl elimination channel is due to the participation of a directvinylidene reduced by the singlet/triplet splitting energy of
dissociative state which crosses the initially excitea* 2.0 e\?® we obtain an estimate of 9.4 eV for the IP of triplet
state in the Frank—Condon regidft?>The absence of such a vinylidene. Our measured photoionization onset is 1 eV
repulsive electronic surface correlating to CN elimination inabove this estimate for the IP of triplet vinylidene. Consid-
acrylonitrile forces this channel to compete with other more€ring the thermodynamic restrictions and the failure to ob-
energetically favorable dissociation pathways on the groung€rve any signal within 1 eV above our estimated value for
state potential energy surface. As a result, the moleculdhe IP of triplet vinylidene, we believe that reaction 7 is not

elimination channels dominate and the radical channels ar%significant channel in HCN elimination. This is contrary to
relatively minor the conclusion of Fahr and Laufer, who reported that this

The translational energy distribution determined in thisy &> the major HCN elimination pathway following VUV

. iy istent with the statistical randomizati {Iash photolysig. While we can rule out the participation of
expenment IS consistent wi € statistical randomizalion Oy 5 iy 7 in acrylonitrile dissociation, energy conservation

the available energy followed by a bgrrierless dissociation Oone cannot distinguish between reaction&l® elimina-
the _groyndzzelegtronlc stat_e. A prior trgnglatlonal_ €Nerg¥ion) and 6(1,1 elimination.
distribution;< which approximates a statistical partitioning Several pieces of evidence lead us to favor a 1,1 elimi-
of energy, is shown as the dash-dot line in Fig. 14 and isation mechanism for the production of HCN angHg. Re-
qualitatively very similar to the measured distributi@olid  centab initio calculations have found the transition state for
line). For comparison, an impulsive mo@&Wwhich has been  reaction 6 at 107 kcal/mol and the transition state for reac-
invoked to fit the fast Cl elimination channel in vinyl chlo- tion 5 at 116 kcal/mof® RRKM rate calculations, using the
ride, would result in an average translational energy ofab initio transition state frequencies and energetics, led to a
~9 kcal/mol, rather than the 2.4 kcal/mol observed. Furtherrate about 100 times slower for reaction 5 than for reaction 6.
more, in such cases thB(E;) most often resembles a Although not conclusive, the calculated rates strongly sug-
Gaussian distribution centered at the impulsive averageJest that reaction 6 is the dominant HCN elimination chan-
qualitatively dissimilar to the experimental observations. Nel- The calculated values for the transition states of reac-
State-dependent translational distribution from thetions 6 and 5 provide_recompination barrier heights of 19 and
analysis of Doppler profiles over the range of populated cNl kc'aI/moI, respectlvgly. Since a large fraction of the re-
rotational states in=0 have been recently measured bycomblnatlon barrier typically appears as product translation,
North and Hall® The state-dependent distributions were in_the observed average translational energy release of 15 kcal/

L . ) mol is consistent with 1,1 HCN elimination, and much
distinguishable, suggesting that tiR¢Ey) derived from a smaller than what one might expect from 1,2 elimination.

single CN state can be compared to the present, statqyq ayidence in favor of a 1,1 HCN elimination mechanism
averaged, measurements. TR{Er) obtained from CN g cjo,ded, however, by the internal energy estimates derived
Doppler profiles foN=24,v =0 is shown as the dashed line f,om the photoionization threshold spectra. If dissociation
in Fig. 14. The present experimental distribution is slightlyproduced HCN and singlet vinylidene with 15 kcal/mol av-
colder than the Doppler measurement. The small differencgrage translational energy, the nascent products should di-
may simply be due to the contribution of=1 and the su- vide the remaining 46 kcal/mol between the internal degrees
personic cooling of the parent molecule in the PTS measuresf freedom of the two fragments. Isomerization of singlet
ments. vinylidene to acetylerfd would be complete prior to photo-
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ionization detection, and an additional 43 kcal/mol of mol, compared to 8 kcal/mol in our measurements. One pos-
isomerization energy should be deposited in thelCvibra-  sible explanation for the slowd?(Et) presented by Nishi
tional energy. The ionization onsets observed suggest that al.could come from the long-time tails on their TOF spec-
the HCN is too hot and the #, is too cold for this mecha- tra which were attributed to residual gas buildup following
nism. the molecular beam pulse. A direct inversion of these TOF
The interpretation of large red shifts in the photoioniza-spectra to obtain translational energy distributions may have
tion onsets is somewhat problematic, and deserves some diseen biased toward lower energy.
cussion. The photoionization onset for HCN products, the  Gordon and co-workers measured the state selected
major feature in Fig. 7, exhibits a reduction of 2.6 é60  P(Ey) for HCl (v=0, v=1, andv =2) from vinyl chloride
kcal/mo) from the IP of HCN=13.6 eV(Ref. 17. Our mea-  dissociation at 193 nm using Doppler spectroscdfhe
sured photoionization onset of 16:9.3 eV for the GH,  shape of the distributions are very similar to our measured
species is 0.9 e\21 kcal/mo) below the IP for acetylene. P(Ey) from HCN elimination with a slightly higher average
We note that the sum of the average translational energy aritanslational energy which is consistent with the higher
the two photoionization onset red shifts is very close to theavailable energy for the elimination of HCI from vinyl chlo-
104 kcal/mol available energy, encouraging the use of théide of 124 kcal/mol compared to 104 kcal/mol for acryloni-
reduction in the photoionization onset as a qualitative estitrile. The agreement between the analogous HCN and HCI
mate of product internal energy. Quantitative interpretatioriranslational energy distributions suggests the two dissocia-
of such red shifts would depend on a detailed analysis of thions proceedvia a very similar mechanism on the ground
autoionization of vibrationally excited Rydberg levels which electronic surface.
could generally be accessed with approximately diagonal —Molecular hydrogen elimination.The elimination of H
Franck—Condon transitions, as well as a Franck—Condoffom acrylonitrile at 193 nm can give rise to thregHDl
analysis of direct photoionization. We do not attempt thisISOMers,
difficult analysis, but note that the influence of photofrag-
ment internal energy on photoionization threshold spectra i§2CCHCN—-HCCN+H, AHo=50kcal/mol  (xn8)
an issue that will affect many PTS and crossed beam scatte'F'—ZCC"'C'\'_’;(:CCHC'\D+"|2 AHo~90 keal/mol  (rxn9)
ing experiments that use tunable VUV product photoionizaH2ZCCHCN="(CCHCN+H,  AHo~140 kcal/mol.  (rxn10)

tion, and deserves further study. For our present purposegye can estimate the endothermicity for dissociation to give
we merely note that a 2.6 eV red shift in the HCN ionization H2 and Sing|et Cyanoviny| radica|S, reaction 9, based on the
onset implies an internal energy far too large to be consisterdndothermicity of the analogous,télimination from ethyl-
with the direct formation of HCN and singlet vinylidene.  ene and vinyl chloridé:=*° We assume that the singlet/triplet
A resolution of this apparent contradiction comes from agplitting in the cyanovinyl radical is similar to the singlet/
recognition of the low barrier and rapid isomerization rate oftriplet splitting in vinylidene of 48 kcal/méf to obtain the
singlet vinylidene to acetylene. Based on negative ion phoestimated endothermicity of reaction 10. TREE) for mo-
todetachment spectral linewidths, Lineberger and co-workergecular hydrogen elimination is shown in Fig. 6. The avail-
estimated a lifetime of 40-200 fs for the isomerization ofable energy following reaction 10 is 8 kcal/mol. Since all
vinylidene to acetylen& Given the extremely short lifetime the photofragments from this channel have translational en-
of singlet vinylidene, it may not be appropriate to think of ergy in excess of the energetic limit of reaction 10 it is un-
the dissociation and the isomerization of thgigproduct as  likely that this reaction plays a significant role in, ldlimi-
temporally separated processes. As a result, some fraction aation. TheP(Ey) is consistent with the energetics of both
the isomerization energy would be available for partitioningremaining channels. The measured width and peak position
into degrees of freedom other than internal excitation of theof the P(E;) suggest the presence of a large recombination
acetylene product, in agreement with our estimate of théarrier.
acetylene and HCN internal energies. A concerted mecha- Similar arguments can be made about the expected ki-
nism of this type is analogous to the HCI elimination mecha-netic energy release for 1,1 vs 1,2 elimination of tHat
nism from vinyl chloride proposed by Gordon and were made above for the 1,1 vs 1,2 elimination of HCN.
co-workerst Strong repulsion between closed-shelj &hd cyanoacety-
Comparison of our measurdd Er) for the HCN+C,H,  lene at small distances are responsible for a large recombi-
channel with the previous PTS experiments of Nighal.”  nation barrier in the 1,2 Helimination, reaction 8. A recom-
show disagreement at two levels. To begin with, the m/e 2'bination barrier to 1,1 Kelimination has been calculated by
measurements were attributed to a superposition of HCMRiehl et al*° to be about 6 kcal/mol in the vinyl chloride
from reaction 4 with GH; from reaction 2. From the CN ground state. By analogy, we expect the recombination bar-
quantum yield measurements of North and Ha#ind the rier to 1,1 H, elimination in acrylonitrile also to be much
selective ionization studies reported here, it is now clear thasmaller than for 1,2 elimination. However, as in the case of
the m/e 27 TOF signals reported by Nighial. were domi-  vinylidene/acetylene isomerization, the cyanovinyl radical
nated by HCN. Second, if reinterpreted as a single distribuean also isomerize rapidly to cyanoacetylene, allowing the
tion for the HCN elimination channel, the tofa(E+) should two photofragments to experience part of the strong repul-
then be comparable to our HCN measurements shown in Figive potential between Hand cyanoacetylene at close prox-
11. The totalP(E+) reported by Nishet al. is substantially  imity. A barrier of only about 1 kcal/mol for the analogous
colder than our measurements, with a maximum near 3 kcatthlorovinyl to chloroacetylene isomerization has also been
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calculated by Riehkt al. The magnitude of the repulsion fragment anisotropy in this study, there is significant
between H and cyanoacetylene will be strongly dependentevidence that the dissociation produces an isotropic distribu-
on the rate of isomerization with respect to the rate of prodtion of fragments. Measurement of the photofragment
uct separation. The result of such a concerted eliminationanisotropies for H and Helimination channels are notori-
isomerization process should be the partitioning of some obusly difficult due to the low center of mass recoil of the
the energy of isomerization into translation of the dissociatheavy fragments which we detect. However, the analogous
ing fragments. In the study of ethylene dissociation at 193hannels in the photodissociation of vinyl chloride are iso-
nm, isotopically labeled reagents demonstrated a 3:2 prefetropic. North and Hall failed to detect any anisotropy in care-
ences for 1,1 vs 1,2 Helimination, while the measured ful polarization measurements of CN Doppler profiles. This
P(Ey) was a single broad feature peaked around 2M®bservation was consistent with the derived speed distribu-
kcal/mol! These results show that despite the large differtion, confirmed in the present work, which indicated a statis-
ence in the two recombination barriers, the coupling oftical partitioning of the available energy and suggested that
isomerization to 1,1 elimination can result in comparable ki-CN elimination occurred on the ground electronic state. The
netic energies for the two competing mechanisms. A similaphotofragment angular distribution for the HCN elimination
situation seems likely in the case of acrylonitrile. channel was found by Nistét al. to also be isotropic. The

An alternative reaction pathway consistent with a largelack of anisotropy in all dissociation channels in acrylonitrile
recombination barrier is H-atom migration to form the cya-suggests that the excited molecule is long lived on the time
noethylidene radical followed by Helimination. From ther-  scale of molecular rotation which is consistent with an elec-
modynamic arguments and,Hotational populations, Gor- tronic predissociation mechanism, involving either internal
don and co-workers also found evidence for both 3 and &onversion or intersystem crossing prior to dissociation. If
center H elimination mechanisms in the dissociation of vi- internal conversion occurs, acrylonitrile photodissociation at
nyl chloride® The authors suggested the most likely path for193 nm represents a means to examine the competition be-
3 center elimination involved an initial H-atom migration tween ground state reaction pathways starting from a well
followed by dissociation. The barrier to H-atom migration in defined microcanonical ensemble. In order for this model to
vinyl chloride was calculated by Reikt al. to lie below all  be correct the product branching ratios must be consistent
of the barriers to dissociatioll.We are unable to distinguish with the corresponding microcanonical rates. RRKM calcu-
betwea a 3 center elimination that follows H-atom migra- lations using transition state energies and frequencies for the
tion and a rapid isomerization of singlet vinylidene in con-CN elimination and 1,1 HCN elimination channels give rates
cert with 1,1 B elimination based on our measurBdE~). in a ratio of 2x10 *:1.2° This is in agreement with the
In the limit of a short lifetime for the chloroethylidene radi- reported CN:HCN product branching ratio. Without photo-
cal intermediate the two mechanisms become essentiallpnization cross section information, we are unable to assign
identical. experimental estimates for the relative amounts of H apd H

The photoionization spectrum for;@N photoproducts, loss channels compared to the CN and HCN channels. Work
triangles in Fig. 4, has a photoionization onset of 10.8is in progress to characterize all relevant transition states for
+0.3eV. Any cyanovinyl radicals formed will isomerize the dissociation of acrylonitrile.
prior to reaching the photoionization region. Therefore, in
the case of either 1,1 or 1,2,Hlimination cyanoacetylene V. CONCLUSION
will be detected as the final product. The photoionization
onset for cyanoacetylene is red shifted from its IP of 11.6trOS
eV." If the red shift of 0.8 eV can be associated with the
internal energy this would suggest that in the case of 1,1 H
elimination, reaction 9, only about half of the isomerization
energy from the cyanovinyl radical to cyanoacetylefél,
~2eV,? is partitioned into internal energy of the cy-
anoacetylene products on average. Although the 1,2 elimin

Using the technique of photofragment translational spec-
copy with VUV photoionization of the products we have
identified four dissociation channels following absorption at
193 nm, reactions 1-4. All four dissociation channels are
consistent with internal conversion to the ground electronic
surface following the initially optically prepared state. The
molecular dissociation channels hatE;)’s that reflect
%rge recombination barriers. Based on calculated barrier
Keights, the HCN elimination channel should be dominated
by 1,1 HCN elimination. In the case of 1,1 HCN elimination,
the dissociation proceeds to give singlet vinylidene in a dis-
sociation that involves concerted isomerization to acetylene
analogous to the mechanism proposed by Gordon and co-
forkers for HCI elimination from vinyl chloride. The
“isomerization proceeds on the time scale of photofragment
separation allowing some portion of the isomerization energy
to be partitioned into degrees of freedom other than internal
energy of the acetylene product. A very large fraction of the
available energy>50%, is partitioned into internal energy
We now attempt to summarize the mechanism for acry-of the HCN photoproduct. Although we do not have conclu-
lonitrile dissociation following excitation at 193 nm. Al- sive evidence for the reaction mechanism associated with H
though we have not performed measurements of the phot@limination, the H elimination channel is consistent with

release than 1,1 elimination, witlE) =23 kcal/mol in Fig.

6 there is still~ 75 kcal/mol of available energy on average
to be partitioned into internal energy of the, lAnd cy-
anoacetylene. Using 0.8 eW18 kcal/mo) as a qualitative
estimate of the internal energy content in cyanoacetylen
leaves over half of the available energy partitioned into in
ternal excitation of the K products on average,
~56 kcal/mol.

C. Overview of the dissociation mechanism
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