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ABSTRACT

St,atc-to-state collision dynamics of molecular radicals were investigated by the l,'iser-induced fluorescence technique
in a pulsed, crossed-beam _pparatus. Dramatically different product slate distributions were observed for two prototypical

r',_(licals,NCO(X2I-I) and CH(X2[I). Based on a quantum scattering formalism and general considerations of the potential
e_w,r_ysurfaces these observations were interpreted as generic features for the inelastic scattering of 2t7 radicals. The
_tilTeronces observed/br NCO and CH are the results of well-known F,und s coupling cl;lssific_uion of linear molecules.

1. INTR,ODU,CTION,.

The vast majority of chc,mical reactions have at least one of the reactants and/or products ,as an open-shell atom or
radical, Radical reactivity and energy transfer properties also play a central rote in the chemistry of combustion and the
atmosphere as well as astrophysics. Despite the importance of radical chemistry to these processes, the experimental and
thenretical progress in a detail understanding of the,collision dynamics of molecular radicals has been slow. The experimental
challenge arises from the transient nature of free rat.little, while the theoretical challenge arises because several potential
energy surfaces (PES) are involved in describing their collision dynamics.

Radicals are characterized by the existence of unp:_ired electrons. The unpaired electron endows radicals with fine-
structure energy levels induced by the additional couplings clue to the unquenched electron orbital and/or spin angular
mr)rnenta. The spectroscopic consequences of these additional cite,tonic degrees of freedom has long been well-understocxl.
Hund's coupling schemes provide a powerful means of classifying the different spectroscopic features of di fferent radicals.
1-)t_riJ_gIhe past few years, we have been engaged in the systematic study of the collision dynamics of radicals. From these
:,;tudics, some dynamical consequences of the various Hund's coupling schemes h_ve just begun to emerge. In this r)aper we
present a brief account of these investigations, t,ocussing on one p:u'ticular feature of the collision dynamics of radicals: Flow
_t_ tlic pre)duct state d islrihut ions dilTer for a Hund's case (a) vs a case (b) FTradical for rotation:ally inelastic processes '?and

"_ EXPERI.klENTAI_,

The e×lx.'rirnents were conducted in a pulsed, croszed-beam apparatus describexl previously. 1 A cross sectional view
t_l the ai}l_aratus is shown in Fig. l. The Nee radical beam was generated by photolyzing rnixtures of
c?2",_21-4%)/02(~10%)/N2(-15%)/H2(-70%) with ArF laser light at 193 nm directly in front of a pulsed molccttlar beam

r)_,z.;:lc.The phololylically generuted CN radical ro:tctcd alrllost completely with 02 to pre×lute NCO, The NCC) was
>t_hse_ll+onllycr)()led l)nlh vibrc)nically and rc)hlliem,_llytc)a lCtnl)e[aturc of ahotH 2 K in lhc strong sttpersonie cxp:msi(3n.
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qhc, CIt(X2FI) radical beam was produced by 193 nln rnullil+h()ton diss()ciatic)n of nlixtures or
c't l_l_-f).5%)/Xe(-3%) and 112(-94%) dircclly in Front of lhc pulsed molectilar heztn_nozzle. After i)hc_l+olysiszmd the
stll_,.,rst+i_ie:cxpan,-_ion al+proxim:_tely 93% ni lhc C'F[radicals were in lhc lowest N= I rotational level. 'File cnllision_tlly- ") "3

in_ltl,'0tl l)rotltlCl stJte distril)toti_+nwas agz_in intcrrngated by the s,ttumtcd I_,IF techni(lt_e using the CII A"A<+.-_'-I-Itransition
I_ea_r-13()illn. 3
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t::igurc I. A c'ms_scc'ti_malview of the pulsed-molecular beam apparatus. Tilt photomultiplicr tube (PMT), recording lhc
LIF, Iil_ _J_.,i.Ii_fllm,vcylinder in the rot,'iting tid and remains fixed as the beam source rotates. Each pulsed molecular beam
_;ourcci., _tllachcd to rolalahle lids which cap a cylinder 180cm long and 61)cm in diameter.

,,ksindJcaled in Fig. I, one unique feature of this crossed-beamapparatus is that the statespecific detector remains
fixed wl_ilc the two beam sources can be independently rotated; thus, without any change in tile expansion conditions, the
rclalivc c_flli._ionenergy can bc varied merely by changing the intersection angle between the two beams.

3. RESULT,__S

['i'<_,111'C_4_ [lilt[ ._:4,11()WlX)rti_msof l.heI",;C(])LIF spectrum for Sl)in-orbit corlscrving anti sl)ill-orhil, changing
cxflli_.',i_ii_,re:_l_CClivcly,;.iiali initial colli.,;ion energy (E,o)of 3.74 kcal inell. 'l Tile, oxporilllOilts wcro cc)ntliict0d t,l),scanning
lhc w.,l\,c,lcnelli of the dye, laser while the fie boarn was alternating on and off, Only the difference spectra, indic'aling lhc
c,harit_,eii_.NCQ sl,'ll.cpopulation induced t_ycollisions with He, are showri. The negative signals for J g 4.5 in Fig. 2 result
from .'lllcrlllal i(ln ()f tile primary NCO beam. The spectra correspond to the,inelastic scaltcring process,

NCO(X,:2I-[3/2,()()10, J_4.5) + tlc _ NCO('X2[-[i, 0010, J, cii) + fie, (1)

where i=3/,! represents spin,.nrbit conserving transitions, and i=1/2 cc_rrespondsto spin-orbit ch,,nging transitions. For spin-
c_rbitc{)il<_<'rviligtransit.ictus,Fig. 2, the distril)ution shows a monotonic decline with increasing final .1,while for spin-orbit
charllzinv,,<di i..4i_m_,Fig..3, the dislribution is I._ell-shapcd,centered aroun(l J - 20.5. Thus, drarnalically different product
,sl:ltc"itis'lrl!,til i()llS for tlicse tv,'()type's()1'c{_llision processesart anticipated just frolll ;.iC;.ISII;,II iilsl)ection of lhc LIP spcclru.
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Figure 2. A difference spectrum of the SR21 and R 1 + rQ21 branches of NCO, corresponding to spin-orbit ¢onsurving

collisions at an initial translational energy of 3.74 kcal tool -1. The monotonically declining rotational state distribution is
clearly evident. The negative going portion of the spectrum to the right of the dotted line results from attenuation of the
lowest J states of NCO.
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Figure 3. ,,\ (liller_'nce speclrtJm of the °iF'l 2 branch of NCO('X--;2FI1/2) corrcsl)onding to slain-orbit changint, ccfllisions at ;.1

translati(mzll energy of 3.74 kcal tool -1 A bcll-stmpc.d rotational state distribution is clearly seen.
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This anticipation is quantitatively borne out after the complete data analysis. The final rotational state dis',ribtitions
are shown in Fig. 4 for spin-orbit conserving transitions, by the circles, and for spin;orbit changing transitions, by the
squares. All the data shown in Fig. 4 have been normalized to one another, lt can re,ldily be estimated that the ratio of total

cross section for spin-orbit conserving to spin-orbit changing collisions is about 2.2 .at E• = 3.74 kcal rnol" 1. Yet the most
remarkable result ir that the two processes yield such dramaticallydifferent rotational state distributions. In particular, the
low J's population for spin-orbit changing collisions are greatly suppressed, lt should be mentioned that the monotonic
de_:line in final rotational population within the 21-I3/2 manifold is typical for a rotational energy transfer process; however,

the bell-shaped distribution in the 2ri1/2 manifold is quite abnormal.
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Figure 4. Final rotaliorial sidle popuh.ition of Figure 5 Final rotational state poptllatitm of CIi(X2[-I)
from process (2) at a collision energy _1 4.0 kcal rh•l-I

NCO( X'-1-13/2,1/2, ()01()) from process (1) p,ta coli ision energy
_f 3.74 kcal mc}l1

I:igurc 5 sh_,ws lhc resulls for a similar inelastic scattering process for CI t(X21I) + lte."

CI I(X2I-I I/2,N= 1,e:f) + He --9 CH(X2]] I/2,3/2,N,o/I) + I le (2)

As can be seen tlm product state distribution for a given fine-structure manifold always displays a monotonic decline with
if_creasing final N in this case. However, there appears to be two groups of (listributions depending on lhc nature of the fine-
siritcttire sr,Lte,,;.A cornparison of Fig. 4 arid 5 clearly shows the sharp contrast in the rolnlional and fino-strucltire state
distrihulioi_s for CH + tie compared to NCO + fie.

4. DISCUSSION

%) uildcrsi;.Iml ltlc {_rigin of tile dramatically diffcrorll t'_ehavioroftho pr_luct stiitc (lislribilli{)lls between

: pr_:xcc,,i:; (1)and (2)displayed iii Pi!-, 4 and 5, it, should be first realized thai tile NCO(X2[ [);.roll (_'t l(,X2l l) r:itlic.'l.lls arc two



di, _'

prototypical examples of different Hund's cases. The NCO radical has a large spin-orbit constlmt (A = -95 cm"l) and a small
rot:ltional constant (B = 0.39,cm1), i.e. Y = A/B = -244; thus, it is an excellent example of an Hund's case (a) radical. On

the other hand, the CH radical exhibits r_arly perfect Hund's case (b) character (small Y) with A = 28 cm "1 and B = 14 cm "1,
i.e. Y = 2. Physically, these two Hund's cases reflect the competition between the coupling of the electron spin angular
momentum with the internuclear axis and that with the nuclear rotational angular momentum.

A typical 2II radical has an electronic configuration with an unpaired electron occupying a p orbital. Depending on
the orientation of this unpaired p electron with respect to the collision plane, its interactions with a closed shell (Is) atom are
characterized by two non-degenerate PESs of A' (in the plane) or A" (perpendicular to the plane) in Cs symmetry. These two
PESs ,,:an be regarded as a pair of Renner-Teller surface because in the collinear approach of the atom with the rI radical the A'
and A" PESs are exactly degenerate. M. Alexander has formulated a rigorous quantum scattering theory for inelastic
collisions between a rl radical and a 1S atom. 5 In this diabatic representation, the collision occurs on neither VA, or VA,,

PESs, rather the average poten!ial 1/2(VA' + VA") and the difference potential I/2(VA" - VA') are used to describe the
c_llisi_n dynamics. From this formal quanttim analysis, a number ot general propensity rtllc.<;have been derived and
di.,>,.'tissed5,6 previously and will not be repeated here. Rather, we will outline the underlying physics and applications to the
prc_;ent restllLs.

As usual, the intermolecular interaction is assumed to be purely elcctrosu_tic so th_lt a collision can not directly
ir_lcract with the electron spin of the unpaired electron. A collision can either cause rotational excitation within a given spin-
orbit manifold (This interaction is governed by the average potential.) or change both nuclear rotation and the electronic
orbital angular momentum motions causing a transition between spin-orbit m,'lnifolds and rotational excitation (This
interaction is governed by the difference potential.). As shown in Fig. 6, these two different types of collisions represent
dislim'l paths for a Hund's case (a) radical because of the dominance of the spin-orbit interaction. An entirely different
sit,lz_tion arises for a Hund's case (b) radical. The strong spin-rotation and wc_ik spin-orbit interaction allows for the
decotlpling of electron spin from the bond axis. As a result, both the average and difference potentials can contribute to spin-
orbit conserving and changing collisions, as depicted in Fig. 6. Furthermore, the existence of two different scattering
pathways results in interference of these different scattering amplitudes. One manifestation oi"this interference is unequal
population in the product A-doublet states even though initially they were equally populatcd. For a Hund's case (b) radical A-
doublet states have well-defined electron orbital alignment with respect to the plane of nuclear rotation; thus, unequal
populal ion irl A-doublet states can be regarded as a preference for orbit,al alignment from the collision.
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In general, the interaction of a molecule with a closed-shell atom is expected to be predominantly repulsive with a
weak van der Wa,al's attraction. The presence of unpaired electrons in radicals will result in more anisotropic interactions,
1lc)wever, for the interaction of a 21-Iradical and a 1S atom r either of the adiabatic VA' or VA" PESs are expected to be
dramatically different from that expected for closed shell s5 stems. In particular, the average potential is not likely to be very
different from that for closed shell systems. For a Hund's case (a) radical such as NCO, as already mentioned, the rotational
state distribution for spin-orbit conserving collisions is governed by thi s average potential and therefore should be similar to
those for closed-shell systems, i.e. ciecline monotonically with increasing AJ, as observed iri Fig. 4. On the other hand,
because VA' and VA" are a pair of mainly repulsive Renner-Teller surfaces, a weak, short-ranged but very anisotropic potential
is expected to be the general characteristic of the difference potential. This leads to the reason for the bell-shaped rotational
state distribution observed for process (1) as illustrated in Fig. 4. Because the difference potential is short,ranged, only small
impact paraxneter collisions can induce a spin-orbit change. However, large impact parameter collisions are largely
responsible for small &I transitions, the very type of collision which experiences only a weak difference potenti_d. Hence the
probability of inducing a change in spin-orbit manifold in these types of collisions is small; as a result, sm;dl AJ transitions
t_restlppressed. Qtmlitt_tively, this rationt_lizes the "missing" population in the low J similesforspin-orbit changing, 21-I3/2

21-11/2, collisions as seen ira Fig. 4.

As mentioned earlier, the simple correspondence for spin-orbit con._erving collisions with the average potential and
spin-orbit changing collisions with the difference potential is lost fox'collisi¢)ns involving tl t-ttnncl'sc_se (b) r_lclical, for

example, process (2). For this case, because the CH(X21I) radical has an electronic configuratiova of lrt, the repulsive
interaction will be larger on the VA' surface, where the unpaired p orbita! electron lies in the triat(m_ic plane, due to an
increase in electron repulsion energy. When the singly occupied p orbital is orientated such that it is perpendicular to the
triatomic plane, i.e. the VA" PES, the electron repulsion energy is reduced compar_t to VA'. This results in the difference
potential, 1/2(VA" - VA') being negative. In the repulsive interaction region, where rotatic_r_l tr_nsitions are largely induced,

the aver_ge potcnti_d is zdwz_5,s_,_qitive.t.... l,a has been shown 6 that this difference in sign lyetwecn the _wcrt_geand ciifference
potentials leads to cor_structivc interference for A-doublet states F2e and Flf labeled by (N(A") symlnclry), irawhich the
unpaired electron is orienutted perpendicular to the plane of rotation, and destn_ctive interference I't;ztlic other two A-doublet
states F2e anti Fle l,'lb¢led by (I-I(A') symmetry) in which the unpaired electron lies in the plane of rc_tation. Accordingly, the
prefcrenti;d production of A-doublet states with symmetry I-I(A") is expected for equal population in the initial A-doublet
states. This is exactly what was observed experimentally as shown in Fig. 5.

Because the simple intcq_retation.q presented above are based on a quantum scattering fornmlism _mclonly general
considerations of PESs the observed different collisional behavior should be generic features for the inelastic sc_lttering of
Huncl's case (a) and case (b) r_ldicals with symmetric collision partners. In this regards, similar clistributic_ns though not as
dr_matic as depicted in Fig,,.4 I_avcpreviously been reported for NO(X21-[, Y= 73 ) with noble g_ls al()ms. 7 F:urthcrvnore, for
an intermediate case radical with a 37zelectronic configuration such as OH(X2I-I, Y = -7.50), tin opposite A-doublet preference

to that observed for the CI-t raclical caz_be predicted from the arguments presented above. 6 Inclcccl, this is exactly what has
been observed experimentally for OI-I + t-12,_' CO and N2.9

5. SUMMARY and OUTI_OOK

In summary, completely different tyl_S of collisional behavior have been observed in the it/_'l:_,_lic scz_ttcri_g of 21-I
v;Iclicztls. Wc interpreted these observations l_z_sc(Ion the well known t-li_ncl'sCOul_lingcl_ls:;ific:_tic)v_,l-.,,tur_si(+N._c_tthese
b;lsic __)ncepts tc_even more complic_tccl (:ollisic)xl;lll_rocesses such tls rcwibrt)nic energy trzu_sl_'r;_n_l_.:l_'_i¢'_tlr_'z_t.'ti_)t_sz_r'c
t t_rrt'r_ll5, tlraclcr_vz_y.It i:; hoped ttmt throttgh these systcm_tic invc.stigatio_s a simple cl_t.ssilic_lli__tizttlclt,_?tlt'rt_v_tlez:;la_(li[_g
_)frz_clicalrc_ctivity ctln evcnttmlly be achiov('tl, jt_Stas in the case of naolccular spcclrosc()l_y.
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