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Photodissociation of propyne and allene at 193 nm with vacuum ultraviolet
detection of the products

Chi-Kung Ni,? J. D. Huang,” Yit Tsong Chen,” A. H. Kung, and W. M. Jackson®
Institute of Atomic and Molecular Science, Academia Sinica,
Taipei, P.O. Box 23-166, Taiwan, Republic of China

(Received 5 October 1998; accepted 10 November 1998

Vacuum ultraviolet(VUV) laser photoionization is combined with time-of-flight OF) mass
spectrometry to determine the photofragments produced from the laser photodissociation of allene
and propyne in a molecular beam. Detection gHE confirms that atomic hydrogen elimination is

the primary process for both of these molecules. A hydrogen molecule elimination channel and a
low mass carbon fragmentation channel of allene to produgd,€H, and CH+C5H,,
respectively, have also been identified. Different ratios of various dissociation channels from these
two molecules suggest that the dissociation mechanisms of these two isomers are different.
Dissociation must occur before complete isomerization. These results are discussed in terms of
recent theoretical calculations on the ground and excited states of these molecules. Secondary
photodissociation of the products has been observed, even though the laser energies that have been
used are less than 8 mJ/emnd the photolysis laser is not focused. Therefore, the present results
show how important it is to determine product distributions as a function of the laser energy.
© 1999 American Institute of Physids$0021-960809)00807-7

INTRODUCTION H2C3H2+ hV193—> H2C3+H2. (2)

In recent years, there have been many efforts to underfhese channels were identified and characterized using pho-
stand the photodissociation dynamics of allene andofragment translational spectroscopy to identify the prod-
propynel~1° One of the reasons is thatld, is the smallest ucts and determine their recoil velocitiedlo evidence for
hydrocarbon with geometrical isomers. Very gaaldl initio  carbon bond breakage was observed in this study.
calculations show there are many pathways on the ground The photolysis of propyne has also been studied recently
state surface that can convert the molecule from allene tby Satyapal and Bersohand Seki and Okab¥.In the Ber-
cyclopropene and propyrté:'® The mechanisms for the in- sohn work, CHC,D was photolyzed and VUV laser fluores-
terconversions of allene and propyne involve H atom migracence detection was used to show that only D atoms are
tion (1,3 as well as 12and ring closure. Thus, this system is formed when the molecule is photolyzed at 193 h@eki
the prototypical example of many of the most important re-and Okabe used product analysis to derive quantum yields at
actions in organic chemistry. Theoretical calculations showd93 nm for reaction 3 of 0%0.1 and for reaction 4 of
the largest activation barrier between these isomers is legs11=0.01™° They also agreed that the H atom comes only
than 66 kcal/mol, but this is significantly lower than the from the acetylenic hydrogen,
minimum energy of 87.8 kcal/mol required for dissociation
from the ground electronic state. There is therefore a distinct HaCgH+ Nvygs—HaCatH, &)
possibility for extensive isomerization prior to dissociation HaCaH+ hvye5— HoCo+ CH, . ()
of the molecule.

Earlier experimental and theoretical work on the pho-  Anissue in the photodissociation of these two molecules
tolysis of allene at 193 nm showed that this molecule underis whether the dissociation channels are the same for both of
goes internal conversion to the ground state surface befoithem. If the relative abundances of the different photofrag-
dissociation-™ Both H atom and K elimination were ob- ment products from these two molecules are the same it im-
served at this wavelength, and relative yields of 0.89 anglies that the dissociation dynamics is similar. Allene disso-
0.11, respectively, were measured for the following two reciates on the ground state surface after undergoing an
actions: internal conversion via a seam of crossiighere must be a
place on the excited surface of propyne where it can also
undergo internal conversion after rearrangement via this
same seam of crossing. Direct dissociation from the excited
state surface of propyne is in competition with this internal
z))Author to whom correspondence should be addressed. o conversion. When allene is photolyzed at 193 nm, it pro-

Also at Chemistry Department, National Taiwan University, Taipei 106,duces Qsz and some of these radicals are photolyzed to

H2C3H2+ hV193—> H2C3H+H, (1)

Taiwan, R.O.C. 2 . S
9Also at Department of Chemistry, University of California, Davis, Califor- Produce Cs.= The rOt?“OHaI d|3mbu_t|0n of 000 E_md_ 0_10
nia, 95616. bands ofC; produced in the photolysis of propyne is similar
0021-9606/99/110(7)/3320/6/$15.00 3320 © 1999 American Institute of Physics

Downloaded 02 Jul 2012 to 136.159.235.223. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



J. Chem. Phys., Vol. 110, No. 7, 15 February 1999 Ni et al. 3321

to the distribution observed from allene, but much less in-193-nm laser beam dissociates the cooled molecules. Photo-
tense. It has been suggested that the same intermediatefisgments were ionized by a pulsed VUV laser beam with a
produced in both cases through the same seam of crossinguise duration of~4 ns. The time delay between the UV
Therefore, at least some of the excited propyne moleculegnotolysis laser beam and VUV probe beam was abqus.1

arrive onothefgrrc:und state surface. It h;as bleen suggested thghs that were formed in the interaction region were accel-
about 10% 0 the exmtgd propyne molecuies undergo €T3 rated in a Wiley-McClaren-type double electrostatic field to
nal conversion to the highly vibrationally excited regions of

the S, ground state of allen@Thus, one of the goals of the 1.9 kV, and directed into an 80-cm long field-free flight tube.

present work was to discover whether the photodissociatioﬁ‘ chevron m{crochannel pIat?MCF_’) detector yvas used to
channels in allene and propyne might be similar. detect these ions. After amplification of the signal by a fast

There have been other studies of the photodissociation direamplifier, the mass spectrum was recorded with a digital
propyne. One of these is not photodissociation at all, but th@scilloscope and multichannel scal®CS) ion counter. The
Hg photosensitization reaction at 253.7 nm by Kebafldis ~ pressure during operation increased to<I0 ° and 2
type of study can only populate the excited vibrational statex 10”7 Torr in the source and ionization chambers, respec-
in the ground potential or the first triplet state, since there isively.
not enough energy to excite the first singlet state. They found The UV photolysis laser beam was obtained from a
that the primary process was H atom elimination, and thi§ ymbda Physik Compex excimer lagé©3 nm. The size of

atom must come from the methyl end of the molecule bey,e ynfocusedJV photolysis laser beam was determined by
cause there is not enough energy to dissociate the hydrog [2.5-mm iris. The UV laser beam entered the reaction cham-

atom from the acetylene end of the molecule. Photolys??er after passing through the iris and a Gafitrance win-

studies at 206 nm produce as the main products 1, This b its th tus th h CaF
hexadiyne, propylene, hydrogen, and acetylene, indicating(_)w' IS beam e?<| s the apparatus through a secong Ca
window after passing through the molecular beam. The en-

there is some C—C bond rupture either via primary or sec s X i
ondary reaction8. Theoretical calculations suggested that€rdy of the UV laser beam was monitored with a pyroelectric
this may be the result of the lengthening and weakening ofletector on the atmospheric side of the Cakit window.

the C—H bond on the acetylene part of the molecule in thd3y this time, the diameter of the photolysis laser beam has
excited staté. Stief and co-workers have studied the photo-diverged to 3.3 mm. Very low photolysis energies between
dissociation of propyne at low pressures at 147.0 and 123.6.02 and 0.55 mJ per laser pulse were used at each of the
nm using deuterated isotope and product anafy#t 147.0  photolysis wavelengths to insure that multiphoton and sec-
nm, they suggested that the reaction mechanisms are domingary photodissociation were minimized.

nated by7 elimination of atomic hydrogen and molecular  The VUV laser beam was generated by tripling the third
hydrogen. At 123.6 nm, they report that products of photo- harmonic of aQ-switched Nd-YAG laser in a phase matched

g:isri?ncézgonn occur exclusively via the molecular hydrogenXe gas cell. The VUV and the third harmonic laser beams

In the present paper, the results of UV photolysis studie PSS through a vacuum monochromator used in the first order
of allene and propyne in molecular beams at 193 nm ardvhere they are se.parated.. A concave 1200n grating W'th
reported. Laser VUV ionization is used to ionize the frag-2 98-5-cm radius is used in the monochromator for this sepa-

ments, and TOF mass spectrometry was used to detect tfition. With this arrangement, only the VUV laser beam is

nascent heavy photofragments. sent to the ionization region of the time-of-flight mass spec-
trometer. The distances were set in such a way that the focal
EXPERIMENT point of the VUV laser beam crosses the molecular beam 88

The essential elements of the apparatus consist of @M away from the grating.
pulsed nozzle, a time-of-flight mass spectrometer, a UV pho- The concentrations of the clusters in the molecular beam
tolysis laser beam, and a VUV probe laser beam. The mowere checked by using the VUV laser beam to ionize the
lecular beam, flight axis, and the VUV laser beam were orispecies in the beam when the UV photolysis laser beam is
ented so that they were orthogonal to each other. Theot present. Dimers and dimer fragments are observed in the
photolysis laser beam was in the same plane formed by theOF spectrum when the delay time between the pulsed valve
molecular beam and the VUV laser beam but it was at aRyng the laser is adjusted so the ionization laser arrives in the

angle of 15 deg relative to the VUV beam. _ interaction region when the beam density is at a maximum.
Allene was purchased from Fluka and mixed with He ©OThis is illustrated in Fig. (a) for allene. If, on the other

form an 8% mixture. A similar mixture of 8% propyne in He hand, the ionization laser arrives on the leading edge of the
was also made, but the propyne was purchased from Lan- .
caster. Adiabatic expansion through a General Valve puIseBljlsed molecular beam, Fig(t) ShO,WS that almost no clus-
nozzle cools the seed molecules of allene or propyne. ThE'S aré observed. All of the experiments that we report here
stagnation pressure was kept at 800 Torr by using a pressufée obtained using a delay to minimize interference from
regulator. After skimming by two 1-mm diameter conical clusters. At the delay time we used, the intensity ratio be-
skimmers, the beam was entered into the photodissociatiofiveen the mass of monomer and all masses higher than
ionization region of the time-of-flight mass spectrometer, 10monomer is larger than 1000. Thus, contributions from clus-
cm downstream from the nozzle. A pulse of 28-ns durationter photolysis can be neglected.
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FIG. 1. The delay time between the pulsed valve and the laser is adjusted $9G. 2. The photofragment time-of-flight mass spectrum@fallene, (b)

the ionization laser arrives of®) the center,(b) the leading edge of the  ropyne. The noises at nonintegral masses are due to multiphaton ionization
pulsed molecular beam. The peaks at rwakb-45 are due to the ringing  py the photolysis laser beam.

effect from the saturated signal at mass 40.

ionization. We therefore conclude that the observed products
indicate that reactions 1, 2, and 5 are the three primary pro-
RESULTS AND DISCUSSION cesses occurring in the photolysis of allene,

Allene H2C3H2+ hV—>CH2+CzH2. (5)

Allene was photolyzed at 193 nm and ion masses at 14Acetylene must be produced by reaction 5 because the only
37, 38, and 39 were observed in the TOF spectra. Typicabther possible product is vinylidene 4EIC). The lowest en-
TOF spectra obtained at 193 nm are shown in Fig).Z'his  ergy spin-allowed reaction to produce methylene and vi-
spectrum shows peaks at masses 39, 38, 37, and 14. Powedidene is CH(alA;)+H,Cy(XA;), which requires
dependence measurements show that the mass 37 peak vi&&.1 kcal/mol. This is 8.9 kcal/mol higher than the energy
due to multiphoton dissociation by the UV laser. The energyof a 193-nm photon, so it is energetically impossible for one
of the VUV photons used for ionizing the fragments wasphoton. The H, H, and GH, are not observed in the TOF
only 10.49 eV. Table | indicated that it is not high enough tospectra because their ionization potentials are higher than the
produce CH ions from larger fragments by dissociative ion- energy of a 118.2-nm photdf.
ization with one VUV photort® One of the isomer ions at The largest signal in the present experiments is mass 39,
m/e=38, HGH™, could be produced by dissociation ioniza- which corresponds to the 85 ion. This agrees with the
tion of H,C5H at 193 nm. However, the total photon energy earlier results from photofragment spectroscbfihe mass
(193+118 nm is only 2.3 kcal/mol larger than the thermo- 39 power dependence shows that it is produced by one UV
dynamic threshold. Reducing the total photon energy to bephoton. The signal of mass 39 was used to normalize the
low the thermodynamic threshold by changing the UV pho-yield of the GH, and CH, channels. By doing this one can
ton energy from 193 to 211 nm shows that the ratiomof take into account day-to-day differences in alignment of the
=38/m=39 only changes from 0.07 to 0.06, which is within ionizing and photolysis lasers with respect to the molecular
experimental error. Thusn/e= 38 ions are not likely to be beam. The observed ratio can be converted to a relative yield
produced by the dissociation ionizationmf=39 fragments. when the relative photoionization cross sections are known.
The VUV laser fluence is about photon/pulse with pulse  Figure 3a) is a plot of the relative signal size as a function of
duration of 4 ns focused to about a 106 diameter spot. the photolysis laser power. The relative intensity of mass 14
So, it is unlikely to produce fragment ions by multiphoton to mass 39 was independent of laser power. This indicates
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TABLE I. The heat of reaction of observed ions produced from large fragments by dissociative ionization. All
energies in kcal/mol. The observed ions are not thermodynamically allowed to be produced by dissociative
ionization of large fragments due to the energies of heat of reactions larger than the total energy1984W

211 nm and VUV (118.2 nn) photon energies.

allene E(193 nmt+118 nm) E(211nmt+-118 nm) AH Ref.
H,C3Hyp+ hvyy—H,CaH+H+ huy,—CH; +2H 390.4 378.0 4252 4,16
H,C4H,+ hvy,—H,CsH+H+ hvy,,—HC;H' +2H 390.4 378.0 388.1 4,16
H,C3H,p+ hwy,—H,CaH+H+hwy,—CHg +CH+H 390.4 378.0 4705 4,16
H,CaHyp + hvy—CaHp+Ho+ hy—CHy +Cot+H, 390.4 378.0 486.9 4,16
H,CaH, + hvy,—HCsH+H,+ hwy—CHj +Cy+H, 390.4 378.0 486.9 4,16

that both of them have the same laser power dependence. ratio m=38/m= 39 signal increased to 0.3 when the UV la-
similar plot for the GH, to CH3 vyields shows that the ser fluence increased to 80 mJfcrithe earlier photofrag-
C;H; ion has a higher power dependence than thg @th.  ment spectroscopy experiments showed that the peak of in-
This indicates that the signal contains a multiphoton compoternal energy of the §H; fragment was 56 kcal/mdl.The
nent, which is present even at the low unfocused 193-nmpresent experiments show that this internal energy really in-
laser fluence that we have used. The multiphoton componeRfeases the probability for absorption of a secondary photon.
was estimated to be less than 10% of the signal at the highest A [inear extrapolation of thCzH; 1/[CsH4 ] to zero la-

UV laser energies which were used. The laser fluence emger power indicates the relative signal size is 0.07. This is
ployed in these experiments was between 2 and 8 mJ/cmyajer by a factor of 1.5 than the earlier estimate of 0.12 for

pulse. This is the lowest fluence per pulse that has been usggl, ro|ative quantum vyielllt is actually surprising that the

in any of the experiments on allene. In fact, we found thepresent relative signal size is so close to the previous value

for the relative quantum yield. The detection efficiencies of
mass 38 and 39 should be similar because the masses and

0.10{ @ velocities are almost the same. The relative photoionization
) i cross sections must also be similar to explain the present
& 008+ results. The ionization potentials ofi; and GH, are 8.67
g 1 m38/m39 and 10.43 eV, respectively. The latter value is very close to
2 0.064 v the energy of the ionizing photon that is 10.49 eV. The in-
1 | ternal energy in the 4, radicals (34 kcal/mo)! must
3 0.044 greatly enhance the ionization cross section at 10.49 eV,
o m14/m39 which results in similar cross sections foghz and GH,.
T 0021 e 3 + The presence of signal at mass 14 indicates the produc-
tion of methylene as a previously unobserved primary prod-
0.00 0 1 2 3 4 5 6 7 8 9 uct via reaction 5. The relative intensity of this low mass
UV intensity (mJ/cm?2) channel at zero laser power is 0.01, which is small relative to
the other channel. This explains why it has not been previ-
0.14 ously observed, because of the difficulty in determining the
0.124 ® presence of photofragments at these low masses using pho-
& 0107 tofragment spectroscopy.
@ 0.08—:
E 0.06 ] Propyne
% 0.04- A typical TOF spectrum of the ions of photofragments
3 0.02 produced in the photolysis of propyne at 193 nm is shown in
9 000 Fig. 2(b). Two photofragments, at masses 39 and 38, are
§ 0.02] observed in this spectrum. The power dependence of mass
. 39 shows that it is produced by one UV photon. The relative
-0.041 e ion intensities of the ¢H, and the GH; fragments are plot-
0 1 2 3 4 5 6 ted in Fig. 3b) as a function of the laser fluence. The error

UV intensity (mJ/cm?) bars of the ratian=38/m=239 at low photolysis fluence are
FIG. 3. (a) The plot of allene photofragment ratios madsl/mass-39 and relatlvely Iarge' This I_S because the S|gnah1nf: 39 becom_es
mass=38/mass=39 as a function of UV laser power. Solid lines represent Small at low photolysis fluence, but the background noise at
the fit of the functiony=A+BX X, in which A=0.010,B=5.8x 104 for m=38 is not reduced as much as thre=39 signal, which
mass-14 andA=0.072,8=0.0024 for mass38. (b) The plot of propyne - aqjts in the larger error bar at low photolysis fluence. How-
photofragment ratio mass38/mass=39 as a function of UV laser power. . .
The solid curve represents the fit of the functiém A+Bx X+Cx X2, in  €Ver, the signal om=238 after the SUbtraCUOn of the back-
which A=0.003,B=9.1X0"*, C=0.0024. ground converges to zero at low photolysis fluence. The
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power dependence of thel€, signal shows that most of the an energy of 88.7 kcal/mol could be rationalized in terms of
C;H, results from two UV photons, even when the UV laserthe structureS,(cis), 2 A’ state. In this state, the acetylenic
fluence is as low as 5 mJ/émAt very low fluence, a small C—H bond distance increases 1.131 A and there are no bar-
amount of GH, may be produced by one photon photolysis, riers to the elimination of this H atom. The theoretical cal-
via culations also show that there are two molecularelimina-
tion channels on the ground state surface, namely, 1, 1 and
H;CsH+hv— C3H,+H, . (6) 1,3 elimination. If the excited state surfaces cross with the

The amount of GH, produced at zero fluence was not Iargerground state surface, internal conversion of the electronically
than 0.5% of GH 2 The difference between tha=38/m excited propyne to the ground state surface should compete
. 3 with dissociation on the excited surface. The present studies

=39 ratio in allene and propyne suggests that the photodis—h that ¢ of th ted lecules di it
sociation mechanism is different for these two geometrica? ow that most of the excited propyne molecules dissociate

isomers. Unequal ratios ofi=38/m=239 also imply that dis- through the H atom elimination channel. The relatively small

sociation occurs before complete isomerization for these wgmount of H elimination from propyne compared to the

molecules. If there is any isomerization of propyne to allenef”1rnount from allene explains why 1@, yield from propyne

it would be less than 7% of the excited molecules. Is smaller than the yield from allene, even though the pro-
A very small peak in the TOF spectra is observed aPyne absorption cross section at 193 nm is larger than the

mass 14, which would correspond to reactidp which was allene cross section.
originally proposed by Okab¥.This peak was so small that

it could not be further analyzed. It does show that if both of CONCLUSIONS
these products are formed via dissociation on the ground
state surface, the initial geometry of the reactant affects thﬁ1 e
branching ratio. This further implies that redistribution of

VUV laser photoionization has been used to determine
heavy fragments produced in the laser photodissociation
. L ) . of allene and propyne. These studies have been performed in
energy and isomerization do not oceuras fast as d|ssomat|0|a. molecular beam under collisionless conditions. It has been
The results that have been obtained can now be COMkhown that very low laser energies have to be used to insure

p.’il r((ajd \;V'ih thetth?.ojetm?l calcuI?tul)lns of thg grou;ﬂdﬂ fﬂ?,‘ Xthat the products that are observed are not formed by second-
cited state potential surtaces of allene and pro ; ary photolysis. The results of the studies indicate that the

The calculations on the excited states of allene in the 193-n ajor primary process in both allene and propyne is H elimi-

region sugggst that .the |n|t|gl ex0|tat.|on Is to a state allowg ation. In addition to H atom elimination, two other channels
by vibronic interaction. This state is planar and thus this

oo . . . are observed in allene, namely 1,1 hydrogen molecule elimi-
excitation imparts an internal rotation to the £broup in nation channel and C—C bond rupture. The channel that pro-
the excited stat2 The photoexcitation process is followed by

i int | . f th®, state to th tate Vi duces CH observed in allene must involve a more compli-
rapid internal conversion o y, State 10 the, state via a cated rearrangement reaction. The different ratio of various

seam of crossing. Once_ the molepule IS -on the gro_und Stal@issociation channels in allene and propyne suggests that the
surface there are a variety of options available to it. It CaMyissociation mechanisms of these two molecules are differ-

undlergo H and b el'm'T.zt'on’ |sgn:er|zat|gn Ito ;JtLO[iyne, ent. The geometry on the excited state surface can affect the
cyclopropene, propenylidene, and trans-vinyimet 4y €N, A%lative value of internal conversion and direct dissociation,
well as fragmentation to methylene and acetyl¥né? The

the ground state surface is 66.1 kcgl/mol, Wh'(.:h IS Smallebropyne occurs in the excited state, but in allene it occurs on
than the 148 kcal/mol of energy available after internal con-

. . . ) the ground state surface. The H angldignal ratios in allene
version. By comparison of the theoretical potential energ

; dthe f ft lational ¢ aftéd Yare similar to the relative yields observed in the earlier pho-
surfaces an € fragment fransiational energy o atierie, tofragment spectroscopy studies. This suggests that the sig-
one can conclude that H and ldliminations in allene can be

. . . nal sizes are a fair measure of the relative concentrations of
explained by dissociation on the ground state surface.

. the heavy fragments.
The carbon-carbon bond rupture channels in allene have y rag

not yet been theoretically investigated but it is clear that they

are different in these two molecules. Carbon—carbon bondCKNOWLEDGMENTS
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