A IP I The Journal of )
Chemical Physics | /
uv bhotodissociation dynamics of allyl radical by photofragment translatnal |

spectroscopy
Domenico Stranges, Martin Stemmler, Xueming Yang, James D. Chesko, Arthur G. Suits, and Yuan T. Lee

Citation: The Journal of Chemical Physics 109, 5372 (1998); doi: 10.1063/1.477156
View online: http://dx.doi.org/10.1063/1.477156

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/109/13?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Photodissociation dynamics of C3H5I in the near-ultraviolet region
J. Chem. Phys. 141, 104316 (2014); 10.1063/1.4894393

Photodissociation dynamics of the phenyl radical via photofragment translational spectroscopy
J. Chem. Phys. 133, 074302 (2010); 10.1063/1.3473743

High resolution photofragment translational spectroscopy studies of the near ultraviolet photolysis of phenol
J. Chem. Phys. 125, 133318 (2006); 10.1063/1.2353818

Dynamics of OH formation in photodissociation of pyruvic acid at 193 nm
J. Chem. Phys. 118, 10093 (2003); 10.1063/1.1572133

Fast beam photodissociation spectroscopy and dynamics of the vinoxy radical
J. Chem. Phys. 106, 3049 (1997); 10.1063/1.473419

SUBSCRIBE TO



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Domenico+Stranges&option1=author
http://scitation.aip.org/search?value1=Martin+Stemmler&option1=author
http://scitation.aip.org/search?value1=Xueming+Yang&option1=author
http://scitation.aip.org/search?value1=James+D.+Chesko&option1=author
http://scitation.aip.org/search?value1=Arthur+G.+Suits&option1=author
http://scitation.aip.org/search?value1=Yuan+T.+Lee&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.477156
http://scitation.aip.org/content/aip/journal/jcp/109/13?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/141/10/10.1063/1.4894393?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/133/7/10.1063/1.3473743?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/125/13/10.1063/1.2353818?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/118/22/10.1063/1.1572133?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/106/8/10.1063/1.473419?ver=pdfcov

JOURNAL OF CHEMICAL PHYSICS VOLUME 109, NUMBER 13 1 OCTOBER 1998

UV photodissociation dynamics of allyl radical by photofragment
translational spectroscopy
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Photodissociation of the allyl radical, GBHCH,, has been studied using the method of molecular
beam photofragment translational spectroscopy following excitation t€(B€¢B;) andA(12B,)

states by 248 and 351 nm photons. Two different primary channels have been detected following
248 nm excitation: H-atom log84%) and CH elimination(16%). From the product translational
energy distribution and polarization dependence studies, dissociation processes from the
ground-state ¢Hz potential energy surface are inferred for both wavelengths. At 248 nm there may
also be a contribution to the H-atom loss channel from predissociation by a higher electronically
excited state. Rice—Ramsperger—Kassel-Ma(BIRKM) calculations show that the formation of
cyclopropene is not important, while formation of allene and methylacetylene from dissociation of
1- and 2-propenyl radicals are important reaction pathways at both wavelengths. Translational
energy distributions peaking well away from zero provide evidence fog €lithination directly

from an allylic structure through a four-member cyclic transition state.1998 American Institute

of Physics[S0021-960808)02137-0

I. INTRODUCTION tected in the 210—-250 nm regidh Oscillator strengths of
several UV bands have been measured experimeitaily.

It is well known that neutral free radicals are important . L .
. . . . . The resonant multiphoton ionizatiofMPI) technique was
intermediate species in many important chemical processes.

However, very often only limited information is available on Esed ) to plog)e 2t£12eg pne-photon forbidden  transition
these “transient” specie@s compared to stable molecyles B(38 “A1) —X("Ag)™*with a (2+2) scheme. Three fun-
mainly owing to the difficulties in producing them under damental vibrational levels in both the ground and excited

well defined conditions suitable for definitive experimentalStates were identified. Recently Chen and co-workers re-
studies. ported an extensive high resolution spectroscopic study on

The allyl radical is the simplest conjugatedelectron  this radica”*~?®They have produced a supersonic molecular
hydrocarbon radical and represents a benchmark molecufeam of allyl radical by flash pyrolysis of allyl iodide.
for both theoretical and experimental studies. It is an interfrom their partially rotationally resolved MPI spectra they
mediate in many thermémombustiorﬁ photochemica:f,and were able to assign many vibronic bands in the 250—240 nm
surface catalytit® reactions. The allyl radical has been the region and to deduce the band origins of the strongly inter-
subject of many experimental and theoretical investigationsactingB(3s ?A,), C(22B,), andD(12B,) electronic states.
Electron-spin resonancéESR®’ and electron diffractich Several theoretical studies at different levels of calcula-
showed that this radical has a planar structure @Wifhsym-  tions have analyzed the ground-state structure and vibra-
metry in its ground state. Photoelectron spectrostdms tional frequencie€®=3* The ab initio molecular orbital—
been used to determine the vertical and adiabatic ionizatiooonfiguration interaction (MO—CI)*® and spin-coupled
potentials. Vibrational frequencies and structural informationvalence-bond(SCVB)*® methods have also been used to
for the ground electronic state have been obtained from mastudy the ground and excited electronic states of the allyl
trix infrared (IR),**** ultraviolet (UV) resonant Raman radical. The energies of the excited electronic states were
spectroscopy? *°and IR diode laser spectroscopyCurrie  gbtained, which are in good agreement with the experimental
and Ramsay measured the absorption spectrum of the allylresyltst®2s
radical in the 410—-370 nm region. A system of diffuse bands  Another interesting aspect of the allyl radical is the pos-
in that region were assigned to tA¢1°B;)—X(?A;) elec-  sible isomerization into cyclopropy! radical through an elec-
tronic transition. Other vibronic bands have also been detrocyclic reactior’’ 3° From the Woodward—Hoffmann
rules?® based on MO symmetry considerations, both conro-
dpresent address: Dipartimento di Chimica, Univérsita Sapienza,” and  tatory and disrotatory pathways are symmetry forbidden on
Centro Studi Termodinamica Chimica alle Alte Temperature-CNR, Dipar-the ground-state potential energy surface, so that the ground

gg‘leg‘;o I?;;“'m'cav Universitila Sapienza,” P.le A. Moro 5, Rome |- gtate of each radical correlates with an electronically excited

Bpresent address: Institute of Atomic and Molecular Sciences, Academigtate of the Otheﬂ However’ th_e thermal ring opening of
Sinica, P.O. Box 23-166, Taipei, Taiwan, ROC. cyclopropyl radical into allyl radical has been observed ex-

0021-9606/98/109(13)/5372/11/$15.00 5372 © 1998 American Institute of Physics
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FIG. 2. Pyrolytic free radical pulsed molecular beam soufteg.pulsed
valve, (b) alumina insulator block(c) alumina standoff(d) SiC tube,(e)

FIG. 1. Schematic view of the apparatus. Photolysis laser is perpendicular t%lumlna screwsif) electrodes(g) water cooled copper block.

the plane of the figure. PV, pulsed valve; DET, detedirdirection of the
electric vector of the laser. The polarization angles defined with respect

to the detector axis as shown, and the laboratory scattering &nglehe  SiC tube held at 1400—1500 K as determined by beam TOF.
angle between the molecular beam and the detector axis. Under these conditions, el pyrolyses quantitatively to
produce an allyl radical and iodine atom. The mass spectra of
the molecular beam with the nozzle unheatagper tracg

and heatedlower trace are shown in Fig. 3. The quantita-
tive loss of GHsl (m/e=168) and the appearance of’l
peak (m/e=63.5) in the heated mass spectrum are strong

Very recently Deyerkt al*® have investigated the pho- evidence for the formation of the allyl radical, since doubly

todissociation of the allyl radical at 248.15 nm. The H-atomcharged ions are much more likely to come from one atom

loss channel has been detected, showing an average trandii@" from the dissociative ionization 0f8;l. The molecu-

tional energy release of 13.9 kcal/mol. Despite all the experila’ béam velocity and its velocity spread were measured by

mental and theoretical studies described above, a full picturi'® time-of-flight technique with a spinning slotted disk. Dif-

of the primary photochemical processes of the allyl radical idérént parts of the gas pulse can be sampled by changing the
still lacking. In the present work, we report a study on thed€l2y between the wheel and the pulsed valve so that opti-

photodissociation of the allyl radical at 248 and 351 nm exMUM experimental conditions are achieved. The delay be-

citation by photofragment translational spectroscépys. tween the pulsed valve and thg laser trigger can be calculated
from the wheel angular velocity and the delay between the

pulsed valve and the wheel. The beam velocity was mea-

sured to be~3300 m/s with a full width half-maximum
The experimental measurements in this work were car(FWHM) velocity spread of 17%.

ried out on a rotating source photofragment-translational

spectrometer which has been described previously in

detail***° A simple schematic drawing of the experimental 28

setup is shown in Fig. 1. A pulsed molecular beam of the a) Heat Off

allyl radical (GHs) seeded in helium was skimmed twice

before entering the main chamber, where it was crossed at

90° with a focused pulsed laser beam. Neutral photofrag- 39 4

ments scattered from the laser-molecular beam interaction /

region and which fly along the detector axis are ionized by CH I

an electron bombardment ionizer at a distance of 36.7 cm 32 I*

from the interaction region. The ions produced in the ionizer L

are then mass selected by a quadrupole mass spectrometer,

and counted with a Daly ion detector. A 486 personal com- 28

puter interfaced multichannel scal€furbo-MCS, EG&G

Orteg triggered by the laser pulse is used to collect and store

the time-of-flight(TOF) spectra. Product laboratory angular

distributions can be obtained by rotating the molecular beam 39

source around the laser propagation axis, which is perpen- _ I+

dicular to the plane defined by the molecular beam direction

and the detector axis. The allyl radical pulsed beam was - L ﬁ

generated from the pyrolysis of allyl iodide ds]). The JMJJ A

pyrolytic source used in this experime(ftig. 2) is an adap-

tation to our pulsed val/8 of the one designed by Chen FIG. 3. Mass spectra of the molecular beam~a.2% allyl iodide in He

27 ;
et al: A mixture of CHsl/He~0.2% was EXp_an_ded at & taken with the pyrolytic nozzle &) room temperaturgheat off and (b)
stagnation pressure of 760 Torr through a resistively heateth0o K (heat on.

perimentally and the activation energy was estimated to b
about 20 kcal/mof? This result also agrees with a initio
calculatior® in which a highly nonsymmetrical transition
state was found.

Il. EXPERIMENT

b) Heat On
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In all the experiments performed in this work the mo-
lecular beam was crossed at 90° by an output of a Lambda
Physik EMG 103 MSC excimer laser operating at the KrF BEAM
(248 and XeF(351 nm) transitions. A convex len&25 cm
focal length was used to focus the laser beam to a 2.5
X6 mm spot in the interaction region, with fluence of 50—

100 mJ/cripulse for studies at 248 nm excitation and 100—
200 mJ/cri/pulse for studies at 351 nm excitation. The out-
put of the excimer laser was polarized using a pile of ten
quartz plates at Brewster's angle with respect to the direction
of laser propagation, yielding-95% polarized light. The po-
larization direction of the laser beam can be rotated with
respect to the detector axis by adjusting the orientation of th&'G- 4. Sphematip vigw of the modifigd apparatus for H-atom deteption. The
. photolysis laser is directed perpendicular to the plane of the figure. PV,
pOIa”_Zer' . . . pulsed valve; DET, detector. The molecular beam direction is perpendicular

Time-dependent background, arising from the dissociato the detector axis@ =90°).
tive ionization of pulsed gHs from the molecular beam, was
present in TOF spectra at masse41 (GHs) and at small
angles. The shot-by-shot background subtraction method watetector axis to let photofragments going to the detector
used, which has been described in detail elsewHeBeiefly, pass. In this configuration the molecular beam, the laser
the pulsed valve was run at twice the laser repetition rate. Aeam, and the detector axis are all perpendicular to each
TOF Spectrum with laser on and laser off was recorded, angther. The 1.5 mm diameter laser SpOt is located at a distance
the laser-off TOF was then subtracted from the laser-oPf 1 cm from the nozzle. While the H-atom detection was not
TOE. successful for the allyl radical, owing to a low number den-

A forward convolution technique was used to fit the Sity of the parent molecule, H-atom TOF spectra from the
data. Briefly, a trial center-of-mass translational energy disPhotodissociation of other systems were recoreklore-
tribution is convoluted with the instrumental response func-Over, the same configuration was used to detect H and D
tions and molecular beam conditions to yield a calculateditoms from the photolysis of HI and DI at 248 nm in order to
TOF spectrum in the laboratory reference frame, which isletermine experimentally the instrumental response func-
then compared to the experimental spectrum. The translaions (the ionizer width and the neutral flight distancg our
tional energy distribution is iteratively adjusted until a good @Pparatus. In Fig. 5 the H- and D-atom TOF spectra from
fit is obtained. photodissociation of HI and DI at 248 nm excitation are

At 248 nm excitation, the intensity of all detected frag- Shown. From the peak positions of the two spin-orbit com-
ments from GHs photodissociation varied linearly at lower ponents, the neutral flight distanftee bond dissociation en-
laser power, but showed saturation at higher laser power. At
351 nm excitation, the intensity of;8, fragments(see be-

DET

— T T T T T T T T

low) varied linearly with the laser power up to the maximum 4500 - g N

power of the excimer laser, showing that the absorption cross i HCS) +1%Py7)

section at this wavelength is quite small. The TOF spectra 3000 - .

reported in this work have been recorded under conditions H(ZS) +1(2P3)))

where saturation effects were absent. 1500 & .
H and D atoms produced in photodissociation experi- I3

ments are difficult to detect by mass spectrometry for two P 4

main reasons. The signal is very Igkinematics factgrand
the inherent background inside the detector at those masses

ounts

12000 [——————+——————+——+————

. . . . . 2 2 To

is very high. The only way to increase the signal-to-noise = oo L DES) + 1Py [} |
ratio (S/N) is to increase the number density of the parent

molecules by reducing the distance between the nozzle and 4| ]

) ) _ 2
the interaction region. H-atom TOF spectra have been mea- DCS) +1CP312)

sured with success in our group on several systerst 3000 -
always on crossed molecular beam type macHescause
of the space available in the fixed source chamber. We have oF

slightly modified our experimental apparat(@also called P SN,
“rotating source machiney’'in order to detect H-atom time 1 »
of flight, the GH, momentum-matched photofragment. The Time-of-Flight (s)

modification was simply the addition of an extension to the

source chambetFig. 4). In the modified setup, the pulsed FIG. 5. TOF spectra at a laboratory angle of 90 ° fofe=1(H") and

valve is located upward inside this box. Two small holesm/e=2(D+) from photodissociation of HI and DI at 248 nm. The open
circles represent experimental data. The solid line is the calculated TOF

exist along the laser beam propa_gation c_iirection to let th@rom the convolution on the instrumental response functions of the experi-
laser beam pass through, and a third hole is present along thental apparatugeutral flight length, 36.7; ionizer width, 0.9 gm
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8000 — 7 T T T
6000 |- ®=3° + 0=5° -
4000 | + .
2000 - + 1 a
N’
-
8 o % 2
=
g ' ' : ! : :
S
Q
6000 |- O=6° 0=7.5°
4000 | + 1
2000 | + 1
x10
_m E, (kcal/mol)
0
: \ \ \ . FIG. 7. The center-of-mass translational energy distribution used to fit the

50 100 150 50 100 150 200 data in Fig. 6.
Time-of-flight (us)

FIG. 6. TOF spectra fom/e 38 (CH;) from photodissociation of the allyl these TOF SPeCtra is shown in Fig. 7. It_ is peaked around 0
radical at 248 nm at the indicated laboratory angles. The open circles ar@nd has a tail that decreases monotonically up to 59 kcal/
experimental points and the solid line is the simulation usingRtE;) in mol. The mean translational energy releade;), for this
Fig. 7. channel is 13.2 kcal/mol and represents an upper limit for the
reasons mentioned before.

For the CH+C,H, channel, both momentum-matched

ergy, Do, of the two channels is wel know) is determined hotofragments have been detected. TOF spectranfer26

to be 36.7 cm, and from the widths of the two peaks the?®:7.5’ 15. 20, 25, and 30%nd 15 ®—30°) have been

- ith | ) _ _

ionizer width can also be determined to be 0.9 cm collected after 300 000ng/e 26) and 1 500 000 /e 15)
SULTS SIS laser shots. In Fig. 8, the TOF spectra collectedibe 26 at

lll. RESULTS AND ANALYSI 7.5, 15, 20, and 30° are presented.G\: 7.5°, two different

In all the TOF spectra presented here, the open circlepeaks, centered around 80 and 124 are clearly resolved.
represent the experimental data, the dashed lines are singié larger ® only one single peak is present. The Newton
channel contributions to the forward convolution fit, and the
solid lines are the overall fit to the data. The lowest energy e
range of theP(Ey) distributions are not reported because 500 o + -
those that are very slow are not scattered beyond 2.5° from

400 |- —_ o —+ - o
the molecular beam. ©=175 ©=15

300 |- -+ |
A. 248 nm excitation (’

200 |- € .

At 248 nm excitation two primary dissociation channels i\ ’
are presen{see below. For the H-atom loss channel, TOF 100 = l’ i T 7
4 od

spectra were collected for products at/e=41-38
(CgHe ,CsH, ,CsH; ,C5HS) at detector angles), of 2.5, 3,

4, 5, 6, and 7.5° from the molecular beam. TOF spectra at
m/e=41 were recorded in order to check if the signal ob-
served at lower masses came from the photodissociation of
the allyl radical or from heavier hydrocarbon molecules. The
low signal at this mas&~2% of m/e=40) is due only td*C
natural abundance ing8, neutral fragments. TOF spectra at
m/e=40-38 show a single peak and they are identical when
recorded at the same laboratory angle, suggesting that they i " i &
all originate from the same neutral fragment by electron im- 0 100 200 300 0 100 200 300 400

pact dissociative ionization inside the ionizer. TOF spectra at Time-of-Flight (1s)

m/e= 39 and 38 have the best S/N. Figure 6 shows the TOF

spectra form/e 38 at®=3, 5, 6, and 7.5°. The number of FIQ. 8. TOF spectra fom{efZG (CHj3) from photodissociation of_aIIyI
laser shots necessary for each spectrum ranged from 25 Ogi)‘(fggﬁ:nagngspgmtstt&e d:g';ﬁ?};?E?;thgynt?i';ﬂszh I:;iﬁogﬁiz%gﬁ:es are
(at small®) to 100 000(at Iarger@). The center-of-mass channel, the dotted line is the contribution from thgHE+H channel, and
(c.m) translational energy distributiorR(Et), used to fit the solid line is the total fit to the data.

Counts

500 - -1 -
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5°10°

20°
CH,q 30°

CgHg

Counts

1000 m/s
—

FIG. 9. Newton diagram for allyl radical photodissociation at 248 nm. The . .
circles represent the thermodynamic limit for each photofragment. Time-of-Flight (us)

FIG. 11. TOF spectrum fom/e 15 (CH;) from photodissociation of the

allyl radical at 248 nm excitation & =30°. The open circles are experi-
diagram is shown in Fig. 9, with circles representing themental points and the solid line is the simulation usingRif&+) in Fig. 10.
highest possible velocities of the photofragments when all
the available energy is channeled into translation. For th
H-atom loss channel, thes8, product can be allene and/or
methylacetylendsee Sec. IV. It is clear from the compari-
son with TOF of GH, that the slow component in the TOF R=(calop)=(0u0o9)(Qp/Qa)(Fp/Fy). (1)
at m/e=26 and 7.5° is due to 4, dissociative ionization
and its contribution can be fitted with tH&(E;) shown in
Fig. 7. TheP(E+) used to fit the acetylene channel is shown

mZtlg;‘nl%SI; r::?lz:ntgltalltlyisdgf:erliggsgtaf; a>1s Clc;mlpa\l,;iﬂ t: Mepilities of products in the ionization process to form frag-
- . )~19.1, . : : A
FWHM of 20.5, and extends up to 62.0 kcal/mol. The Samementsa andb at the givenmy/e ratio. We estimate the un

! certainty in the branching ratio obtained in this way to be
P(E) has also been used to fit the TOF spectrunmés P Y ;
—15 (Fig. 11, showing that it is the momentum-matched +25%. The ratioor,/ o, (calculated by our analysis program

depends on the anisotro aramefereven if unpolarized
counterpart of acetylene. p Py p e p

In order to determine the branching ratig,between the light is Eseds' Eolimzatlon dEpendeEce ;studles were done
: ) L or m/e=38,®=4°, andm/e=26, ®=20°. The polariza-
two primary dissociation channels, the TOF spectrum af.

m/e=26 and 7.5° was used because both contributions wer ion direction of the light can be rotated in the plane defined
- ' : " 8y the molecular beam and the detector axis. The anisotropy
recorded under the same experimental conditiBnhgas cal-

. 52 o o parameter is obtained directly from the laboratory angular
culated according to Eq1),”> where o, and o are the distributior?® 1 (),

Felative cross sections of fragmerdgsand b monitored at a
givenm/e ratio and corrected for kinematics,

Q. andQ,, are the ionization cross sections of the products
which result in fragmena andb and were calculated using
the method of Fitch and Saut€YF, and F,, are the prob-

I (y)oc1+ BPa(cog y— o)),

0.05 e e where vy is the laboratory polarization angley is the cor-
rection angle for the c.m. to laboratory transformation, and
GH;--->CH,+CH; | P,(y—yo) is the second Legendre polynomial in c@s(
—70). For the acetylene plus methyl (gHchannel we did
not observe any dependence of the angular distribution from
0.03 - 1 the polarization angle, indicating that this dissociation pro-

0.04 -

= cess is isotropic®=0). For the H-atom loss channel, a very
§ ozl | small negative anisotropy paramejgr—0.05+.02, was ob-
served. The branching ratio between the H-atom loss channel
and the acetylene plus methyl channel at 248 nm excitation
001 . is determined to be 0.84:0.16.

B. 351 nm excitation
0.00 |- —

TR TS T T T T T e e e At the 351 nm excitation, only the H-atom loss channel
E-p(keal/mol) was observed. TOF spectra were recordednfibe=40—38
at detector angles of 2.5, 3, 4, 5, and 6° from the molecular
FIG. 10. The center-of-mass translational energy distribution used to fit thd€am. Modulated background was also subtracted shot by
contribution of GH,+CH;, photodissociation channel in Figs. 8 and 11.  shot. At 351 nm the available energy for the same asymptotic
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12000 T T c-CH,+H
9000 |- ®=25°
6000 [

3000 - Kk k9
CH,+CH, % CH,CCH, + H

2] 255 %,
g B AXIETNC A )
8 T T T k, k,
K, CH,CHCH, K,
9000 |- O=4° —+ O=6° -
K, K,
6000 |- + . % \\
CHCHCH, CH,CCH,
" \ /
0 fu
L . CHCCH, + H
50 100 150 200 50 100 150 200
Time-of-Flight (is) FIG. 14. Dissociation and isomerization reaction schemes. Also indicated

are the unimolecular rate constants calculated by RRKM thécfryTable
FIG. 12. TOF spectra fom/e 39 (CH3) from photodissociation of the D.
allyl radical at 351 nm at the indicated laboratory angles. The open circles
are experimental points and the solid line is the simulation using{lis)
in Fig. 13. =4.5 kcal/mol. The anisotropy parameter measured for this
channel was zero. Given the good signal-to-noise ratio for
products is 33.5 kcal/mol lower as compared to 248 nm. Théhe_ TOF's and their simulation, the uncertainly (Br) is
Newton circle will be smaller and the neutrakig; photo- estimated to be less than 0.5 kcal/mol at both 351 and 248
fragments can be scattered only up to 6° from the molecula?™
beam. TOF spectra obtained here show only a single peak,
and they are identical for different/e values when col- C:- RRKM calculations

lected at the same laboratory angle. In Fig. 12, TOF spectra |n order to establish the relative importance of possible
atm/e=39 and®=2.5, 3, 4, and 6° are shown. The number jsomerization and dissociation reaction channels from the
of laser shots necessary for each spectrum ranges frO@Pound-state potential energy surfd&ES of the GHs sys-
200 000 to 400 000. The c.m. translational energy diStribUtem (See Sec. |\)lwe have performed RRKM calculation to
tion used to fit these TOF SpeCtra is shown in Flg 13. 1t ha%jetermine the microcanonical rate Constamg)’s for all
a similar shape as compared to the H-atom RESy) at 248 the reaction pathways shown in Fig. 14. The laclabfinitio
nm. It peaks near 0 and decreases monotonically up to 24 &jculations at the same level of theory for all reaction path-
kcal/mol. The upper limit for the mean translational energyways on the ground_statesﬂs PES required us to choose
release at 351 nm excitation is determined to ()  empirical methods to estimate vibrational frequencies and
structures for the different radical species and transition
stateqTS’s). The vibrational frequencies for the allyl radical
have been taken from Refs. 10, 11, 13, and 34, for the cy-
clopropy! radical from Ref. 56. Vibrational frequencies for
the 1- and 2-propenyl radicals were obtained from propylene
removing one C—H stretch and two C—H bending vibrational
modes. Fok,, ks, kg, k7, kg, andk,qthe TS’s have been
defined following the prescriptions given by Pearson and
Rabinovitch®’ TS’s for the isomerization reactions among
the allyl radical and the 1- and 2-propenyl radic@ilsough
1,3 and 1,2 H-atom migration, respectivehave been built
in a similar way as lbukietal®® The TS for allyl-
cyclopropyl isomerizationkg,k_g) was taken halfway. For
the dissociation of allyl radical into ££l,+CHz(k,) through
0.00 i a four-member cyclic TS we have adopted a similar proce-
P PP Pra— dure used.foks a_nd.k4 TS’s with an ad.ditiolnal lowering of
Er(kcal/mol) CH, wagging, twisting, and rocking vibrations. In Table I,
T the calculated rate constants for 248 and 351 nm, together
FIG. 13. The center-of-mass translational energy distribution used to fit thdVith energetic information and-factors, are reported. Some
data in Fig. 12. of the isomerization and dissociation reactions have been

L o e e L B A B B
C3H5 > C3Hy+H

0.20 |- 7

P(ET)

0.10 |- E
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TABLE I. RRKM microcanonical rate constantd;factors, excitation energids, and zero-point energy dif-
ferencesE, between transition state and reacidnt the reactions reported in Fig. 14.

248 nm 351 nm
k(E)/10%° E k(E)/10° E Eo
Reaction (sh (kcal/mol) (sh (kcal/mol) (kcal/mol) log A
ky 4.4 115.3 0.38 81.5 50 13.7
k, 2.6 115.3 0.03 81.5 681 13.9
ks 13.0 115.3 5.29 81.5 48'6 13.6
k—3 32.6 103.2 17.4 69.7 36'8 13.1
Ky 3.9 115.3 1.62 81.5 488 13.4
K_, 11.6 100.0 7.44 66.2 345 13.0
ks 7.8 103.2 0.95 69.7 472 13.2
Ke 19.1 100.0 7.46 66.2 405 14.0
ks 18.3 103.2 2.70 69.7 458 13.4
kg 19.5 100.0 2.92 66.2 432 13.4
Ko 1.6 115.3 0.76 81.5 5¢0 13.3
K_g 70.3 87.2 115 53.4 2199 13.3
K10 1.1 87.2 0.00 53.4 529 13.7

8AH, for reactants taken from Refs. 59 and 61.

bFrom Ref. 59 and references cited therein.

A barrier of 20 kcal/mol for the reverse reaction is assurfssd text
9From Ref. 66.

®From Ref. 58.

'From Ref. 64.

9 rom Ref. 39.

PA barrier of 3 kcal/mol for the reverse reaction is assumed.

investigated previoust with RRKM theory, and our results 1V. DISCUSSION
are in agreement with these results. In order to get branching_ Decay mechanisms at 248 nm
fractions for the formation of allene, methylacetylene, cyclo-
propene, and acetylene, a set of differential equations for the As mentioned above, Chen’s grdi”® reported a de-
reaction rates has been solved with the Laplace transfori@iled spectroscopic study of the allyl radical in the 240-250
method®® and the results are listed in Table Il. For the 248nm region by resonant MPI. The band origin for tie
nm case the initial condition in which only the allyl radical is (22B,) state was found to be 248.15 nm. The broadband
present is reported hefassuming cyclopropyl radical as the KrF excimer laser used here certainly covers this transition.
initial molecular species present, the branching fraction valThe absorption cross section increases at shorter wave-
ues change less than one percentage unit, so that the globahgths, reaching a maximum a222 nm?! Several weaker
picture does not change and broader vibronic bands have also been observed at

The estimates of vibrational frequencies and structureshorter wavelengths, implying a shorter lifetime for the ex-
made by empirical methods, and the use of the harmonigited state at the shorter wavelengths. The results of a gas-
oscillator model to determine RRKM(E)’s will certainly  phase resonant Raman study at 225 nm are consistent with
introduce some degree of error into the final branching fracisomerization to cyclopropyl radicald.In fact, the longer
tion calculations. However, the qualitative picture given byjifetime of theC state at longer wavelengths could be due to
these calculations is in agreement with our experimental réthe presence of a barrier for the electrocyclization transfor-
sults(see Sec. 1. mation by a disrotatory mod®.In this case theC state de-

cay could be through internal conversi@d) to form vibra-

TABLE II. Branching fractions for the different dissociation channels cal- tionally hot allyl radicals either in the ground state or in the
culated with the Laplace transform meth@Reef. 60. A state®® At shorter wavelengths, more rapid decay via
isomerization to cyclopropyl is possible, provided sufficient

Reaction products

Branching fraction
at 248 nm

Branching fraction
at 351 nm

CH,CCH,+H

CHCCHy+H

C,H,+CH,

c-C3H,+H

39%
28% from CHCHCH,
11% from CHC-CH,
34%
9% from - CHCHCH;
25% from CHC-CH,
27%
17% from CHCHCH,
10% from - CHCHCH;
0.1%

27%
17% from CHCHCH,
10% from CHC-CH;
42%
12% from - CHCHCH;,
30% from CHC-CH,
31%
1% from CHCHCH,
30% from - CHCHCH;
0.0%

energy is available to overcome the aforementioned barrier.
Following IC, allyl radical in the ground electronic state
with 115.3 kcal/mol of vibrational energy can either dissoci-
ate or isomerize. A schematic energetic diagram with pos-
sible dissociation and isomerization processes is shown in
Fig. 15. Thermochemical data have been taken from Refs. 59
and 61, and corrected to O(see also Table)l There are two
possible dissociation channels directly from an allylic struc-
ture: H-atom loss to form allene, reactigR1), and CH
elimination through a concerted mechanism, reactiRB).
As mentioned above for the excited state, the allyl radical
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125~ -
248 nm
T C-state
100{- -
2
E 351
nm
G B 81.0 78.0
= i
> 15|
%‘3 555 68.1 A-state 57.0
S CHCCHyH 585 7 5o CHCCHy+H
® g K
>
‘g 50|_ CHCCH;+H -
2 C2H2+CH3 55.5
48.1
57.6
25)- 55.8 ¢-C3H; -
CH,CCH;
0 L
CH,CHCH, CH,CHCH,

FIG. 15. Schematic diagram of the energetics of the allyl radical for the possible reaction channels following excitation at 248 and 351 nm. The numbers are
relative energiesgin kcal/mo) for different GHs isomers, transition states, and reaction products.

can isomerize by an electrocyclic transformation through &@. The H-atom loss channel at 248 nm
highly nonsymmetrical T8 into cyclopropy! radical, reac- The P(E;) for the H-atom loss channelFig. 7) is

tion (R9), or into 1- and 2-propenyl radicals through an H- o
atom shift, reactionéR4) and(R3), respectively. Finally, the peaked near zero and extends up to the thermodynamic limit
' ' y ' for allene/methylacetylerieH formation. This observation

clopropy! radical can lose H-atom to form cyclopro- ; .
;)éngprrezzti;rﬂ?ll%)' Cl—propsenjlnradical (CaCHerg)ygar?ro suggests that either or both molecular species may be formed
’ ! @s the final products. From the maximutg value it is not

either lose the H-atom attached to the central carbon atom ) o - L
form methylacetylene, reactiafR8), or can break the C—C possible to establish if the less endothermic dissociation

bond to form GH, and CH, reaction(R6): 2-propeny! radi- channel, CHCCH+H, is present. This is owing to the small
cal (CH,C-CH,) can lose an H-atom to form either methy- difference(1.5 kcal/mo) between the enthalpy of formation

lacetylene, reactioR7), or allene, reactioiR5). There are (AHO) of allene and that of methylacetylene. Cyclopropene
five different reaction pathways that produce an H-atom and® l€ss stable than allene/methylacetylene by about 21-22

allene/methylacetylene/cyclopropene, and two for the formakcal/mol, therefore the available energy for reacti&ti0
tion of acetylene plus the methyl radical, should be reduced by the same amount. This means that if

~ - this channel is present it should contribute at loker. We
CH,CHCH,(X ?A;)—CH,CCHy(X *A;) +H(*S) (R1)  do not observe any change of the slope of (&) around
the thermodynamic onset for this channelE4(

CHCHCH,(X *Az)— CoHA(X 125)+CH3(X A ~ 37 kcal/mol); moreover, the branching fraction obtained
(R2) from RRKM calculationgTable Il) is <1%. This low value
CH,CHCHy(X 2A,)— CH,C-CHy(X) (R3  is mainly due to the lower rate constany for dissociation
as compared to the isomerization reaction, (Table I). The
CHchCI-Iz(;( 27,)— - CHCHCI—b(g() (R4) same RRKM calculations show that allene and methylacety-
_ lene are produced in almost equal amounts through an exten-
CH,C- CHzx CH,CCHy(X A7) +H(%S) (R5  sive isomerization before dissociation. More than 50% of the
~ ~ dissociation events do not come from allyl radicals directly.
- CHCHCH;—CoHy(X 125)+CH3(X 2As (R®)  while the shape of thé(E) is in qualitative agreement
~ with a statistical dissociation, the mean translational energy
CH,C-CHz—~CHCCH(X *Aq) +H(*S) (R7) release of 13.2 kcal/mol, in good agreement with what has
-CHCHCl—g—>CHCCI—g(’)“( 1A, +H(2S) (R8) been observed previously,and a slightly negative anisot-
ropy parameter are in apparent contradiction to the statistical
CH,CHCH,(X 2A,)—c-C3H5X 2A") (R9)  dissociation picture. An RRKM typP(E+), which was cal-

_ g culated assuming no barrier on the exit channel, predicts an
c-C3H5 X 2A")—c-CaHy(X) + H(?S) (R10 (E+) of ~5 kcal/mol® Even if we assume that all the energy
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from the potential barrier for the reverse reaction is chan€hanging the initial conditions for the solution of the set of

neled into translation, the predictéH-) will be only ~7—8  differential equations, with the cyclopropyl radical as the

kcal/mol, still less than the experimental value. only molecular species initially present instead of the allyl
The transition moment of thé(z 231)93((2A2) transi- radical, the global picture will not change. The only small

tion is perpendicular to th€,, axis and in the molecular difference is that the branching fraction for reactiti0)

plan€® (M -type transition. Prompt dissociation to form al- rises to 1%.

lene plus an H-atom from the ground-state geometry would

yield 8= —1. The anisotropy paramet@ will tend to zero

for a polyatomic dissociation process with its dissociationC- The methyl +acetylene channel at 248 nm

time much longer than the rotational period of the parent  The second primary dissociation channel detected at 248
molecule. This kind of behavior is expected for dissociationnm excitation is the formation of acetylene and the methyl
processes occurring from the ground electronic state followradical. This accounts for 16% of the total dissociation
ing internal conversion from an electronically excited state.events. In the studies on the thermal decomposition of the
The higher E+) value found experimentally and the slightly allyl radical® the formation of acetylene has been observed,
negative may be due to a competition between two differ- and was supposed to come only from 1-propenyl radical dis-
ent microdissociation mechanisms: internal conversion angociation, reactionR6). The barrier for the Ckladdition
predissociation through an excited electronic state. In thiseaction to GH, to form 1-propenyl radical has been found
case, the anisotropy distribution measured should come frono be 7.7 kcal/mof* This also represents the barrier on the
two different contributions, one nearly isotropiB€0) and  exit channel for the reverse reaction. The upper limit for the
another with3<0. For the allyl radical, the only rotation that most probableE; for the dissociation of 1-propenyl into
can change the angle between the initial direction of the tranacetylene and Cktan be estimated to be about 7.7 kcal/mol,
sition moment and the final direction of the C—H bond, priorassuming that all the potential energy barrier is channeled
to bond scission, is around the axis perpendicular to the mdnto translation. However, ou?(Ey) for this is peaked at 16
lecular plane. The classical rotational period around this axigcal/mol (Fig. 10, much larger than the maximum expected
assuming a rotational temperature of 150 K, is 4.2 ps. Fronfior decomposition of the 1-propenyl radical. CR{E+) thus

the partially rotationally resolved spectra we have estimateguggests the existence of a tighter TS for this dissociation
a lifetime for theC state at 248 nm of 1—2 ps. This shows channel. A possible candidate for this transition state is a
that predissociation should be faster than the rotational pdour-member cyclic TS, where one Gidroup is rotated by
riod showing up in a substantial negative valuegofor the ~ about 90°. Dissociation of the allyl radical can occur through
dissociation process. The low measured value of the anisofeaction(R2), where GH, and CH are produced directly

ropy thus signifies the importance of the IC process at 244rom the allyl radical through t_his_ four-member cyc_lic_ TS.
nm. The proposed TS structure is similar to the one fgrelimi-

nation reaction from ethylene where tR¢E+) was found to

be peaked at 20 kcal/mBt.The P(E;) peak position repre-
sents a lower limit to the potential energy barrier height. The
asymmetry of the TS for reactiqiR2) will couple efficiently

Internal conversion of th€ state to the first low lying
electronic excited\(12B,) state will produce allyl radicals
with 11.4 kcal/mol of vibrational energy. Currie and

Ramsay” observed a number of diffuse vibronic bands Inthethe reaction coordinate with the other internal degrees of

410-370 nm region, which were assigned to A *By) freedom, suggesting that the true barrier will be consistently
—X(*A,) transition. The resolution of their spectrophotom- higher and the products should be rotationally and vibra-
eter was high enough to resolve rotational structfrasd  tjonally excited. The total branching fraction for this channel
they concluded that predissociation, to form allene plus ajyptained from RRKM calculation€Table 1) is 27%, higher
H-atom, could be responsible for the diffuseness of thosenan the value, 16%, determined experimentally. Moreover,
bands. Irradiation of allyl radicals trapped in an Ar matriX 1005 of the 27% fraction is due to reactio®) according to
with 410 nm light was shown to produce new vibrationalthe RRKM calculations. Even though the TOF spectra at
bands in the IR spectrum assigned to the cyclopropyly/e=26 (Fig. 8 and theP(E;) do not show any bimodal-
radical®® The orbital correlation diagram for the interconver- ity a contribution from reactior{R6) can still be present,
sion of allyl and cyclopropyl radical&*! shows that theA  especially at lowE;. We have simulated TOF spectra with
state of the allyl radical correlates with the ground state otwo different contributions, one with R(E;) peaked at 16
the cyclopropyl radical along the conrotatory mode, suggestfor reaction(R2) and the other peaked at5 kcal/mol for

ing that the ring closure process will be fasymmetry al-  reaction(R6). Although this simulation procedure has a cer-
lowed). This conclusion is also supported b initio calcu-  tain degree of arbitrariness, it shows that the contribution of
lations at the CASSCF levéf. The main result of this reaction(R6) will likely be less than 15%—20% of the total
calculation shows that the conrotatory pathway has no barfor this channel, which is still somewhat lower than the cal-
rier along the reaction coordinate, and the disrotatory patheulated value. The contribution of reactigR6) from the
way has a barrier less than 1.5 kcal/mol. Their conclusiorRRKM calculations can be lowered by increasing the barrier
was that the cyclization process would be facile. They thudor the isomerization between the allyl and 1-propenyl radi-
argued that this cyclization, rather than predissociation, wasals and/or choosing a tighter TS for reactidR6). The
responsible for the diffuse character of the vibronic bands obranching fractions reported in Table Il have been calculated
the first absorption transition. As mentioned above, byby considering only statistical dissociation reactions from the
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ground potential energy surface, therefore they do not inV. CONCLUSION
clude a possible contribution to the H-atom loss channel
from predissociation. The higher branching frapt|on for the hotofragment translational spectroscopy following excita-
acetylene channel, as compared to the experimental valu = 2 =, .9 .

! . tion to theC(2°B4) andA(1“B;) states. At 248 nm excita-
may be due to the fact that the barrier assumed for react|0{i1On two different primary channels have been detected: H-
(R2) is too low in the RRKM calculation&0 kcal/mo). The ' P Y '

o e 0
dissociation products will be internally extremely hot, sinceatom loss(84%) and CH elimination (16%. The overall

on average about 77% of the available energy for the H-atorrs1hape of theP(Ey) for the H-atom loss channel suggests a

. ) ) TR statistical dissociation from the ground potential energy sur-
loss channel will be deposited to internal excitatiomainly face of the GH system. The decay mechanism of the ex-
vibrational excitation and about 72% of the available en- 5 Y ) y

L cited state is either through internal conversion into the
ergy remains in internal degrees of freedom for the acetylené q _ | o into ol 4
plus CH; channel. ground state or internal conversion into thestate followe

by an electrocyclic transformation into the ground-state cy-
clopropyl radical and, finally, reopening of the ring to form
the allyl radical in the ground state with 115.3 kcal/mol of
D. 351 nm dissociation vibrational energy. The small negative anisotropy parameter
_ ) B and the higher mean translational energy relé&se, as
The ab~sorpzt|on of a 351 nm photon excites the allyl radi-ooynared to an RRKM type calculated value, can be ratio-
cal to theA(1°B,) state. TheA state decays through an pajized by the competition between two different decay
electrocyclic transformation to the ground state of the €yCloynehanisms for th€ state: internal conversion and predis-
propyl radical with 53.4 kcal/mol of vibrational energy. The g, iation through a higher excited state. RRKM calculations
absence of angular anlsotropﬁ_{:O), a P(Er) peaked show that almost 50% of allyl radicals dissociate to give
around zero, and a mean translational energy of 4.5 kcal/m%{”ene plus an H-atom and acetylene plusChhile the

are all consistent with this mechanism for the H-atom 0S¢y 3ining radicals isomerize into 1- and 2-propeny! radicals
channel. In fact, a subpicosecond predissociation process fa.qe gissociation to form allene and methylacetylene plus
form allene plus an H-atom will show up with a negati§e o, y_atom. TheP(E;) for the acetylene plus CHthannel is
(the A state has the same symmetry as @estatd. An  pegked away from zero at 16 kcal/mol and is due mainly to
RRKM type P(Ey) for reactionsR1), (R8), (R7), and(RS),  gissociation from an allylic structure. This result, supported
which are assumed barrierless, predict @Er)  ais0 by RRKM calculations, has been interpreted as disso-
=2.5 kcal/mol. If we add~2 kcal/mol for the repulsive in-  iation from an allylic structure through a cyclic four-
teraction due to the small exit barrier, the agreement with théyemper transition state. A smaller contribution to this chan-

experimental value is very good. The threshold for the for-yg| could also come from dissociation of the 1-propenyl
mation of cyclopropene plus an H-atom, reacti®10), is  (5(ical.

49.9 keal/mol. Assuming a barrier of 3 for the reverse reac- The A state of allyl radical is reached after excitation at

tion, the available energy to overcome this barrier is only 05551 nm. The decay mechanism is again an electrocyclic

kcal/mol. The rate constant for reactit), kyo, will b& SO 4 hstormation into the ground-state cyclopropyl radical, fol-
low (Table ) that cyclopropene formation will not compete |, 04 by a reopening of the ring to form the allyl radical in

with the isomerization into ground-state allyl radical throughthe ground state with 81.5 kcal/mol vibrational energy.

a nonsymmetrical TSk_q. RRKM calculations show that  ppyim calculations also show that isomerization into the 1-

i_somerization Qf the aIIy_I radical with 81.5 kcal/mol vi_brg— and 2-propenyl radical is extensive, with final production of
tional energy is extensive. Only 18% of the d'SSOC'at'onmethylacetylene and allene plus an H-atom.

products(Table Il) come from an allylic structure. Methy-

lacetylene is predicted to be the most abundant product wit

42% vyield, allene 27%, and acetylene 31%6th 30% from RCKNOWLEDGMENTS
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