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Role of Renner Teller and Spin-Orbit Interaction in the Dynamics of the O(3P) + C3Hsl
Reaction
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Reactive scattering of GR) atoms with GHsl molecules has been studied at initial translational enefgies

~ 46 and 16 kJ mott using a supersonic beam of O atoms seeded in He and Ne buffer gas generated from
a microwave discharge source. Strongly backward peaked angular distributions of 10 product scattering are
observed at both initial translational energies with the peaking becoming sharper at higher energy. The product
translational energy distributions are pitched at higher energy for the backward scattering and shift progressively
toward lower energy as the 10 scattering moves round into the forward direction. Backward scattering with
high product translational energy is attributed to direct reaction in small impact parameter coblisio2$

A over the triplet potential energy surface. Scattering with low product translational energy which becomes
perceptible in the forward direction is attributed to intersystem crossing to the underlying singlet potential
energy surface forming a bound QK intermediate complex. Direct reaction over fi#¢' potential energy
surface plays a more significant role for the exoergic allyl iodide reaction than in the nearly thermoneutral
reactions of alkyl iodide molecules, where intersystem crossing tdAh@otential energy surface is the
predominant reaction mechanism. The dynamical basis for this difference in mechanism is discussed in
terms of the topography of the potential energy surfaces involved.

Introduction TABLE 1: Beam Velocity Distributions, Peak Velocity zp,
. . Full Width at Half-Maximum Intensity z,q4, and Mach
Recent measurements of the reactive scattering of ground stateyumber M

O(P) atoms with alkyl iodide molecule$have shown evidence

. . R i beam /ms? wa/m s71 M

for intersystem crossing from the initial triplet potential energy o) U"k2460 4 d/665 -
i i i e

surface to the underlying singlet potential energy surface, O (Ne) 1375 a5 5

resulting in the formation of both 10 and HOI reaction

products>~> The IO product may be formed either by direct Cahd 490 275 3

reaction over the triplet potential energy surface or by simple nozzle of diameter0.25 mm using a stagnation pressure of
bond fission of the OIR singlet intermediate, while HOI product 5 1\bar maintained by a reservoir-ab °C. The velocity

is formed by dissociation of the singlet OIR intermediate via @ istributions of the O atom beams were measured by a beam
five-membere_d ring transition state. _ 'I_'he probabi!ity of inter- monitor mass spectrometer and thgHgl beam was measured
system crossing depends upon the initial translational energy,,, ye rotatable mass spectrometer detector using pseudorandom
while the relat.lve yield of HOI product dgpends upon the  oyqqq correlation time-of-flight analysisyielding the peak
number of terminal Cklgroups of the alkyl radical R. However, velocities v, full widths at half-maximum intensityi, and

Fhe prec_ise location and r_node of a_ction of the_ seam of Mach number$/ listed in Table 1. The time-of-flight analysis
intersection between the triplet and singlet potential energy employed a channel width 010 s in measuring the O atom

surfaces are not fully defineo! by thgse experimental rgsu!ts. In beam velocity over a path length of 53 cm and the |10 scattering
order to resolve the mechanism of intersystem crossing in theand the GHsl beam velocity over a path length of 13 cm.

reactions of OP) atoms with hydrocarbon iodide molecules
more clearly, the more exoergic reaction of allyl iodide

) . ) ) ) Results
molecules studied previouslys reported in full here:

Angular distribution measurements of 10 reactive scattering

O(P)+ C;Hsl — 10(*I1,,) + C;Hs (1a) measured on the 143 mass peak yiel83 and~16 counts s'
against backgrounds of12 and~7 counts st for O atoms
—>IO(2H1/2) + CyHs (1b) seeded in He and Ne buffer gases. The laboratory angular

distributions of 10 scattering in Figures 1 and 2 both peak close
. ) to the GHsl beam. In order to check for distortion of the signal
Experimental Section measured at the 143 mass peak arising from elastic scattering
The apparatus was the same as that employed in previousof cross-beam molecules in the vicinity of theHgl beam,
preliminary experiment$,except that the quadrupole mass mMmeasurements were also made using a dilute mixture of Ne in
spectrometer detector has been rebuilt to gain improved resolu-He buffer gas in the microwave discharge source. The resulting
tion of the IO" mass peak while maintaining high detection corrections amounted to onty2% for angles adjacent to the
sensitivity. Supersonic beams of3} atoms seeded in He and CsHsl beam. The laboratory velocity distributions of 10
Ne buffer gases were produced from a high-pressure microwavescattering in Figures 3 and 4 were measured using integration
discharge sourcé.The allyl iodide beam issued from a glass times of~2000-4000 s to gain signal-to-noise ratios ©f.0
at the peaks of the distributions. Kinematic analysis of these
® Abstract published irdvance ACS Abstractdpril 15, 1997. data has been undertaken using the forward convolution nfethod
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Figure 1. Laboratory angular distribution (number density) of 10 e

reactive scattering measuredrafe = 143 from O+ C;zHsl at initial 20 | 40 60 80 100 12.0 14.0

translational energ¥ ~ 46 kJ mot™. Solid line shows the fit of the

kinematic analysis. The laboratory centroid is locate®af = 65°. LAB VELOCITY/100ms™
' Figure 3. Laboratory velocity distributions (flux density) of reactively
: ‘ ‘ ! ‘ scattered 10 measured atfe = 143 from O+ CsHsl at an initial

O(Ne) + C,HJ -> O + C_H, tr_anslati_onal ene_rgF_ ~ 46 kq mot™. Solid line shows the fit_ of_the_

1.2+ T o kinematic analysis. The relative errors at the peaks of the distributions

are~0.1, increasing to-1 at the highest and lowest velocities.
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Figure 2. Laboratory angular distribution (number density) of 10
reactive scattering from @ C;zHsl at initial translationalE ~ 16 kJ
mol~L. The laboratory centroid is located @y = 75°.

FLUX DENSITY 1(8,v) (arbitrary units)

with the differential cross section expressed as a product of an
angular functionT(#) and a velocity functionU(u,0) para-
metrically dependent on center-of-mass scattering angle

lem(6,U) = T(6) U(u,0) (2 LAB VELOCITY/100ms™"
S ~ Figure 4. Laboratory velocity distributions (flux density) of reactively
The center-of-mass angular distributions for 10 product in scattered 10 from GF CsHsl at an initial translational energg ~ 16
Figures 5 and 6 are both backward peaked with the peakingkJ mol2.
becoming sharper at higher initial translational energy. The
angular distribution has a Gaussian form in the backward Of 10 from Radleinet al'! and GHsl from Traeget” and the
hemisphere for reaction at lower initial translational enefgy ~ O(I1y/2) excitation energy from Huber and Herzbé#gCon-

~ 16 kJ mot, but this is replaced by a HalperStrutinski tour maps of the center-of-mass differential cross section in
form© for reaction at h|gher initial translational energy\E46 Figure 7 illustrate the pTEdominance of 10 backward Scattering
kJ molL. The product translational energy distributid?(&’) at both initial translational energies.

both dispose a substantial fractibin~ 0.3 of the total available No evidence was found for the formation of HOI reaction

energy into product translation. The product translational energy Product, as was observetn the reactions of Gp) atoms with
distributions both vary strongly with scattering angle being CzHsl, (CHg).CHI, and (CH)sClI molecules. No reactive
pitched at higher energy for the backward scattering and scattering which could be identified with the hypothetical
declining to lower energy as the 10 scattering moves into the displacement pathway

forward direction. The forward convolved fits to the experi-

mental data are shown by solid curves in Figurestl The o¢P)+ C;Hgl — C;HO + | 3)
peakEp and averag€&s, product translational energies are listed
in Table 2, together with the initial translational enerdiesnd was detected in these experiments. Similarly, no BrO reaction

the reaction exoergicitie&Dg estimated from the bond energies product arising from the scattering of ) atoms with allyl
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Figure 5. Angular functionT(#) and translational energy distributions
P(E') for 10 products from Ot C;3Hsl at initial translational energig
~ 46 kJ mot?. Rightmost product translational energy distribution
corresponds t® = 180, center distribution t@ = 90°, and leftmost
distribution to# = 0°. Dashed energy curve shows the distribution of
initial translational energy. The uncertainty in the relative intensity of
forward scattering in the angular distribution 480.05 while the
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Figure 6. Angular functionsT(#) and translational energy distributions
P(E) for 10 products from O+ CgHsl at initial translational energiz
~ 16 kJ mot?. The uncertainties are the same as for Figure 5.

TABLE 2: Reaction Energetics (kJ mol~1), Initial
Translational Energy E, Peak Product Translational Energy
E'pc, Average Product Translational Energy E'y,, and

uncertainties in the peaks of product translational energy distributions Reaction Exoergicity ADo

are~4 kJ mol™,

bromide molecules was detected in experiments on the reaction

O(P) + C;HsBr — BrO + C,Hs (4)

Discussion
Recent studié< of the reactions of GP) atoms with alkyl

= =
E 0 90 18 0° 90° 180 ADp
16 12 15 19 17 21 26 5@ 10(eqla)
46 17 23 31 19 27 37  2210(eq1b)

IO(313p) reaction products as shown in Figure 8. The Renner
Teller state ofA" symmetry also correlates with ground state
IO(?IT3p) products as shown in Figure 8, while the Renrner

iodide molecules have shown evidence for intersystem crossingTeller state of3A’ symmetry correlates with electronically

from the initial triplet potential energy surface to the underlying

singlet potential energy surface which supports a stable OIR

intermediaté*15that is predicted by valence shell electron pair
repulsion theordf to be strongly bent. Potential energy profiles
showing the analogous situation for © CsHsl in Figure 8

excited 1081y, products.

In bent OIC configurations theab initio calculations of
Marshall” confirm that the singletA’ potential energy surface
becomes the lowest surface and intersects the trijAét
potential energy surface in the entrance valley as shown in

exhibit a greater reaction exoergicity, which depletes the stability Figure 8. In the situation shown in Figure 9, thg" surface

of the singlet OIGHs intermediate. Thab initio calculations
of Marshall” predict a well depth of-155 kJ mot™ for OICH;,

does not intersect thdT surface so that intersystem crossing
to the singlet state would not occur in the collinear configuration.

and this value has also been used in estimating the well depthHowever, in bent OIC configurations tRa" states correlating

Eo ~ 100 kJ mot? for OIC3Hs in Figure 8. The triplet potential
energy surface hadl symmetry about the OIC bonds in the
collinear configuration. The correlation diagram of Figure 9
shows theélI1; and3I1; spin multiplet states correlating directly
with ground state {13, reaction product, while thélly+
and3I1o- spin multiplet states correlate with the electronically
excited |OfI1y) reaction product. The singléE;, state is
assumed to lie above tifEl states but below th&~ states in
the collinear OIC configuration. Th#8T surface splits into a
lower 2A" and a higher*A’ potential energy surface under
Renner-Teller interactiof® in bent OIC configurations. The
singlet potential energy surface h#s symmetry in bent OIC

with the 31, and 31+ spin multiplet states in the collinear
configuration each transform into ahspin multiplet staté;18
which couples to théA’ state as shown in Figure 8, inducing
intersystem crossing. However, th&" state correlating with
the3I1; spin multiplet state transforms into at spin multiplet
staté-18 and is uncoupled to th&\’ state in Figure 8. For an
angular correlation diagram showing this situation, see Figure
11 of ref 1. Consequently, direct reaction over the triplet
potential energy surface is expected to be the preferred adiabatic
process in near-collinear OIC configurations, but intersystem
crossing in the entrance valley of the triplet potential energy
surface is expected to become a competing process at the seam

configurations and again correlates with electronically excited of intersection with the singlet surface in more strongly bent
O('D) reactant atoms but now correlates with ground state OIC configurations.
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Figure 7. Contour maps of the differential cross section for 10
scattering superimposed on the nominal Newton diagranks-at46
kJ mol* (upper panel) an€& ~ 16 kJ mot™* (lower panel).

o(lp) + I1C3Hg

0CP) +IC3H5 | OICH,CH=CH),

10¢My) ) + C3Hs

OICH,CH=CH,

15

Figure 8. Potential energy profiles for the ® CsHsl reaction in bent
OIC3Hs configurations, showing the intersection of the lowest singlet
and triplet potential energy surfaces. Symbols refer to electronic
symmetry about the OIC bonds. The well depth of the singlet;B4C
complex is estimated to big, = 100 4 20 kJ mot? with respect to
products.

The O+ C;Hsl reactiort at low initial translational energy
E ~ 16 kJ mof! shows only scattering arising from a long-
lived singlet OIGHs complex, while the backward scattered
10 product attributed to direct reaction over the triplet potential

energy surface emerges at higher initial translational energy.

This was attributed to the presence of a barrier on 3heé
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/
/
/
0Dy + IR ,
7/
N 4 /
’ 7
N OIRCs, ’ ’
N IR( 0+) ; //
7 omezy) ’
w 1 )
N
S

v
OIRAzg) />
————

SN o 10¢My )+ RE3AY)
ofrp+R 7 7 S o2
_— OIRCIIy) -
odpp+mrR - P e
—_— - ORAMyy .7 "
06py) + IR e 10@M35) + R(2AY)
———=I7_ omPmy,;) -

Figure 9. Correlation diagram for spin multiplet states for O atoms
reacting with alkyl and allyl iodide molecules in the collinear OIC
configuration with symbols referring to electronic symmetry about the
OIC bonds. The IC bond is assumed to becofymmetry and the
electronic statéA"; is appropriate to the ground state of the alkyl radical
R= CH3.
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Figure 10. Product translational energy distribution calculated from
phase space theory (broken curve) compared with the experimental
distributions (solid curves) for 10 forward scattering fromtOCzHsl

at initial translational energlg ~ 46 kJ mot®. The uncertainty in the
product translational energy of the experimental distribution is estimated
by showing upper and lower limits to the distribution for forward
scattering.

over the triplet potential energy surface but significantly lower
translational energies for 10 scattering in the forward direction
which may be associated with longer collision lifetimes of the
singlet OIGHs intermediate. In the limit of a long-lived OkEls
complex dissociating without any intervening potential energy
barrier, the product translational energy distributions should be
well described by phase space theHry?! The phase space
product translational energy distributions calculated with initial
maximum impact parametebs, = 2.5 A andb, = 3.1 A for

O + CgHsl at initial translational energieB ~ 46 and 16 kJ
mol~! and final maximum impact parametbf, = 2.5 A in
Figures 10 and 11 predict equal or slightly lower translational
energies than those observed for the forward scattering. This

potential energy surface. In contrast, the strongly backward contrasts with the reactions of O atoms with ethyl iodide

scattered 10 product for @ CsHsl in Figure 6 indicates that

molecule$ where the full range of 10 product scattering at low

direct reaction over the triplet potential energy surface occurs inital translational energy is in agreement with the predictions

at low initial translational energf ~ 16 kJ mofl. Conse-
quently, the3A"" potential energy surface for @ CzHsl in
Figure 8 is shown without any potential energy barrier. The
product translational energy distributions in Figures 5 and 6
show the high translational energies for 10 scattering in the

of phase space theory.
Integration over the differential cross section for 10 scattering

Q=27 [™ [l (6,u) sin 0 d6 du (5)

backward direction which are associated with direct scattering allowed the separate contributions of direct scattering over the
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configurations but to become stronger in extended bent Ol
CsHs configurations. Consequently, frustrated trajectories which
.04 - induce bending mode excitation in configurations with a

i/ contracted Ol bond and an extendeed bond will encounter
stronger spir-orbit interaction on subsequent traversals of the
seam of intersection.

The rebound scattering of 10 product which is observed for
direct reaction over the triplet potential energy surface indicates
that reaction is confined to small impact parameter collisions
bm ~ 2.5 A. The long-range form of the entrance valley of the
SA" potential energy surface may be judged from the van der
Waals interaction of GP) atoms with Xe atoms. Molecular
beam measuremefi®f the total elastic scattering cross section
indicate a very shallow potential energy well of deptl 1.7
kJ mol! at a large internuclear distancg = 3.7 A. Indeed,

0.0 , e, the broadening of the backward peak of 10 scattering at lower
0 20 40 initial translational energy in Figure 6,which reflects an increase
Trans. Energy, E/kJ mol”’ in the maximum impact parameter for reaction, and the
Figure 11. Product translational energy distribution calculated from COmparison with phase space calculations in Figure 11 suggest
phase space theory (broken curve) compared with the experimentalthat reaction over the triplet surface may contribute to the IO
distributions (solid curves) for 10 forward scattering fronOC;Hsl scattering over the full range of center-of-mass angles. Like-
at initial translational energl ~ 16 kJ mot™. The uncertainty in the wise, the depleted binding energy of the singlet HE
product translational energy of th_e (_axperimenta_l di;trib_ution is estimated jhtermediate may result in a lifetime comparable to its rotational
by showing upper and lower limits o the distribution for forward o inq at higher initial translational energy and contribute to
scattering. . . . . . .
the angular distribution in Figure 5, favoring the backward
triplet potential energy surface and dissociation of the long- direction for small impact parameter collisiofs25 Indeed,
lived OIR complex on the singlet potential energy surface to the ratio of the lifetimer to the rotational period;,; may be
the total reaction cross section to be estimafed the alkyl estimated for the singlet OkEls intermediate from the RRKM
iodide reactions with R= C,Hs, (CHs3),CH, and (CH)sC. formulag®
When the yield of HOI product was also taken into account, it
was found that only a-1/s of the total reaction cross section - L, {E + AD,y + Ej\st
arose from direct reaction over the triplet potential energy T—% 2l *V\ E+ AD (6)
surface at an initial translational energy~ 51 kJ moi?, while rot 2 0
~4s arose from intersystem crossing to the singlet potential
energy surface. When an analogous calculation is carried ou
for the differential cross section for 10 scattering from-0
C3Hsl at an initial translational energg ~ 46 kJ mot? in
Figure 5, then it is found that the contribution from direct
scattering over the triplet surface attributed to backward peake
scattering exceeds the contribution from the glgintermediate
on the singlet surface attributed to the isotropic scattering by a

factor of ~2.5. This ratio must be regarded as only a rough °f Phase space theory in Figures 10 and 11. , ,
estimate since in the absence of any HOI scattering, there is no, 1 ne absence of any HOI scattering in these experiments arises

independent indication of the angular distribution for the 10 ;_rom the E"Ck gf a tefm‘“‘?‘! Cg—lgrou;f’:gpable_ of Iorminﬁ:} a H
scattering via the singlet surface. The analogous calculation Ive-mem elre rng trapsn(;orgstate. fi straction ]r‘orﬂ tHe ¢
for the differential cross section of Figure 6 at an initial group involves a stra}lne en.t con.lguratlon of thgHE
translational energf ~ 16 kJ mott shows backward and compared with the collinear configuration of the allene product

isotropic scattering making comparable contributions to the total molecule.
reaction cross section. 3

The greater propensity for direct reaction over the triplet O("P) + CgHgl — HOI + C4H, (7)
potential energy surface exhibited by allyl iodide compared with
the alkyl iodide reactions may arise from reaction in near- The absence of any detectable scattering according to the
collinear OIC configurations over théA" potential energy displacement pathway of eq 3 which would arise from O atom
surface, which does not support a potential energy barrier andaddition to the &C double bond of the allyl radical also
declines rapidly in the exit valley. Under these circumstances indicates that rearrangement of the singlet §¢{€complex to
a reactive trajectory traverses the seam of intersection with thethe alternative 10gHs isomer is inhibited by a potential energy
singlet surface in the entrance valley of the triplet potential barrier. The failure to observe BrO product from the scattering
energy surface at most once. However, the potential energyof OFP) atoms with allyl bromide molecules despite reaction
barrier in the entrance valley of the triplet surface for the alkyl according to eq 4 being thermoneutral wiibg = 6 + 5 kJ
iodide molecules results in frustrated trajectories which are mol~1indicates the presence of a significant barrier on the triplet
impeded from direct reaction and may involve repeated travers- potential energy surface. This arises from the Br atom occupy-
als of the seam of intersection which can accumulate a high ing the central location rather than the more electropositive |
probability of intersystem crossing to the underlying singlet atom and renders the seam of intersection with the singlet
potential energy surface. Spiorbit interaction is expected to  potential energy surface inaccessible to collisions dPPatoms
be weak characteristic of the ) atom in the entrance valley  with hydrocarbon bromide molecufesnder the conditions of
of the potential energy surface with extended-IOsHs these experiments.

081 !
0.611

0.41

Flux, P(E') (arb. units)

0.2+

twhich yieldst ~ 1.5t for E = 46 kJ motl, when using a
maximum initial orbital angular momentura, = 150 A, a
moment of inertid*, = 1.1 x 10744 kg n?, a mean vibrational
frequencyry = 1.1 x 10" s71, and an effective number of
dvibrational modess = 7. A short lifetime for the OIGHs
complex may explain the discrepancies between the product
translational energy for forward scattering and the predictions
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