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ABSTRACT

A crossed beams 1nvest1gat10n of the reactlons of

H C D6 has been carrled out u51ng a seeded

676’ 76
_supersonlc, atomlc oxygen nozzle. beam source. Angular and
veloc1ty dlstrlbutlons of reactlon products have been used
to 1dent1fy the maJor reactlon pathways : The 1n1t1a11y

formed triplet b1rad1ca1 O (C O), e1ther decays by

6

hydrogen (deuterlum) elimination or becomes stablllzed

'most likely by nonradiative tran51t10n to the S0 manlfold

- of ground state phenol ‘No’ CO ellmlnatlon was observed

The branchlng ratlo between H(D) atom ellmlnatlon and

*stablllzatlon was found to be sen51tlve to both colllslon. '

"energy andvrsotoplc subst1tut1on,
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" INTRODUCTION

The reactions of ground state oxygen atoms with both
aliphatic and aromatic hydrocarbons are of considerable
interest because'they_ are importéht in combustion processes,
atmospheric chemistry, and ?hétochemical’air pbllutioﬂ.

A relatively large number of kinetic studies have been
reported for oxygen atom reactions with alkanes and alkenes
in which reaction rate constants have been determlned

Gutman and coworkers have recently used crossed molecular

-beamsemployingphotoionization mass spectrometry to

identify the elementary reaction products resulting from
oxygen atom reactions with vérious alkenes and aik&nes;A_
In contrast to the above, atomic oxygen reactions with
aromatic hydrocarbons.have_notvbéen ektensively studied.
The simplest reactions df_this class, O(SP) + Bénzene and
toluene, are the only atom-aromatic_hydrocarbon,réactions
that have been studied by a variety of techniques. |
Relative reaction rates for the O(SP) + benzene reaction
have been detefmined using,sfétic phbtolysis'techniques,4’s
Absolute reaction rate constants for tHe>O(3P) + benzene
reaction have been denermined using pulSéd radiolysis,6

9 modulation-phase shift,0s11 and flash

photoly51s—NO2 chemllumlnescence12 techhiques;‘ In spite

‘of these studies, very little information is available on
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the actual elementary reaction‘products arising from the
bimolecular reaction of atomic oxygen with benzene, and,
consequently, the reaction mechanism is poorly understood.
Product identification is severely complicated in the above
gas phase studies by the presencé of viscous, non-volatile
reaction products which are possibly polymeric in character.4’8
These non-volatile products indicate that some of the initial
elementary reaction products are highly reactive species

which probably undergo rapid secondary reaction. The majbr
volatile reaction product which has been consistently observed
is phenol, which accounts for about 10-15% of the oxygen atom

.4’8’13 Phenol has been shown

consumption in these studies
to account for more than 95% of the volatile products which
result when this reaction is studied at atmospheric pressure.s
Carbon monoxide has also been reporfed as a réaction-product.4
In ah attempt to identify the elementary'réactioh products
Sloéne15 has carried out a simple crossed beam experiment,
employing effusive beams and a non-rotatable méss spectro-'
meter, in which phenol production and carbon monoxide
elimination; possibly'yielding 3-pentene-1l-yne, were

reported aé the two.open reactive pathwéys. It is'gpparent
frqm_the above discussion that>there is still considerable

uncértainty about the elementary reaction products which

arise from the electrophilic attack of oxygen atoms on
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benzene, which serves as the model system for undersfandiﬁg
oxfgen atom - aromatic ring reactions.

This paper descfibes the results from a series of
well-defined crossed molecular beam experiments which
have been carried out under single collision eonditions
in our laboratory to elucidate the reaction dynamics and
energetics of.the O(SP) + benzene reaction. The reaction
has been studied as a function of both collision energy
and isotopic substitution in order to clarify the factors
which dominate the reaction dynamitst Differential
reactive angular distributions aCcompanied with velocity
analysis of the reaction products at several laboratory
angles héve contributed to our understanding ef thev
elementary reaction pathways which are oﬁerative; In
particular; these studies make use of e novel‘and impoffant
feature which is.inherent in erossed beam experimente |
employing rotating mass spectrometer detectore: the
ability to identify unambiguously the primary pol}atomic,
reaction products resulting from bimolecular reactive'
collisions by using the dynamic and energetic constraints
which are imposed on the reaction.prodﬁcte; ,These.experir
ments are especially well suited-fer'studying reactions
-invelving polyatomic specieé since parent-daughter ion

pairs created in the electron bombardment ionizer of the
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detector must have identical angular andvvelocity distri-
butions, while reaction channels involving different
dynamics (e.g. substitution versus addition reactions)

are clearly distinguishable by their angular and velocity
distributions. In contrast to this, traditional gas phase
studies which use non-rotatable mass spectrometric particle
detection for product identification are frequently com-
plicated by the fragmentation of parent polyatomic species
in the electron bombardment ionizers of these systems.
This is particularly a problem when highly vibrationally
excited polyatomic species are ionized by electron bombard-
ment as the parent ion mass peak may be of very low inten-
sity relative to its daughter peaks. For example, the
observation of m/e = 66, C5H6+, in the O(SP) + benzene
reaction is not in itself sufficient to differentiate
between phenol fragmentation during ionization and actual
CO elimination. In this study we have made extensive

use of product angular distributions to unravel the pri-

mary reaction channels of the O(SP) + benzene reaction.

- EXPERIMENTAL
The crossed beam apparatus used in these studies was

similar in design to one which has been previously



described.16 Briefly,rtwo beams which are doubly differ-
entially pumped are crossed at 90° in a scattering chamber
which has a pressure of ca. 1 x 10_7 torr.: The main_
scattering chamber is pumped by a 5300 z/sec.diffusion
pump and by a 1liquid nitrogen cooled cold shield which is
very effeotiye-in pumping condensable gases. Particles
which are scattered in the plane defined by thé two
colliding beams,are detected by.a triply.differentially
pnmped quadrnpole mass spectrometergwhich-rotates about
-the intersection point of the two beams. The‘inCident
neutral‘particles-are.ionized'in the detector by an
eleetronvbombardment ionizer whichvis'operatedzwith an
electron energy of 200 eV.

| The seeded superson1c atomlc oxygen beams used ln
these studles were generated by a hlgh pressure iradlo
vfrequency dlscharoe beam source wh1ch has been descrlbed

1n detail elsewhere 17,18

The_hlgh energy atomic oxygen

beam was generated by dlscharging-a 109'02 in helium gas -
m1xture at llO torr total pressure by 130 watts of R.F.

power. The resultlng fast atomlc oxygen beam had a mea—”

- sured peak Veloc1ty of 1. 95 X 105'cm/sec and a Mach number,vi
:of 5 8, wh1ch corresponds to a FWHM Veloc1ty spread of

29”.. The beam of oxygen seeded in hellum i's known to conta1n'A

18

a small amount of O( D) “which we bel1eve~to.have a negligible-
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affect in these studies because kinematic constralnts w111 make'
undetectable the hlgh energy products ‘from the O( D) attack

on.benzene._ Molecular dlssoc1at10n was about 55% under

0

these'operating‘conditions. “The low energy atomic oxygen
bean was‘generated oy dischaigingva 10% O2 in argon gas
‘mixture at 250 torr total pressure by 195 watts of R.F.
power. _The‘relatively slow atomic oxygen beam produced
“in this manner had a measured peak Velocityvof 1.13 x 105
cm/sec'and a‘MaCh number of 3;9, Which.corresponds to a
FWHM velocity spread of 419 The molecular'oxygen was 80% .
dissociated under the operatlng condltlons described above
.for the 109 OZ—Ar gas mixture, and was free of any O( D
content as determlned by tltratlon w1th a crossed beam of

18 A 500 V/cm ion deflectlng f1e1d

molecular hydrogen
?was placed prlor to the 1nteractlon zone of the scatterlng
chamber in order to eliminate any 1nterference from 1ons__
presentAln the_atom1C’beam. For both the hlgh and low energyv’
experimente'the'oxygen beam was collimated to an angular
'idlvergence of 2. 2° by collimating elements placed after
the the source sklmmer |

'yThe benzene beam was}rnn'neat'for theee experimenté

at the room-temperature,vapOr preSSure»of about 90 torr. S oy



The benzene reservoir was immersed. in an oil bafh in
order to eliminate»temperatUre fluctuations. The»entife
glass line 1eadingvfrom.the benZene resefvoir tO'the-beam
source was heated to at ieast 10K abe?e the bath tempefature‘
in order to prevent cendensation of benzene 1in the-gas_iine.
The nozzle tube_and tip;were'heated to. 326K, aszdetermined
by ehromel—alumel'thermocbupleé, again in ofder to prenent'
condensation from‘occurfinghand te eliminate any benzene
dimers or ‘higher polymefs'fromfbeing‘present‘in the terminal
beam A pure,-sllghtly heated benzene beam was chosen
when pre11m1nary testlng of a 300 torr, saturated benzene-
argon beam prodpced extensive dimer formation. See also

Ref. 19 for further'infofmation about this dimerization

'phenemenaﬂ. The benzene beam'produced in this manner was.
.'found to have a’peak'Veloeity/of'5~18 x'iO4 Cm/sec and a

: Mach'number of 5.8, which corresnonds to a FWHM veloc1ty

spread of 33%. . The 51mllar beam of perdeuterated benzene

C6D6’

atom percent deuterium centent' had a peak velocity of

obtained from Aldr;ch Chemical Company with 99.5

5;14'X 104 cm/sec and a Mach number of 4.9 (36° FWHM)

In1t1a11y,1ﬂu3most probable collision energles for

both the 0 + C6H6

(O2 seeded in helium) and 2.5 kcal/moie (O2 seeded inbargon).

and O'+'C6D6 systems were 6.5_kcal/mole

The angular distributions shown in the next section were
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obtained at these energies.. In subsequent exper1ments sl1ghtlv

different'beam conditions were employed (V‘ = 2. 25 x 105

cm/sec, VC g = 5-30x 104 cm/sec, and VC D = 5.25 x 104

6 6 66
cm/sec) which resulted in somewhat higher mean c011151on
energies than those descrlbed above: 8.5,kca1/mole for

O + C.H, and 8.6'kpal/mole:for 0 + C.D The time-of—flight

66 676"
distrlbutions'presentedllater in this paper were.recorded
foricollisions at theSe'higher‘energies

Laboratory angular dlstrlbutlons were obtalned by
taklng several scans of 60 second counts at each angle, w1th |
time normallzatlon employed when warranted._'The supersonlc |
oxygen_beam_Wannodulated at lSO'Hz with a tuning fork
chopper and_the'number_density data-at,each.angle was - -
obtainedaby subtractiné the:chopper-closed count from the
chOpperfopen cdunt. Product countlng rates at the center;
'.,Of mass angle for m/e =:65, the predomlnant mass peak for

. the C6H6 reaction, were typlcally 300 cts/sec and 80 cts/sec
for the h1gh and lowvenergy experlments, respectlvelyt The
m/e =70 signal for the‘C6D6 reaction wa5‘slmilarly'found

to be‘SSOdCts/sec”and 50 cts/sec for the high and low

energy deuterated experiments. '~ The larger counting rates



fof the high energy_experiments.are principally'the result
of the higher intensity of the fést oXygén beam relative
to the slow oxygen beam. Veiocity analysis of thé-various
beams was done with conventioﬁal "single shot" time-of-
flight techniques. Product'time—of-flight'distribﬁtions
were'obtained.using the;ﬁross-correlétidﬁ timé;ﬁfjfliéht

20,20

téchnique with a'255—bit Dseudorandom.seqﬁence operatéd

with a 12 usec dwell tlme per channel Counting times

'Varled con51derab1y dependlng upon the laboratory angle
,Aand product ‘mass under 1nvest1gat10n, w1th accumulatlon

‘times of 30»m1nutes-be1ng representatlve.
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RESULTS T

Two distinct reaction channels were observed in this
study:
-15.9 kcal/mole (1)

3o N .
0(’Py) + CeHg — CgHO + H AH298

,_'O(SPJ) + C6H —~—= C_H-OH o AH° 2102.4 kcal/mdle (2)

6 65 298
f:with the first channel correSOOndihg to hydrogen elimina-‘
' tlon and the other to simple oxygen addltlon, presumably
leading ultimately .to phenol formation. No dlrect ev1dence
for CO elimination.frOm the-collision complex was found.

o+ CO MHSg, = -73.8 kcal/mole (3)

0CPy) + Ceh Cslg 1298 =

6 5
where the react1on exoerg1c1ty was calculated assumlng, for
illustrative purposes only, that cyclopentadlene was the

hC5H6 fragment; Similarly,’no OH‘product'was detected in

these experiments,.

ro(éij'f CoHe — CeHg f-OHv' AH§98 '% +8.4 kcal/mole (4)
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because the mean collision energies used were insufficient
for endothermic abstraction to occur. The ‘atomic oxygenh
reaction with’ perdeuterated benzene was found'to-have.the
same open product channels as above, although the.branching
ratlo between channels (l) and (2), at a given colllslon
energy, dlffered 51gn1f1cantly from the C6H6 react1on |
F1gures 1 and 2 show the angular d1str1but1ons obtalned
for the high COlllSlon energy studles of the 0 + C6H6 and
0 + C6D6

reactlons The highly exc1ted pr1mary react1on_
products com1ng from channels (1) and (2), correspondlng to
hydrogen ellmlnat1on (mass 93) and formatlon of a long-lived
colllslon adduct (mass 94), fragment in the electron bombard-
ment-1onlzer of our‘mass spectrometer detector to‘g1vevf.

5°5
from the‘parent species-durlng 1onizatiOn-v ‘The daughter

“CeH (m/e = 65) and Ce H (m/e = 66)gafter CO elimination

ions correspondlng to co e11m1nat10n from CGDSO and C6D50H

respectlvely; C.D (m/e =:70) and C (m/e = 72), were
5 S 6

o also the maJor fragment ions of the perdeuterated benzene

vreactlon The parent 1ons at masses 94 and 93 for C6H6 and
masses lOO and 98 for C6D6 were. also d1rect1y observed but
_were of much lower 1nten51ty than the1r respect1ve daughtern f
ions. The h1gher 1nten51ty of the daughter fragment 1ons Ny
made them the preferred’masses for measurlngfboth the

“angular and velocity distributions. of the parent molecules.
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lhis can:be seen from'the relative intensities shown in
Table I. The narrow angular dlstrlbutlons shown .in F1gs

1 and 2 peak around their center of -mass d1rect1ons
Masses 66 and 72, correspond1ng to the add1t10n channel
products, have FWHM angular spreads of 14° and 13° | These_
distributions can be_virtually reproduced_by convoluting
the finite velocity and angular"spreads of the reactant
beams with the resolution parametersfof?the detector;' Thls
indicates that the addition channel'angular distributions'
follow the laboratory centr01d dlstrlbutlons of the two
reactive systems demonstrat1ng that the ions at masses 66 |
and 72 are predomlnantly daughter ions from the add1t10n
products C6H60 and C6D6O The wider angular dlstrlbutlons
.of masses 65 and 70 hav1ng FWHM angular spreads of 19° |
and 15?; must . be attrlbuted to the em1551on of a part1cle,‘
i.e., hydrogen or'deuterlum from the colllslon complex,
These differences in angular d1str1but10n w1dths between

. masses 65 and 66, and masses 70 and 72, rule out ‘the
~p0551b111ty that the fragment ions hav1ng m/e 65 and 70
arise ent1rely from fraomentatlon of the same parent
_spec1es as masses 66 and 72. The. narrow spread of the.
mass 65 and 70 angular dlstrlbutlons also precludes their
formatlon by e11m1nat10n of the relatlvely massive CO -
‘molecule from the colllslon complex as conservatlon of

linear momentum would result-1n a much broader d1str1but10n.
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In subsequent high energy experinents the mass 93 and 98
parent ion angular distributions were obtained, and were
found to be in good agreement uith the mass 65 and 70
distributions.’ This provides definitive.proof'that.at-a
mean collisionvenergy.of_o.s kcal/mole_hydrogen ellmination
constitutes one of the two major open'channels for the_y
reactlon of ground state atomic oxygen w1th benzene

| The product: angular d15tr1but1ons of the low energy
coll1s1on exper1ments are shown in P1gs 3 and 4:  The
.mass 65 and 66 curves of F1g 3 are superimposable'uithin
the uncertalnty of the measurements. (the error bars in
F1gs. 1- 4 correspond to 95% confldence limits) and the
‘distrlbutlons are seen to be broader'than the spread 1nﬂ
'thecentr01d(dashed 11ne) The data is fit rather well
(solld llne) by a calculatlon in which the C6H50 product
'd1str1but1on is assumed to ‘be. 1sotrop1c and the product
translat1onal energygdlstrlbutlon is as shown in Fig. 5.
'The fraction of the available_energy appearing‘in trans-
.lation is quite high the average belng about 40%. In .f
-_the absence of an ex1t channel barrler _a much smaller |
'fractlon <15% of the energy is expected from stat1st1ca1‘
' calculatlons It is. reasonable then to conclude that
'there is a potent1a1 barrler in the ex1t channel probably

stikcal/mole. The low energy mass 70 dlstrlbutlon is
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QUalitatiyely similar to the O + C6P6 results. bAn accuratedJ
angular scan of mase 72 could not be obtained here due to
‘the presence of a slight mass 72 impurity in'the eecondary
(perdeuterobeniene)’beam. Elastic'scattering of this
impurity greatly perturbed_the‘wide angle shape of the-
Areactive’distribution.; This impurity was also present
during the high energy O ¥.C6D6 experimentS' but was of
| 11tt1e concern 51nce the hlgh energy mass 72 reactlve
51gna1 was much larger ‘than the elastlc 51gna1 The high
energy mass 72 reactive 51gnal was in fact more than 50
“times larger than the low energy reactlve,slgnal (580
vcounts/sec versus 10 counts/sec) |

In Table I are shown the relatlve 1nten51t1es of the
detected ion masses, accurate to w1th1n,10%f These .
'valuesvare:the relative signal ievels'for,each'system‘
~taken at their respectivefcenter-ofjmass‘angies;: It is -
immediately obvious'that the‘branching ratio'between ,
Achannels (1) and (2) 1s dependent on both - colllslon
energy and 1sotop1c substltutlon If we assume that
‘mass 94 (100) fragments in the electron bombardment
~ionizer to glve roughly equal amounts of masses 66 (72)
:and 65 (70) wh11e mass 93 (98) fragments to y1e1d pre-
-domlnantly mass 65 (70), then the . results shown in
'Figs.‘l, 2, and 3 and in Table: I form a con51stent p1cture

of the O +_C6 6 (C6 6) reactlon.f The above fragmentation
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scheme.implies.thatvthe70bserred signal at'm/e.= 65'(70)
is a composite of. both the addition and e11m1nat10n
channels. For reactlon condltlons wh1ch strongly favor
channel 1 (addltlon) over channel 2 (ellmlnatlon) the h
»Ameasured daughter 1on dlstrlbutlons should be qulte

, 51m11ar ThlS explalns the narrow w1dth of the mass 70»

A angular d1str1butronrshown,1nvF1g.*2 because_the hrgh
.energyld +ngD6hsystem.does;’in fact,.have_a_relativelyt
~ large amountfoftthe addition;produCt,} Prom'Tabie*Iv..'.
1we can’ conclude that for'a given. collision enefgy,'

there is more. of the addltlon product formed in the C6D6
vreactlon than there 1s ‘in the C6H6 reactlon,_and that
'_1ncrea51ng collision energy tends to . favor the addltlon
channel over: the e11m1nat10n channel The assumed -
branchlng ratlo for mass 94 fragmentatlon in the above'
'argument 15 based on the observed fragmentatlon pattern
of ground state phenol.22 - The proposed fragmentatlon of
mass 93 to yleld predomlnantly m/e = 65 is based on the
‘relatlve 1mprobab111ty of 1051ng a mass 27 part1c1e versus
a mass 28 partlcle (CO) durlng 10n12at10n |
When the e11m1nat10n channel is strongly favored w1th

respect to the addltlon (phenol formlng) channel the m/e_#
‘ 66 (72) daughter peak will be broadened to reflect the -

mass 93 (98) dlstrlbutlon because the prlmary product



-16-

from the eliminationireaction:will_COntribute a small
amount of signal at m/e = 66 (72). Carbon-13 containing
‘fragments also become important in the limit of low
phenol production; The 1ow energy 0 + C6H6 data presented
in Table I and Fig; 3 is con51stent w1th this descrlptlon
The mass 65 and 66 angular distrlbutlonsvat 2.5 kcal/mole
coilision energy.were virtually superimposable'within the
uncertainty ofithe eXperiment, and thezlarge (>10:1) m/e =
65 to m/e = 66'ratio indicates that the primarypelementary
reactlon product was mass 93. TheSe conclusions,
-taken with those in the preceedlng paragraph indicate-
that the relative intensities shownzln Table I do not repre-
sent the actual-branchingdratios for.this reaction'as the
‘daughter ion 51gnals contain contrlbutlons from fragmenta-t'
t10n of both the addltlon and e11m1nat10n reaction productS'
Understandlng the energy dependencepof the product
branching ratio is, at the present-time further c0mpli--'
cated by the known presence of 0( D ) in the h1gh energy
(hellum seeded) oxygen beam. Thus, some product from the
reactlon O( D ) + C6H6 (C ) may be contr1but1ng ‘to. the
high. colllslon energy results Work is currently in pro-
gress in an attempt to gauge the relatlve contr1but10n

of thrs alternatlve-reactlon ~pathway.
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We have also carried out Velocity analysis of the
maJor observable jon peaks for high energy 0+ C6H6 (8.5
kcal/mole) and O + C6D6

results provide what we believe to be compelling evldence

(8.6 kcal/mole) colllslons.v These

for the presence of the hydrogen elimination channel and
for the low probability ovaOYelimination_at relatiVeiy
high c011151on energles These results support our earlier
conc1u51ons Flgure 6 presents the CTOSS- correlatlon

t1me of- fllght (TOF) data for the 0+ C6H6 system taken
:near 1ts most probable center of-mass angle.' The spectra
shown for m/e ='.93,' 66, and 65 have all been corrected for
their respectlve ion flight times. Threevmajor conc1u51ons
can be 1nferred from this flgure First,_the mass 93 and “
mass 65 spectra agree qu1te closely;'especially at_higher-
,veloc1tles and both are broader .than the mass 66 spectrum
.The parent- daughter relatlonshlp of m/e = 93 and 65 is thus
clearly supported Next the m/e = 66 distribution peaks at
the most probable center-of-mass Veloc1ty (5.83 x 104 |
'-cm/sec) as 1s expected of theaddltlonproduct. -Plnally,'
the absence. of any h10h veloc1ty Deaks in the m/e}= o

66 and 65 spectra indicates the low probability of the

' CO e11m1nat10n channel } The Newton dlagram dlsplayed

above these spectra helps to clarify this p01nt The
larger Veloc1ty circle is the calculated peak velocity'of

the mass 66 product assuming that 10% of the'availablepenergy
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(colllslon energy pius exoerg1c1ty) from the CO e11m1na-‘
tion channel goes to product translation. If Co e11m1na?
tion were a significant'product channel; a peakv;n the
m/e‘= 66 and 65 (m/e = 65 wouid_be expected from fragmenta—e
tion:pf'mass-66 in.the ionizer) TOF speetra would be
expected around channel.lz.'hNo such peak is observed,
'_indicating the 1owiprobability of the CO eiimination
‘channel. The smaller c1rc1e in thls Newton dlagram
is the calculated limit of mass 93 ve10c1ty spread’ aboutv
‘the most probable center- of mass Veloc1ty, assumlng 100°.
of the available energy for the hydrogen elimination pro-
. cess gees to product'translation{ Goodbagreement is
found between the predicted Velocity~spreaa and the
ohserved width.of the*TOFvspectra. .(Of Ceurse.nost ef
the observed broadenlng is due to the f1n1te VeloC1ty
w1dth of the two reactant beams, w1th some add1t10na1 :
broadenlng coming from rec011 of the products hav1ng |
’much_less than 100% of the avallable energy g01ng to
translatidn.) | |

The TOF results for the 0 + C6D6'system arehshown’in
‘-Fig. 7. At the center of mass angle (50°) the m/e = 98,

72, and 70 dlstrlbutlons are seen to peak near channel 25
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'wﬁieh corresponds to_this‘system's most probable center-of-
mass Velocity, ca. 5.7 x 104 cm/sec. As in the 0+ C6H6
reaction, the addition‘channei daughter‘ion at m/e =A72 is
narrower than the elimination channel-daughter ion at m/e =
' 70. The parent mass of the elimination channel was also -
vrecorded, and is,seen to follow the daughter distribution
within the uncertainty of the measurementf_ The absence

of any high energy peeks once again indicates that'Cb
eliminatioh is not a significant channei. Angle dependent
daté shown for © = 42°_and 62°‘was also taken in order

to demonstrate the dlfferent origins of the m/e =

v_72 and 70 51gnals. At 42° the larger w1dth of the m/e =
370 spectrum relatire to the'm/e_e 72 spectrum shows |
:the‘effects of the deuterium eiimlnatlon. ‘The 1ow Veloc1ty
vta11 of the m/e = 72 spectrum at 62° can be attrlbuted to

-~ a contamlnant effu51ng from the d1fferent1a1 pumplng reglon

of the perdeuterobenzene beam.

DISCUSSION »

Under 51ng1e colllslon condltlons the O( P) + benzene
reactlons has been observed to proceed by two dlstlnct
elementary reactlon pathways A These are the addltlon of

~atomic oxygen to benzene to form a 1on0 lived C0111510n



- -20-

adduot, presumablyvphenol, and‘the substitution of.atomic
‘oxygen for a hydrogen atomlv:The-branChing'ratio of these
" two channels haslbeen found to he both,isotope and energy
dependent;‘the addition ehannel‘being favoredeith respect
to eliminatlon hy increased,collision'energy and‘by deuterium
substltutlon These results are the f1rst unamb1guou5'
determination of the elementary reaction products formed in
: this reaction. Our ab111ty to carry out,h1gh resolut1on |
'crossed molecular beam experiments measur1ng ‘the angular
.and veloc1ty dlstrlbutlons of the parent and daughter ion
_spec1es of products was essentlal for the 1dent1f1cat10n
of the react1on mechanism of this system.

A schematlc energy ‘level diagram p1ctur1ng the
1mportant reactlon pathways is shown in Fig. 8;_ The zero

of energy in this flgure was taken to be the heat of

- formatlon .of the reactants The ground state of phenol

as well as the CO OH and H atom product channels were
all located with respect tovground state reactants by'

their heats of formation. 23-25

The tr1plet b1rad1cal energy'
level of phenol was flxed relatlve to ground state s1nglet
Vphenol by the experlmentally determlned 51ng1et tr1p1et
'tran51t10n energy observed by Lew1s ‘and- Kasha,26 whlch is

in good agreement w1th the splltt1ng calculated by Dewar ‘and

Tr1na35t1c.27 The ground V1brat10nal level of tr1p1et
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phenol is stable by aboutv21 kcal/mole with respect to
reactants. " The f1rst excited 51ng1et state of phenol, Sl’
"has not been shown in thlS flgure but rs known to fall
about 105.8 kcal/mole above SO,-the ground singlet state

of phenol 28,29 The two-dasheddcurves represent energy
barrlers of unknown magnltude correspondlng to the energy
needed to access the spln forbidden triplet- 51ng1et
transition, and the barrler to decomp051t10n of 51ng1et
phenol to form CO and C5H6 (which is represented as cyclo-
_‘.pentadlene in the f;gure)r jThe_pyroly51s studies of

Cypres and Bettensso'indicate that the CO and C5H6 do in
faet correlate'with phenol in its singlet:ground state.

- The twe:mOSt probable colllslon energies at wh1ch we have
"jstudied.this,reactron are indicated by E, and E in Flg 8.
Finally, the-entrance'barrier ef the O(SP) + benzene |
'reactiOn has not been drawn exp11c1ty, but is thought to

: be present from the gas phase determlnatlon of a 4 kcal/mole
actlvatlon energy 12 Wlth thlS energy level dlagram in

mind our conceptuallzatlon of the reaction mechanlsm is
'now.presented. | |

| The initial'O(sP) electrephiiic.attackvon benzene.
‘prebabiy'forms.a triplet biradical adduCtIWhose 1ifetime

is believed to be <1 nsec. This highly'energetic reaetden |

"intermediate can then decay by a varlety of channels it
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can regenerate the reactants, eliminate a hydrogen atom,
or, make a rad1at1on1ess transition to the S0 manlfold
of'phenol. From statistical COnSiderations,'hydrOgen
elimination from the triplet‘biradical is'expected'to
dominate oxygen elimination as itdis the far more
exoergic PTOCESS .. The relatlvely long llfet1me assoc1ated
with rad1at1ve T1 S0 phosphorescence precludes its con-
51derat1on here as a relevant decay channel - Open1ng of
the aromat1c ring 1s.also not be11eved to be a maJor'
decay route because the energy threshold is expected to
be quite large.

In’ this study two main react1on channels were. actually'
.observed: hydrogen elimination and C6H60 formatlon
Conseqnently, we view the next step of'the_reactlon
mechanism as helng a competition‘between atomiC‘hydrogen'
"elimination from'the triplet adduct, and intereystem‘ ”
crossing tolinternally excited‘singlet‘phenol.. The deepk
Well3and the high'density of states of this singlet phenol
Acontribute'to'a'long statistical 1ifetine;v>$l msec, |
whichris the}approximate flight'time,to'OQr deteCtor.

The abeence of the CO elimination Channel_is'evidence for
'a large energy barrler to this process. This 1is not
'unreasonable as break1ng of the aromatic ring probably
Jrequ1res that the complex pass through a hlghly energetlc

“critical conf1gurat10n,
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The broad product translational energv dlstributlon
for the hydrogen elimination channel, Fig. 5, would result
from the existence of a small potential barrier, 3;5
kcal/mole in the exit channel. 'This conclosion is con-
sistent with gas phase studies of H atom addition to alkyl
and halo benzenes which have establlshed an activatlon
energy around 4 kcal/mole : The product-energy distribution
measured here is quite slmilaf to that for the feaction of
fluorine atoms with C6D6 in Which deuterium'elimination 
deposits close to 50% of tne available energf in transla-
tion._?’1 |

Examination of the relative pfoouct inteneities shown
in Table 1 indicates that.the btanching:iatio between the
hydrogen elimination'and intersysten‘cfossing channels iS

energy dependent. 'This'is.seen-by thevincrease‘innm/e =

.66 (72), the additionchannel,relative to that of m/e =

65 (70), the elimination channel, as the collision energy

is increased from 2.5 to 6.5 kcal/mole. ~ This observation'

 suggests that the_Ti —'S0 surfaEe_croséing probability-
’increases with increasing enefgy SlOane‘15 has performed
~ a crude SCF calculation wh1ch flxes a T1 -_So'croséing

p01nt at 38 kcal/mole above ‘the mlnimum energy conflguratlon ‘

1 °T 10 kcal/mole above the.energy of our intermediate.
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Although this was not a "chemically aceurate"'valuerit bears
out the poésibility’of an energy dependent branching ratio.:
Also in question is the actual distribution of total

energles present. in the reaction 1ntermed1ate _Several
“kinetic stud1es have confirmed the ex1stence of a 4 kcal/mole
Arrhenius activation.energy in the reaction of O( P)‘with
benzene.12 This 1mp11es that a small entrance channel
barrler is present in the tr1plet surface. Thus although
the most probable colllslon energies are 2. 5 and 6.5
kcal/mole, the most probable ex;ltat1onsvof the tr1plet
adduct'may.be greater than these cdlllsionvenergieslindi-
cate. This is certainly true for Sloane‘slslcrOSSed |
effu31ve beam study as his most probable coll151on energy
‘was only O.6l kcal/mole; Apparently, coll151ons 1nvolv1ng
’molecules.in-the high'energy talls‘of‘hls-Maxwelllan”
‘distributions were_the ones leading to reaction.

| The branehing.ratlo of the two channels is also isotope
dependent This is expected‘as both the ratevof hydrogen
atom ellmlnat1on and that of the rad1at10nless Tl - S0
tran51t10n are 1sotope dependent, The rate of hydrogen
'el1m1nat10n 1s expected to decrease w1th deuterat1on from '
' the ”prlmary 1sotope effect"'32 l.e;; the 1ncrease in

_state den51ty and decrease in zero p01nt energy Wthh tend

to lower the rate constant.
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vThe effect of deuteration»on the intersystem crossing
is uncertain particularlyvbecause neither the energy’of the
crossing point nor the domlnant V1brat1onal modes which influence
the cr0551ng are known. The very strong deuterlum effect
: observed suggests that the rate of 1ntersystem cr0551ng

to the S electronlc state 1ncreases dramatlcally w1th

0
deuteration, because the pr1mary 1sotope effect on the H
elimination channel is unllkely to be this large The -
p0551b111ty of 1ntersystem cr0551ng to the S1 state followed
by rapld rad1at1on decay to the ground state bears further
1nvest1gat10n through fluorescence measurements -

' Earller studles of the 0( P) + benzene reactlon.had
reported that Cco ellmlnatlon was an 1mportant reactlon
'pathway 4, 15_ Our results 1nd1cate that CO e11m1nat1on,
if 1t is occurrlng at all is a relatlvely minor product.
channel. 'However if. CO el1m1nat10n were occurrlng,‘the
result1ng mass 66 (72) product would be harder to detect
in our experlment as it would have a much h1gher velocity,
and would be spread over a much larger solid angle, than
'that arlslng from fragmentatlon of mass 94 (100) T1me—d
dof fllght analy51s of the reactlon products com1ng o
“from low energy O( P) + C6H6 (C ) colllslons must also

be carrled out 'in order to determlne whether CO e11m1nat10n

is an open channel under those cond1tlons As Boocock
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and Cvetanov1c s.experlment4 was-carried out under multiple_
~c0111510ntcond1t10ns ’secondary reactions 1nvolv1ng o(C P)
'tatoms and.radicaiwproductsumlght be the source‘of their
observed Co. VSloanels has postulated that CO elimination

was a primary reactlon channel based on his observatlon of

a strong m/e = 66 51gna1 1n_h15 crossed effusrve beam
experiment, whichdemployed a'fired:(nbn-rotatabie),electrOn
_bombardment ionizer- quadrupole mass spectrometer. On the
—ba51s of the appearance potentlals observed for CSH6 (ninor'
ithreshold at 9.0 eV and major product threshold at 9. 6 eV)

. "he proposed that cyclopentadlene was a mlnor product and
that 3- pentene 1- yne was a maJor product c01nc1d1ng with CO
ellmlnatlon Our study has unamb1guously shown that the
Vstrong-m/e = 66 peak results pr1nc1pa11y from fragmentatlon
of h1gh1y exc1ted mass 94 adduct durlng electron bombardment
1onlzat1on, As the ‘mass- 94 adduct produced in the o( P) +p
benzene reactlon has > 102 kcal/mole of 1nterna1 exc1tat10n
’Arelatlve to ground state phenol 1t ‘is not surprlslng that

the appearance potentlal for- CSH6 productlon 1s shlfted to
‘a lower value than that found for. 1nterna11y cool phenol
rAlthough Sloane dlscussed the above p0551b111ty,15 he con—
cluded that CO e11m1nat10n was a maJor reactlon pathway

This conc1u51on is contralndlcated by the results of our f

experiment.



-27-

The presence of viscous, polymeric reaction products4’8

in gas phase studies suggests that‘radicals are produced

in the reaction. Our observation that the phenoxy'radiCaly
is e major reaction'prodUCt; especially atplow.collision
energies, supports-this contentiontb SpectroscOpic‘examinatiOn
of the polymeric residue using IR absorption and NMR suggests
the presence of -0H, C-0-C, and CHO functlonal groups 8

Mass spectrometrlc analy51s of the polymerlc residue ylelds

- many mass peaks, with m/e = 185 belng mostllntense,s
Sequentiai ettack of phenoxy radicais:on.benzene, couid'
produce eplong—chain'polymer,‘Which might yieid en ethera
.1ike‘substance:v (C6H5—O-C6 Hy- O) , m/e = 185, pThis
speenlation seems-plausible”aseetherplinkages hare
been.inferred'fromle speCtra,'phenoxy‘redicéis“are‘known

"to be presentvfrom this study;‘and'm/e = 185 was observed

in the ‘mass spectrum reported by Bonanno et al

CONCLUSION

| The reectlon of 0( P) w1th benzene has been shown to_'
proceed 1n1tlally-byfthe add1t1on of atomlc.oxygen,to
benzene, presumabiy fOrming a. triplet biradicel inter—

: nediate Wthh subsequently decays by e1ther hydrogen -

‘elimination or nonradlatlve tran51t10n to the Solmanlfold
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of phenol} The branching ratio of these two reaction
channeiS‘has been found to be both iSotopevand-energy
dependent, with the addition channel being favored'With . -
1respecthtoAeliminationbfor increaeing:collisionienergyi
and:deuterrum substitution Our results unambiguously .
conflrm that oxygen add1t10n and hydrogen elimination are
' the major open reactlon channels while CO elimination,

if occurring at all, is'a‘relatively'minorireactiOnfpathe
wayr. ThlS study 111ustrates that crossed molecular beam
'.experlments employlng both product veloc1ty and angular
»distribution ana1y51s u51ng mass-spectrometrlc partlcle
detection are weli Suited_forvunraVeiing the

complex mechanisms of'gas phase radical;reactions.
VAdvantage is taken of the dynamlc -and energetlc con-
xstralnts 1mposed on the reactive products produced in a.
bimolecular reactlve C0111510n Future studles using
our‘supersonlc atomlc oxygen beam .source w111 1nc1ude
Vreactlons with a11phat1c oleflnlc- and other aromatlc
Vhydrocarbons in- order to arrive at a more complete under-

standlng of atom1c oxygen- hydrocarbon reactlons

ACKNOWLEDGEMENT ,'. | I S .Vi N
ThlS work was supported by the D1V1son of Chemical

Sciences, Offlce.of Basic Energy Sc1ences, U.S. Department



-29-

of Energy undef cbntract'No.vW;7405-Eng-48 and the Office
of Naval Research under contract No. NOOO14-75-C-0601.

_SfJ.S thanks the Gulf OilnRésea:ChaFoundétién for parfial
| féllbwship supporf.' P.C.uaéknowiedges a’fellowéhip from
the Italian Ministry'of'Eduéétibn and travel sﬁﬁport-from

NATO grant No. 1444,



-30-

REFERENCES

1.

10.
C11.

12.

~.J. R. Kanofsky and D. Gutman, = Chem. Phys. Lett. 15,

236 (1972).

J. R. Kanofsky, D; Luca§;:F; Pruss, and D. Gutman,
J. Phys. Chem. 78, 311 (1974).
J.'R..Kanbfsky, D. Lucas, and D. Gutman, 14th'Interﬂ.“'

Symp:'Combust. (1973),_285—294,-Pitfsburgh; PA. "

- G. Boocock énd R. J. Cvetanovié,’Can J. Chem. -39,

2436-(1961).

E.”Grbvenstein, Jr. and A; J;'Mosher; J. Aﬁer, Chem.
Soc. 92, 3810 (1970). | | | |
i.’Méniiéﬁd_M. C. Sauer, Jf;, Advan. Chém;.Ser; 82,

142 (1968).

L.'I.»Avrémenko,_R.iv; KOleSnikova, ahd G. I. SavinoVa,.

Isyeét; Akad. Nauk.'SSSR,'Sér. Khim. 28 (1965).

R. A. Bonanno, P. Kim, J.-H. Lee, and R. B. Timmons,
'J. Chem. Phys. 57, 1377 (1972).

"S. Furuyama and N. Ebara, Intern. J. Chem} Kinetics

, 689 (1975).

-R. Atkinson and J. N. Pitts, Jr., J. Phys. Chem. 78,
1780 (1974). |
A. J. Colussi, D;-L._Singleton,vR;VS. IrWin, and‘R, J.

" Cvetanovié, J. Phys. Chem. 79, 1900 (1975).

R. Atkinson and J. N. Pitts, Jr., Chem. Phys. Lett.

63, 485 (1979).



s/

13.
14.
15.
16.

17.

18.

19,

20.

21.

-31-

J. C. Chu, H. C. Ai, and D. F. Othmer, Ind. Eng.

Chem. 45, 1266 (1953).

R. E. Huie and J. T. Herron;_in Progress in Reaction

Kinetics, K. R. Jennings and R. B. Cundall, Eds.

(Pergamon, Oxford, 1975) Vol. 8, pp. 60-63.

T. M. Sloane, J. Chem. Phys. 67,

2267 (1977).

Y. T. Lee, J. D. McDonald, P. R. LeBreton and D. R.
,Herschbach ReV ‘Sci. Instrum. ig, 1402 (1969)

: S J. Sibener, R. J. Buss and Y. T Lee, XIth Inter-

natlonal Symp051um on Rarefled Gas Dynamlcs; Cannes

France, 1978 in press.

S. J. Slbener, R. J. Buss, and Y T - Lee, submitted

“to Rev. Sc; Instrum _ _
‘K. C. Janda, J. C. Hemminger, J.

s, J. Harris"andlw; Klemperer,

1419 (1975)

V L. leschy and J. P. Aldrldgeb

42, 381 (1971).

Atlas of Mass Spectral Data, Vol.

New York, 1969) p.48.

. S. Winn, S;'E,'Novick,

J. Chem.ePhys} 63,

1,

Rev.

E.

S. W. Benson, Thermochemical Kinetics,

(John Wiley and Sons, New York,

1976) .

Sci. Instrum.

K. Skéld, Nucl. Instrum. Meth. 63, 114 (1968).

Stenhagen,

'S. Abrahamsson, and F. W. McLafferty, Eds. (Intersc1ence

Second Ed. -



24
25.
6.
27.
28.
29,
30.
31.

32.

-32-

H. M. Rosenstock; K. Draxl, B. W. Steiner, and J. T

Herfon, J. Phys. Chem. Ref. Datn 6, Supol 1; 1977

A. J. ColusSi,.F; Zabel ‘and 'S. . Benson, Infern.

J. Chem. Kinetics 9, 161 (1977) R

G. N. Lewis and M. Kasha J Amer. Chem. Soe. éﬁ,

2100 (1944) . - o |

M. J. S Dewar and N. TrlnaJstlc, J Chem. Soc A.4g;v
1220,(1971), o N |

H. J. Teuber-ana W}'Schmidfke,7Chem;vﬁer.'gé,’12577

(1960)f

H. Zimmefman.and_N. JOOp;'Zngiectfochem.'ﬁs; 61

(1961). | |
a)'R;'Cypres,and B. Bettens, Tetrahedfon"§g,e1253e(1974);,

~b) R. Cypres,and B. Bettens,nTefrehedfonﬂél,n359,(1975);

K. Shobatake, J. M. Parson, Y. T. Lee and S. A. Rice,

J. Chem. Phys 59, 1427 (1973).

W;'Forst ~Theory of Unlmolecular Reactions (Academlc,

_New York, 1973) p.350.



-33-

00°T 00°T San 0L
81°0 |l osoT %ao 7L g
, , s 9 7@’y + 0
50070 > 1070 0%a’o 86 ,
$00°0 > | ¥0°0 a0a’d 00T
00°T 100t Suio. 59
80°0 | 1z°0° %o 99 o
00 | 800 oW | s
50070 > | T0°0 Ho®n’o 76
oTOuW/TBOY 7 | eTou/TESY S°9 moﬂuomw. wwmz,
| A81eug UOTSITIOD |
*SOSSBW UOJ @muuouom 2yl Jo m@auﬁmcuucw SATIRTOY ‘1 oTqel



-34-

FIGURE CAPTIONS
" Fig. 1. Angular distributions from the reaction O(SP) +

C H6’ mean collision energy E = 6.5'kca1/molep

6
The prlmary reactlon products formed were C6H50
| and C6H50H which subsequently fragmented during
: electron bombardment 1on1zat10n, The solid and
dashed 1ines are dtamn throngh the data for |
clarity. | | '>
Fig. 2. Angnlar dietributionsvfrom‘the-reaction O(§P)‘§
C6D6,.mean colliSion.energy Ed= 6.5 kcai/mole;
' The primary reaction products foimed'were C6D50
~and’ C6 5OD which subsequently fragmented durlng
v‘electronvbombardment 1onlzat10n. The 5011d and
dashed 1ines,afe drawn tthugh'the data for
clarity' ! B - o | - a
Fig,vS; ’Angular dlstrlbutlons from the reactlon.O( P) v
| C6H6’ relatlve colllslon energy E rel - 2 5
_ kcal/mole. The dashed 11ne is a calculatlon of
the centr01d dlstrlbutlon. The solld 11ne is the
calculated dlstrlbutlon descrlbed in the text.
":Fig._4t Angular dlstrlbutlon from the reactlon 0( P) +
o Ce¢Dg f C6D50 + D " E él-

' correspondlng to the addition channel could not

= 2 5 kcal/mole.v Data

be obtained due to the presence of an m/e = 72

contaminant in the C6D6 beam. A line,is'drawn

through the data points for clarity.
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Fig. 5. Translational-energy distribution of the C6H50
'.product from the reaction'O(sP) } CeHgs Epep =
2.5 kcal/mole. | | B
Fig.lo...Product time-of-flight data for the'high energy
C6H6 reaction. All spectra have been corrected -
- for the1r respectlve ion flight time offsets.
Newton d1agram key: larger circle 1nd1cates
expected mass 66 veloc1ty if 10% of the avallable
energy. from the co ellmlnatlon channel goes to
product translat1on smaller c1rcle 1nd1cates
expected mass 93 veloc1ty if lOO° of the available
energy from the hydrogen atom e11m1nat10n channel
goes to product translation. Lines are_draun o
: through the data p01nts for clarlty
Fig. 7; Product tlme of-flight data at three 1aboratory :
angles for the high energy C6D6 reactlon A All,'
spectra have been corrected for ion fllght time
’ offsets Lines are.drawn.through the data polnts
l»for clar1ty . |
| Fig. 8. Energy 1evel dlagram of the O(° P) + benzene f”'
. ‘reaction. l-and E, are the two collision

energies used in this study.
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This report was done with support from the
Department of Energy. Any conclusions or opinions
expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable. ! :
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