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Dynamrcs of the ct ‘H? Reactloh
Bruce H. Mahan and Thompson M.. loahe
-Department of Chemistry, and lnorganlc'Mdterlals
Research D1v1310n of the Lawrence Berkerey Laboratory,

Un1vers1ty of California, Berkeley594720

The reaCtion'of C (Hz,H)CH+ athfts isotopic variants
have heen 1nvest3gated by measurlng the Veloc1ty uector
’dlstrlbutlon of product ions formed when a- colllmated energy
selected beam of C A P1) 1mp1nges on. a target gas. - At
brelatlve energlﬂs below 4- eV, the reactlon product veloc1ty
dJstrlbutJOh °hows a high, but not perfect degrec of
symmetry 1ntthe.barycentrlc system. The;nohsreectively»
,scatteredrc+_Shows a very'inelastic compoheht in- addition to
elasticiféatures@ The form of the dlstrlbutlons suggests that |
in many collisions, the system passes through conflvuratlons
in Wthh all three atoms 1nteract stronaly for tlmes which
are of the order of one rotatlonal perlod At hlgher
.reletlve energles, the product dlstrlbutlons are cons1stent
with a direct:interactlon mechanlsm, but . 1nd1catlons of strong
threeebody'interactions remain;_ The behav1or is cons1stent
,with-the eiectronic'statebcorrelatlon dlagram for the system,

' whi_ch ‘shbws 'that the deep (4 eV) potentlal well of symmetrlc
'CH2+ is access1b1e to the reactants and products

S



A magor goal of the study of molecular colllslons
is to learn how to ant1c1patc the dynamlcs of an elementary
reactlon w1thout engaglnv in a major numerlcal calculatlon
of - the potentlal energy surfaces of the systemA 1f, for
eXample one could rellably identify the systems which have
surfaces that lead to strongly coupled collision complexes
then much of the interesting dynamlcal 1nformatlon for these
systems could be predicted by statlstlcal or phase space
theorles.l_To be able to make such 1dentrflcatlons, one must
learn how to deduce'the’salient'properties‘of potential;
energy hypersurfaces by examlnlng and correlatlnc the
electronlc properties of the reactants, products and 1nter-
mediate spec1es -Demonstrations of the utlllty of electronic
state -and. orbltal correlatlon dlagrams 1n guldlnﬂ the

'1nterpretatlon of small molecule reactlontphencmena have

been giVen by Herschbach and coworkers,l’Ztiully'et al,3

Friedman et'al,é Donovan and Hussain,5 andfﬁahan and coworkers.

Ion-molecule reactions can‘present_particularly
challenging problems to the application of correlation
diagram teChniques; The systems involvedlare frequently
of the open-shell type, andvthus theresmayrne several‘surfaces

which lie within a few eV of the ground SQate surface. The

situation is furthervcomplicated by the faCt that in addition

to surfaces,generated from combinations of the various states
of reactants A+ and BC, there'is a manifold of surfaces which

arise from the states of A +'BC+. Since the ionization
:./
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energles of ‘most atoms and molecules dlffer by less than
) ev, these two manlfolds of surfaces are apt to be 1nterwoven
in a potcntlally complicated manner Thus; the dynamlcs of
_a given 1on-molecule reactlon may be profoundly,lnfluenced
by intersectlcns.and av01ded_crcss1ngsv9f:the potentlal
hypersurfaces.4 Ihdeed':this seems'tcvcelthe case»even"
lfor theesimplest ion molecule reactlons 8; As part of a
| program,lntehded to eluc1date the relatlon between the collls1on
‘dynamics andvthe electronlc propertles of 1on-molecule systems
having:few electrcns, we have 1nvest1gatedgthevreactlve and
non4reactlve scattering cf Cf by Hé, HD;;agc Dz,cand report .
the results here. | | o .

The C+(D2,D)CD+‘reaction was.flrst investigated
by Ma_ier,9 who USed a‘fixed angle tandem'mass spectrometer.
Jto_determineuthe energy dependence of the.tctaltreaction
rcross sectiom.. Koski and coworkerslp alse;ﬁsedva‘tandem
mass spectfometer to determine'the reactiohEthreshcld energy
and thertctal reacticn cross SectiOﬁ'as;a;function of relative
energy in the range from 0.5 to 20 ev. {lﬁfaddition,.lden,
Liardon, and.KOSkill;lz have.reported stadies‘ofithe_energy
" and angular distributions of the’produc‘tfdffjthé'c*(bé,D)CD+
reaction for several initial relative emeréles.v Henchman et
g;ls'recently measared’the energy_dependeﬁce of the tctal
cross section for the reaction of C+_with<ﬁ2'and Dz, and
- also determined't‘heCH”F/CD+ ratio as a meCtiQn of energy

for the reaction of C+ with HD.




d,-The’pfoduct ahgular'distributdohsfmeasured by

iden; Liardon and'Koskilz Qhowvat low (('ﬁi4 eV) relative
enefgies, cons1derable symmetry about the + 90 akis'in'

the cehtervof mass system. They took thls to 1ndlcate ‘that
the reaction proceeds through a per81steht;colllslon complex
which has a 1ifetime_in excess of the rotational period,
‘approximately 10—12 sec:' A long-lived co;iision:complex'
would ihdeed give such highly symmetricfdistributiohs; but
these scatterlnc patterns can. also be produced by direct
1nteractlon processes 14 15 The 1nterpretatloh of . Iden,
Llardon, and KOSKllz was questloned by Mahan6 on the grouhds'
that a simple triatomic molecule with 3+ 4 eV energ y in ekcess‘
of that.needed to d1ssoc1ate would not be expected to have

a 11fet1me of the several rotatlonal perlods ‘needed to
produce hlgnLy symmetrlc product Veloclty dlStIlbuthHS.“

In addltlon since the orbltal conflguratlon of the reactants
1s dlfferent from that of the ground state of the 1ntermed1ate
'CHz , it Seemed_to be questlonable whether;or not the deep
potential weli hecessary‘for a persistehtﬁcompleX:Was'accessible
to’ the reactants. Moreover, the'CH+/CD¥”ratios meaSured by

_Henchman et al13

differ 1n size and energy dependence from
-the predlctlons calculated by Tr uhlar 16;who used a phase
space theory'whlch wouldvbe'expected to apply to a reactloh
proceeding‘through a persistentvcompiex. Thus, other
experiments which might elucidate the‘mechanism of this

reaction seemed to be called for.



prerlmental

The 1nstrument used in this work has been described

17 1t con81sts of'a-magnetlc mass

in detail prev10usly
spectrometer‘for preparatlon of a colllmated beam of primary
ions of'kﬁbwn energy, a'scatterlng cell to contaln the target
gas, and an ion detectlon traln made up of an electrostatlc

. energy analyzer a quadrupole mass spectrometer and an ion
counter The detector components and the ex1t aperture of
the scatterlng cell are mounted on a rotatable lld which
‘permlts the 1nten81ty of scattered 1ons to be measured at
varlous angles and energles

,.. » Prlmary ions were extracted from a mlcrowave'
discharge throuﬂh a carbon d10x1de hellum mlxturc The
-flntenslty of the CT was lessvthan, but comparablevto,thev‘
intensityeof.COQI issuing from the dlscharce .:The direct
productlon of C by electron 1mpact on neutral CO or COz
'requlres electron energles of 20 eV or more - Mlcrowave
‘-dlscharges operated at the power levels and pressures we
employed have approx1mately thermal electron energy dlstrl-

_ butlons correspondlng to temperatures of 4 5 eV ' Thus there
.are very few electrons w1th enough energy to -produce dlrectly
‘1onsproducts of hlgh appearance potentlal" Indeed in

'previoustpublications7’1 we have shown that metastable

B

excited ions whlch requlre electron energles in excess of

~

13-15. eV are not produced 1nvdetectable amounts by microwave

discharges. Consequently, it seems highly likely that the C+
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in our source ‘is produced by 1onlzatlon of carbon atoms
lwhlch are themseIVes‘formed by the dlss001atlon of COz_

and CO by low energy electron 1mpact ] Beeause oi‘thevlow -
electrpn»temperature in the dlschargevand*the fact that

the first metastable é%cited“state (4pP) of c lies 5. 32“ev :
.above’the‘grOund state, 1t seemed hlghly probable that the

ct.in our collimated beam was almost ent;rely in. the ground

,electronic,state; 2Py. This wasﬁconfirmed_by beam attenuation
, R 5 , meLER e , _
19

measurements of the type described by’Turner et,ai.
Our exper1mental results -are presented in the

form of contour maps of the speC1flc intens1ty I(G u) the

intensity of lons per unrt velocity space'volumc normalized

to unit. beam strength scatterlng gas. den51ty, and collision

volume. A polar coordlnate system is used w1th the rad1a1 -

coordlnate u representlng the speed of the ion relatlve to
the center—of ~mass of the target- progectlle system, and the
- angular.coordlnate G_measured with respect-to the original'
;direotion of the projectile ion beam. fThe_specifie intensity
is-normaiiaed‘suchjthat o -
- T

o =2 v/ vsin_G_dG/ w? T (6,u)du - -
o Jo '.1

: P o ‘
'is always proportlonal to the true cross. sectlon o. Each

contou& map is generated from 10-20 scans of the- laboratory
energy and angular dlstrlbutlons, 1n—eaeh_of,whlch 10-20

~intensity measurements are made. - . R N




"-Results'and DiscussiOn':
. :_The'encrgbticskof'thc:rcactlohuﬁi-
c'*<.}2.P.;»>"+ H_ 12)—»cn* <lz:)+n £ £
can be tbe .source of some confus1on L Use of the heats of"
' formatlon tabulated by Franklin et al20 1eads to the
| ‘.conclu51on that the reactlon 1s O 8 eV endoerglc ' However;*
;the AH (CH ) tabulated by Franklln et al seems to be based
.on an early value of ll 13 eVv for the 1onlzatlon enervy of
HCHtj The - more recent valuez.l of 10.64 eV leads to a
'dissociation energy DO(CH ) equal to 4. 1 eV andva AH of’.
¥b.4 eV‘for;reactlon 1. Thls value lS cons1stent w1th the. |
_thresnoldAenergytfor the»reactlon_determrncd by Koski _L_flJlO
‘and is adopted here.k : 3 ; | e |
-(The translational exoergicitthaof.a,reactiOn.is

R  = _ AEOO -y + U v...)

~ given by

‘wherevE tl 1s the 1nit1al relatlve.energy; U’isvthe.internal
energy of the reactants, and the E l' and U arerthe.
correspondlng quantltles for the products Assumlng 6] =nO,j
 rand recognlzlng_thatvfor_CH 12:) U must lle between ZEero
'and;the dissociation energy of cHt to'05 and H, we‘getl_..
_—4.S\< Qg “0.4ev o " o (2)

For reaction to form any other electronically excited state
lof cut Wthh dlssoc1ates to c* and H the upper llmlt of

.becomes more negatlve by the minimum exc1tatlon energy of




~ the state involved, and the lower limitiremains the same.
_If;a statevof cHt is formed that. dlssoc1ates to. C( P) and
. H+, the 1ower 11mit becomes more negatlvc by 2.33 eV, the

‘difference-between the ;onlzat;on energlesgof Cgand_H.

A total of 22-yelocity'vector3maps Were determined.ﬂ

We show here a minlmum set of results Wthh 1llustrate the'
magor features of the reactlon dynamics |

| - The maps 1n FlUS 1 6 show the evolutlon of the'
product dlstrlbutlon for the reactlon of C ‘w1th He'(or Dz)
as the 1n1t1a1 relatlve energy is 1ncreased from 2 86 ev to
A7v1 ev.: The dlstrlbution of CH at the lowest relatlve |
energy dlsplayed here (Fig. 1) shows a hlgh degree of
symmetry about the + 90° axis. However, there is a modest
: but ea311y dlscernable 1ntens1ty maximum in the small angle
reglon, close to the center of mass veloc1ty Another oI
our e#perlments performed at a relative energy'of'Z o eV
-shows a very 31milar dlstrlbutlon with a- slight forward
peaking stlll ev1dent :

Flgure 2 shows that at an 1n1t1al relatlve eneroy
of 3 44 eV the CH dlstrlbutlon retalns some symmetry about
vthe + 90° ax1s, but tHe forward peak is qulte promlnent
The 1nten51ty max1mum falls at Q -2 95 whlch corresponds

to an‘internal excitation energy for CH of 2 5 eV

approx1mately 607 of the mlnlmum needed to dlss001ate CH

to C and H Rather little product is found near Q = -1.5 eV

whlch at thls relative energy corresponds to spectator



,strlpplng at 0° Or’to'thevelastic spéctatorfmodel at other
fangles | | | 8 {
The dlstrlbutlon or cpt from the C -Dg reaction
at the same relatlve energy is shown 1n FlU 3. 'The y-
dlstrlbutlon 1s very s1mllar to that found for CH from

H2 at the same relatlve energy, except that the cp? _appearsv

to be if anythlnw more hlghly exclted 1nternally than the

cH'.

The sllght asymmetry and modest forward peaklng of
the dlstrlbutlon are agaln ev1dent R l
| These eXperlments performed at 3 44 and 3 6 eV
are of partlcular 1nterest s1nce they can be compared to
the experlment performed at the same energy by Iden, Llardon,

and Koskl12 on the C -D2 system The map reported by these

y}.workers shows the CD dlstrlbutlon peaked at the center of—”

mass ve1001ty,>and qulte symmetrlc about the + 90° axis.

"'On the other hand KOSkl et al also report the value of Al

for the 1nten51ty max1mum at several other Jnltlal relative
'energles ~and. 1n every case, these most probablerg values
fare more p031tlve than the 0 correspondlnc to a peak at the
-centerfoffmass-veloc1ty. If the experlmental peaks 1n ‘fact
ylie indthe'Small angle_reglon, most of‘thegresults'of Koskl
et a1'® may be more consistent with ourfihdings than ‘a
"comparison of the maps at 3;4 eV would sugéést; |
- .‘A It is worthwhlle at thls p01nt to comment on the
_'unfortunate tendency in the ion-molecule llterature ‘to use

~the terms collls1on complex distrlbutlon 'and a.dlstrlbution'




‘peaked at the center of—mass as synonymous phxa eé°-?ih~
the flrst place, there 1s no reason why dlrect 1nteractlons
.can not. glve product veloc1ty vector dlstributlons peaked
1at the centr01d veloc1tj, ‘and such phenomena have been |

, observed 14 15 18 Second the fact that the dens1ty of
flnal translatlonal states 1s an. 1ncrea51ng functlon of
'_the finallrelatlve veloc1ty w1th a zero at centr01d shows
that the centr01d velOC1ty will very llkely be at least a l
_local mlnlmum 1n the true»lntenSLty dlstrlbutlon even when
there is no potentlal energy barrler 1n the ex1t channel
surface The calculated dens1ty of . flnal states often rises
;rather'rapldly as- the=f1nal relatlve ener y wncreases from
zero, and hence the- dlstrlbutlon may reach -&. max1mum at a
bve1001ty qulte close that of centr01d Detectlon of such

o a dlstrlbutlon w1tn an 1nstrument of relatlvely low resolutlon
.may glve the 1mpress1on of a peak at centr01d when.ln fact
‘a sharpzmlnlmum exists.. To avoid confu31on and amblgulty,'

| the phrases "peaked:aticentr01d" and collls1on complex
pmechanismi should not be used to 1mply one another | _

-5 Figurc 4 shows,the CH dlstrlbutlon obtalned from .

-

collis1ons of C 'w1th H2 at 5 03 eV relatlve energy (The"'

i

inten81ty peak in the small angle reglon lS now qulte promlnent

but prbduct at this most. probable veloc1ty 1s stlll more
'jlnternally ex01ted (3.4 eV) than would correspond to spectator
"strlpplngr(2.9 eV). " The circle in Flg. 451abeled Q= -4.5 ev

represents the limit of stability for the ground state of CH'

L1 e




'presence_of cut in this region may-indicate«that in some

and all excited states which dissociate to C'(ZP) and H(ZS).

ThuS'velocities which Correspond to Q <'—4;5 eV constitute

a "forbidden" region for these low lying"states of CH'. The

)

collisionsrCH is formed 1n stateQ Wthh dlssoc1ate to C

‘and H+,.or'that some CH ‘is formed with 1nternal energj

greater than the diss001atlon‘energy,'but_Is held together:

by a rotational barrier. However, it'isfiikely that most

of the intensity in'the forbidden'regioh:of'Fic; 4 is a -

vconsequence of the flnlte beam energy °pread detector

resolutlon and thermal motlon of the target gas.
The asymmetry of the dlstrlbutlon about the + 90
axis makes_lt clear that,the'reactlon mechanlsm at this.

energy is best described as a direct ihteraotion}v However,

“the substantial angular width of the’formardvpeak, and the

rather broad speed distribution'at all'angies suggests that

durlng the colllsion, the system passes through reglons of

_a potentlal surface where all three atoms are s1multaneously

'strongly coupled. In partlcular, the.forward scattered

product, which one can assume comes principally from grazing
collisions, does not reach a maximum intensity at the

spectator stripping velocity;v This_showsfthat even in these

~collisions,'the.freed-hydrogen atom»interaots strongly

enough'with;the incipient CH+’to be accellerated and to

'earry.off energy which”in:avspectator proeeSS'would'appear

as interrial excitation of CH'.



» The 5.03 eV ehperlment in Plg 4‘lles.1n energy
between two product veloc1ty maps reported by Iden, Llardon
and KOSKl 12 These two maps, done at relatlve energles

- of 4 4 and 5 98 eV both show a sllght forward back asymmetry
-w1th some forward peaklng developlng at the higher energy
However, nelther is as sharply peaked as the map we. show

in Flg 4 | |
’ The dlstrjbution of CH from C’ng collls1ons at
an inltial relatlve energy of 7.06 eV 1s shown 1n Flg 5
The forward peak is. now fully developed w1th the max1mum
_1ntens1ty falllng very close to the spectator strlpplng
.veloc1ty An 1nten31ty mlnlmum or crater appears in the
‘forbldden revlon 1n51de the ‘Q ? -4 5 eV c1rcle .There is
'scatterlna of low, but eas1ly detectable, 1nten51ty in the
‘ large angle regions near 180° : Thus the general appearance
of the map ‘in F1g S is qulte cons1stent w1th formatlon
jof cyt by a dlrect 1nteraction process S
| The low inten31ty rldge whlch occurs in the larve
angle re .on of Flg 5 does not appear 1n the maps of the

CD dlstrlbutlons determlned at the same and hlcher relatlve

“1energ1es by Iden, L1ardon and Koski. 12 We belleve that thls.,

discrepancy is related to thelr use of a retardlnOr potentlalv
analyzer to obtain a product energy dlstrlbutlon at various
angles With thls method de+ectlng a low intens1ty peak

‘at . low veloc1ty in the presence of a hlgh 1nten51ty peak

v_at greater veloc1ty is rather dlfflcult s;nce_lt requ;res

I I »




CH

" the very.precise'measurement.of small changes in a relatively

large signalr- In”cOntrast, a deflection’analyzer such as

the. 90° electrostatic energy analyzer in“our apparatus passes

only a narrow band of energies at ainy time, and the measure-

'.ment'of'alsmall‘intensity peak in the presence_of a component

of much hlgher 1ntens1ty and ve1001ty does”not_present a

problem- ‘It is thlu feature that has aliowed'us'to measure

for many systems 7 18,2z the dlstrlbutlon of non - reactlvely

_vscattered 1ons at the large center -of - mass angles Wthh

c01nc1de in the’ laboratory w1th the dlrectlon of the prlmary
progectlle ion beam« This has not yet been done and o
prObably can notnhe'donebw1th a retardlng‘potentlal energy
analyZer{' | | - |

Comparison of the distributions of}thevtwo‘iSOtopic

‘products of the reaction of C* with HD canfprovide further

elucidation of the reaction dynamics. 'Fngreze shows the

* distribution,. and Fig. 7 the CD* distribution from

ﬂreaction”of C with HD at 3 5 eV relatlve energy The two

dlstrlbutlons resemble each other closely The relative
intens1t1es are also qualltatlvely con51stent with the

1sotope effect measured by Henchman et g;l?

for.the ct -HD
reaction. 'Figures 6 and 7 are also very Similar to the maps

in Fig. 2 and 3, where the products of the reactlon of ¢t

: _w1th Ha and Dz are. shown.

~ The great similarity of_the prdduct distributions

from the three isotopic targets is 1in marked contrast with




7 17 23

aflndings irom thls laboratory concernlng L>otope

effects for reactlons Wthh proceed by a: dlrect 1nteract10n
"mechanlsm That is, for the dlrect reactions of N d+,
"and at g relatlve energy, 02t with HD the anﬁular

_ dlstrlbutlon of the two 1sotoplc products show very

| 1_s1gn1f1cantjand sometlmes rather-spectacular dlfferences

| The great s1m11ar1ty of the 1sotop1c product veloc1ty vector
dlStrlbuthhS from the reactlon of C w1th Ha, D2 and HD
therefore relnforces the idea that these processes are

domlnated at low relatlve energles by a-mechanlsm ‘which

' c'involves strong coupllng between all three atoms

. Flgures 8 and 9 show respectlvely, the dlstrlbutlon_

- of CH and CD from C -HD COlllolOnS at 4 91 ev: relatlve

venergy Whlle superflclally s1m11ar, the two dlStrlbuthDS

'fshow 31gn1flcant dlfferences In partlcular the CH

.dlstrlbutlon is the more asymmetrlc w1th a forward to back
hlntens1ty ratlo at a glven value of Q clearly greater than
-the - same ratlo in the CD dlstrlbution Thls greater
:propens1ty for the hydrogen 1sotope to appear in the forward
_scatterlng reglon is ev1dently characterlstlc of dlrect

interaction processes, since 1t has been observed7 17,23

the reactlons of Nz ,O+,'and 02 w1th HD

_ ; Thls conclus1on is strengthened by comparlson
| of Figs 10 and 11, Wthh ‘show the CH -and CD dlstrlbutlons.
'hobtained at relative energles»of approx1mately 7.14 eV.

The CH+ distribution remains clearly forward_peaked,nbut




§ ‘ . _
'inﬂthe-CD+»distribdtion, the forward and backward regions
havedqdite comparable inten51t1es. The propen51ty for the
deuteriUmhcarrying product to move to larver scatterlng-
angles as the colllslon energy is 1ncreased has ‘also. been

;117,23 in direet 1nteract10n processes

.observed prev1ously
eThus the 1sotop1c dlstrlbutlons ]eave 1 ttle doubt that the
-reactlon of C w1th hydrogen proceeds by a dlrect 1nteractlon
mechanlsm at relatlve energles above S eV | -
It should be noted that 1n Flg vld; the spectator
‘vstrlpplng ve1001ty lies in the "forbldden veloc1ty reglon
: -where CD& 1n_1ts electronic ground_stateﬁ;s'unstable to
"dissociation to C+'anddD.,.It ishprobablyVfor‘thisvreason
sthat'the CD+'intensity'invthe small“angle;regiOn of Fig. 11
.tls con81derably smaller than the . correspondlng CH intensity
.shown 1n.F1g 10.. In the later case, the spectator strlpplng
veloc1ty lles in a reglon which the product in 1ts ground
_state is stable to dlssoc1atlon : h. N ;
In both Flgs 10 and 11, there 1s notlceable,v-
inten31ty in the forbidden region 1ns1de the Q= -14.5 eV
.01rc1e. ThlS again ralses the questlon of whether some colllslons
form“CD in states Wthh dissociate to C and H Such states
would be stable for Q values as low as -6 8 ev. The\possibility
_that thls does occur seems somewhat strengthened by the fact
that in the experlment of Iden Liardon and Koskl12 performed
at 8.48.eV relatlve energy, the_proddctGpeak lles_at'a Q value

' of approximately -7 eV.

-15-



Figures 12 14 . show the evolution of the distrlbution

tof the t scattered non reactively from Ha These distributlons

have a numbcr of significant 1eatureu 1n common At an&le of .

-,90 and smaller, there is a well defined ridge of intens1ty

N which lies on or qu1te close to ‘the circle labeled Q= 0, the

: locus of elastic scattering The 1ntens1ty of this elastlc

component diminishes as. the angle 1ncreases “in the manner
|

expected for a.feature arising from a direct or quas1-1mpulsive

;scattering process =At angles quite near'1809"the intensity

"~ of this- elastic component 1s conSiderably attenuated Evidently;

the nearly head on collisions Wthh could produce elastic‘
jscatterlnuvin thlS very large angle recion 1n fact lead to
reaction or very 1ne]ast1c scattering AIt~1s of interest
‘that only the very large angle small impact parameter elastic
-catterlna_seems apprec1ably attenuated : Thls is conSistent
: with ‘the relatively small total reaction cross section'

-16 10

’_(< 2 X lO cm ) determined by Koski and coworkers

',; The distributions in Wigs 12 14 all show substantial:

C .intens1ty 1n the regions close to the center of-mass
‘_:velocity : Extremely inelastic scattering of this type has
.been observcd_ln the_Oa ‘Hz _s_ystem_,l8 where it is believed
that at low relative energy most reactiveiand inelastic
'_collisiOns involve a long-lived H202+‘intermediate,'”0n the
other hand, the nbn—reactive collisions between such systems o

as Ne+ng,-Ar+-D2, and Na+-D2, which do_notminvolve long*lived~

intermediates, are much less inelastic. Thus we feel that the -




=inon*reactivebscattering in the C+—H2 systemris a convincing
piece of ov1dence ‘that a strongly coupled colllslon
'1ntermed1ate occurs in thls system. ‘
- A feature of the dlstrlbutlon 1n Flg 14 requlres
5comment At the hlgh relatlve energy of 7 05 eV the very
1nelast1c scatterlncr near the center of mass velocity remains
_promlnent but the 1nelast1c component reaches a peak in the .
small angle region. AThlS ‘type of behavror_has been_observedl'z’18
in the non-reactive SCattering of Né+ andrdé+ from Hz'and Dé.
~ The inelastlc max1mum in Flg 14 lies near the small cross
vwhlch marks the velocity that CH would have if 1t were
‘formed by the spectator strlpplng process ThlS raises the
question of whether the 1ne1astlcally scattered C in thls
h'reglon comes from the dlssoc1atlon of CH whlch had been
formed by'the spectator strlpplng process 1 However, at a
'relatlve energy of 7.1 eV CH formed by spectator strlpplng
has an 1nternal energy of 3.7 eV which- 1s less than the
4.1 eV necessary to dlss001ate CH 'to C and H. Moreover,_
‘in V1ew of- the rather stronc coupling bctween\all atoms
whlch apparently ex1sts in thls system,lt seems llkely that
the maJor contrlbutlon to the 1nelast1c peak in Flg 14
comes from processes Wthh are more compllcated than strlpplng
-followed by dlssoclatlon S
" The experlmental ev1dence presented here makes it

‘rclear tnat at low relatlve energles the ct -Hg reaction

.proceeds by a mechanlsm Wthh is quite dlfferent from the



‘direct interaction process: which is operatiVe in exocrgic hydrogen
“atom transfer reactions 15, 24 Whilc the substantial o
usymmetry of the cut distributions seems to inVite the

: concluSion that the reaction involves a. long lived CHa
intermediate, this description is too Simplified In no.

case, even at the lowest relative enerbies,}have we found;.

| the CH or CD distribution to be completely symmetric

A peak is always present in the small angle region

There are two obVious interpretations of this

‘slight asymmetry The first alternative is that the C -sz1

'i:COlliSlonS exemplify an osculatinfJr complex,25 where a'strong'

~ but tranSient interaction lasting approx1mately one rotation
‘period occurs Use of the RRKM theory of unimolecular
Vreactions to calculate the lifetime of CHe' with a~total
.energy in the range encountered in- these experiments gives.
values-in the range 5 = lO x 10 -14 sec, which COlnCideS With
the distributions of rotation periods that occur While
_calcu]ated lifetimes this small are of questionable accuracy,‘
vtheir qualitative nature is- somewhat edifying Since an

'average lifetime of" several rotational periods is necessaryzs"

1 before a COlllSlon complex produces a truly symmetric

' distribution, the description of. the C ‘H2 reaction as
involv1ng an osculating complex seems appropriate

| The second poss1bility, which may not exclude
the first, is that the ‘appearance of a forward pcak on an

}otherwiSe,symmetric distribution 1is a manifestation-of

—1Q~



'reactive sCattering.from more than one potential surface.
lIndeed,;C+(?P) approaching'Hg(lf:) collineariy produces both
23" and debenerate 21 surfaces | These become Al,-zBi,:and
®B2 for approach of the C along the perpendlcular blsector
;of Ha. To dec1de Wthh of these surfaces may have
characterlstlcs that can pzoduce the obserVed scattering
we will 1nvest1ﬂate the electronlc state correlatlon diagram
for this system. | B |
}.1Eigure 15 is a partial correlatioh diagram for some
"of the IQWer electronic'states of‘the C+rﬁéasystem. ‘While the
energies of the-reactant‘and'product'states‘asvwell aS'the |

ground'state-of the symmetric CH2+ intermediate are_knownzg’27

or have been c'a'lculatedZB”29 the positiontof all other states
has at best qualltatlve s1gn1flcance Qn;the left_Sidetof the
'vdlagram an approach of the ct (or C) alongrthe perpendicular
_blsector of-the-Ha (or H2 ) bond is assumeo"and consequently
the states are labeled in terms of the symmetry specres of the
}Cz p01nt vroups On the far rlght of” the dlagram,‘C+ is assumedr.
to approach Hz colllnearly, andgthe iptermedlate separates to
products in the same manner v |
- Starting with the colllnear correlatlons, we see that

as the ground state carbon ion C (ls) (ES) (2p)? ?Pu approaches

12: +, ‘either the 23 or the doubly degenerate I state of
11near CHH may be formed "The molecular.orb1tal conflguratlon
”f‘of_the 22: state,ls analogous to the lowest configuration of Hs,

in-that‘both are three—center'three—electron systems. That is,




in addltlon to the two non-bondlng valence electxons on the‘
carbon atom, there are two electrons in a totally bondlng threc-
center orbltal and one electron in an orbltal whlch is weakly |
antlbondlng between the end atoms, and largely non—bondlng.

"between adJacent atoms On thls.zz: surface, there may or may

not be a potentlal energy barrler in excess ‘of the reactlon

‘,endoerglclty, but 1t'1s very unllkely thatvthere is a substantial-

. potential minimum. The surface leads dlrectly to the ground
states of the products, CHT(*Y) and H(?2 S)
In the llnear 2n states there 1s one 2pv electron

a non bondlng electron pa1r centered on, the carbon atom, and_y

” -two electrons in® the totally bondlng three center orbltal

ev81nce there are. no antlbondlng electrons 1t is llkely that the
3 surface lles below the 22: surface at most 1nternuclear‘
dlstances -Indeed calculatlons based on the Cashlon Herschbach‘
seml emplrlcal procedure for relatlnCr the energy of a three atom

lsystem to the propertles of 1ts constltuent dlatomlcs show that'

:‘the 2q state docs lle below the 22: statexis the reactants
f_approach cach other As the system sepalates to products; the
®I state starts to correlate with CH(2H) and H -However an
av01ded cr0331ng occurs31 which makes the lowest 2H surface
vseparate to CH ( ®n) and H(%s) . | | dﬂ

‘We consider now the”approach of C+(2P )_alongvthe_
_;perpendlcular blsector of the Ha bond -Qf;the ‘three states'
232, 23 .and 2A1 whlch can be formed nbhé”has the valence
orbital conflguratlon of the ground state of symmetrlc CH2 ,

'vl(2a1) (lb2)~(331f' Ay, or of the very.low:lylng excited state'v

30-
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(Za;)2fib?)2(lh;)118i; In fact, -the éA;ﬁstate formed'from
 the reaCtants-has'the'configuration (2a1) (3a1)2(4al*)1, in
Wthh the 4a1 antlbondlng orbltal 1s occupled and the 1b:2
bondlng orbltal 1s empty. Consequently, the energy of thls
'h2A1 state probably increases as the reactants approach each
other,,and thls surface may not lead to reactlon 1n very low
energy colllslons.~ However the 1n1t1al 2A1 surﬁace does
leédvto ground state CHz through an av01dcd cros31ng with
_theegA;_state which originates with C(*? D) and Hg: (). L
Therefore;.moderate to high\energy cOllisions-on'the 2Ay o
surfacefmay lead the system to theﬁpOtential weli asSociated ’
with symmetric CHz' . | | R .
:The 2B, surface formed from. C+'and'H2 initially
corresponds to the valence orbital conflcuratlon (2a1) (3a1)3(1b1)Y
in whlch the bonding 1lbz: orbltal is acaln empty, but no
antlbondlng electrons are present Thus the'gBl surface may ‘
n_be rather flat until 1t encounters a second 2B1 surface which
orig1nates~w1th C( Pg),and_Hz 2: aﬂd correlates to the
lowest ercited statefof CHé+. The cros svng of the adiabatic
\ 2B1 states iS'aVoided” and consequently c ( 3 ) and He(lf:
can proceed adlabatlcally on the 2B1 surface to a very low
lylng level of CHz , . . »
| The B2 state formed from C e Pd)fand'H2(223g+) has
the valence orbital conflguratlon (2a1) (1bz)*(3a1)2, and in
Austrlct sz'symmetry, leads to an excitedpstate of CH_z+

‘However, this ®Bo surface crosses the 2A, surface which




. cH

leads to the ground state of.CHo+. Whlle thls crossing is -
allowed inaC ;fsymmetry, 1t does not oceur when the molecule
is dlstorted sincevboth=2A1 and 2Bz bec0me'2A states in C
symmetry Thus we have an example of a conlcal 1ntersectlon
of. surfaces 32,53 ‘If durnng the colllslon the system departs
;jfrom C o symmetry, as it frequently w1ll the around State of »

CHz2

can be reached‘adlabatlcally. The correlatlon dlagram
shows these CHz ions'in the. 2A1 state'canhdissOCiate to_the
ground state products cH (123) and H(z") Slmllarly, ions .
in the_2B1 state dissoc1ate to. the flrst exc1ted product state,
CH()andH(S) . |
. | Tt is. of interest to relateethéﬁlinear curt surfaces
._to those of the non- llnear symmetrlc molecule ThlS can be'
done by examlnlnv the behav1or of the 2s and the three 2p
5.orb1tals of carbon as llncar CHH is bent 1nto CHz in the
Cév conformatlon. The 2s orbltal of llnear CHH evolves into
.the 2a1 bondlno orbltal of symmetrlc CHz ' The TP orbltal
bperpendlcular to the plane in which the molecule bends retains

1t
-into w- character ~and evolves as n'—'a ; —>lb1 ‘In contrast,

"the 2p6 and in- plane 2pv are mlxed upon bending and bothd

‘ P ‘ -
become a orbltals whlch at certaln conformatlons are degenerate.

These orbltals eventually separate and become ‘the lb2 and 3a1
~orb1tals_ofvsymmetr1c CHz . Because of" the m1x1na of these
orbitals in'C symmetry, the lowest energy conflcuratlon of
'llnear CHH can evolve to the lowest energy conflcuzatlon of

+f Thus when CHH+ (250) (2po) (nﬁ'enls bent ‘one component




can form CHz (222)7(1b2)?(3a1)* 25, and. the other"b
- CHz2 (2a1) (lbz) (lbl)l 2B1, Wthh are the ground and first
ekcited states of the molecule. Since 11neaerHh (%H)‘very
probably has a higher energy}than bent Synmetricrgﬂg+ in
eitherfthe’éAl'or 2B1 states, we can ekgeot=that collinear
or nearly colllnear collisions on the 2H surtace w1ll follow
'traJectorles that lead them through or near ‘the bent symmetr*c
conformatjons Thus there is nothlng to prevent these
| systems from fully explorlng the rather deep potentlal well
:ass001ated w1th CH2 o | ‘ “

‘The behav1or of llnear cant in-the é‘2’:'s-’cate may
be rather dlfferent In thls case, all electrons are in ¢
orbitais, the lowest two of which are the 2s0 bonding and
2po non—bondlnﬁ orbltals The hlvhest o] orbltal at large
| C -Hz d:Lstances is made up of an out- 01 phase comblnatlon of
the carbon 2p0 orbltal and the hydrogen og orbltal and has
one intranuclear nodal surface As the molecule is bent
"thls orbltal evolves to the 4a1_ antlbond;ng orbltal of uH2+.
Thus from linear CHH 2: we approachvCﬁé+(2a1)?(lb2)2(4al*)l 2A4,
the highest of the three states Wthh are formed when ¢ approaches
.Hg,broad31de.' It appears, then, that the 22: surface has a |
mininum energy when CHH' is linear. However it is worth
noting?again that the ZA;-QA‘ state Wthh 1s assoc1ated w1th
linear CHH%(QE:) actually has an av01ded 1ntersectlon with the
2A1 ground state of symmetrlc CH2 , as can;be seen on the far

left of Fig. 15. Thus, it seems possible that large distortions

ﬁ?ﬁﬁ.f



of the 22: state can lead adlabatlcally to the ?Al ground
»state of CHz' | P

Thc conclu51on that the ground state potentlal energy

well is acce551blc to the reactants is contrary to that reached'

:vby Mahan6 on the bas1s of molecular orbi tal correlatlons for

the llnear and . symmetrlc bent conformatlons only “The state_r
correlatlons employed here show that 31nce the orbltal

34

conflguratlons need not be conserved : as the reactants

5approach the ground and lowest excited states of the

intermedlate are access1ble - The dlfference 1n the conclusions

reached u31ng orbltal and electronlc state correlatlons shows
hthe 1mportance of us1ng the latter whenever poss*ble |

| The most obv1ous 1nterpretatlon of the correlatlon
diagram is that in most colllslons on the_2H 2A1 2B1 surfaces,,
"“C+vand Hg pasq through reglons in which very °trong 1nterac+lons
-between all three partlcles occur. : The tlme spent in or near
_thls potentlal energy well ‘may approach a rotatlonal perlod
~These conclu51ons are cons1stent with thc appearance of the,
reactlve scatterlnv dlstrlbutlons,'and the very inelastic
features of the non- reactlve scatterlng g The fact that nearly
collinear collisions on the D> surface should ‘lead to reactlon
by a dlrect or short llved 1nteractlon ml“ht be respon51ble for7
__the pers1stent sllght asymmetry of the low energy reactlve

_ scatterlng.' However, it 1s hard to understand how the'

contribution_from,nearly coll;near colllslons could appear

exclusively as a feature in the small anglefregion. Perhaps

. even more significantdis the fact that theysmall angle peak is




very éloséwio the centroid velocity{ 'Thisfindicates-a high
degree of product 1nternal exc1tatlon, Crreatly in excess of
what has been observed for dlrect hydrogen atom transfer
processes It seems more llkely that the forward peak 1s‘
a consequence of the near equlvalence of the rotatlonal perlod
and 1nteractlon llfetlme of the collls1on complex As 1nd1cated
above,vthe state. correlatlon dlagram 1ndlcates that even |
systems on the 2: surface may be able to reach the potentlal
‘energy we]] of CH2 , and if thls_werevthe-case,,there would be
little or no indication of reaction byadireCt’interaction'at:
~low energy} e | -
A | Summary
The product ve1001ty vector dlstrlbutlons from
C+(H2,H)CH “and its 1sotoplc varlants show substantlal but
_‘not’perfect»symmetryvabout *he +v90 ax1s of ‘the barycentrrc
system when the 1n1t1al relative- energy lS 1n the 2~ 3 eV range
The non reactlve scatterlng at this enervy shows a very inelastic.
component This behavior is cons1stent w1th a strong 1nteractlon
‘between all three atoms Wthh lasts for approx1mate1y one /
rotatlonal period of the C -H» c0111s1on complex The
:electronlc state correlation’ dlagram shows that the reratlvely
-deep (4 eV) potentlal energy well of the ground state of_
symmetrlc CHg 1s access1ble to the reactants, and‘can
| »dlssoc1ate to the prOGucts CH and H At relative.energies

above 3 eV the reactlon proceeds by a mechanlsm Wthh becomes

-5~



_1ncreas1naly dlrect or 1mpuls1ve as the encigy 1s 1nczeased
.Fven in thlS hlgher range of energles, however thc_breadth

Of the angular'dl trlbutlono and the dev1atlons from spettator

‘strlpplng attest to the strength of the three body 1ntera tlon_

'1n thls system.ﬁ
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Flgure Captions‘p |
Flg l A contour map of the spec1flc 1nten51ty in the
'-center of-mass system of CH from colllslons of C w1th
He at 2 86 eV relatlve energy - Note the symmetry of most
of the lower intens1ty contours about the + 90 axis, and
the slight peaking of 1ntenslty in the small angle region

near the centroid velocity.

Fig. .2 | A contour map of the specific ihtéﬁsity of CH+ from
v collls1ons of ct w1th Hz at 3.44 eV, relatlve energy Note
the well deflned 1ntens1ty peak 1n the small anvle reglon
'falls at a much smaller speed than would correspond the
spectator strlpplng,bwhose locatlon.lsvmarked by a small

Cross...

pig.. 3. The d'is-tribution of the specifibc'--'}:intensity or cpt

_h from C Dz collls1ons at 3 64 eV relatlve energy JNote
dthat the 4 value at the small angle lntenslty max1mum is
nearly the same as 1n the correspondlnﬂ ct -Hz experlment

_(See Flg 2. )

a Fig' 4. e The spec1flc 1nten51ty of CH from ct —Hg colllslons
at 5 03 eV relative energy Note the well developed peak
-iin the small angle reglon and the asymmetry about the + 9O

';axis,'whlch indicate reactlon by a preponderantly dlrect

rinteraction mechanlsm.
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Fiv 5,/.The épebific ihﬁenQity of CH+'f?oth*—H2 collisions
at 7 06 eV Jnltldl relatlve energy théithat for the first
time, the smdll anale peak falls near theispectatof stripping
ve1001tyuwhlch is marked by a small cr0~?; :For the first time,
the 1nten51ty depress1on or crater«in theJSméll épeed_redion
is eVJdcnt _mhe circle marked Q ='-4.j V glves the smallest
upeed for which product 1u‘stable with reupect to dluSOClathDI

to ¢' and H.

~Fig. 6. The specific intensity of CH+:ffomfthe_C+—HD reaction
~.at 3.52_¢V. Note the considerable similérity to Figs. 2 and 3,
which'wédld be gfeater if the beam profiles were more nearly

~alike.

Fig. 7. The specific intensity of ¢t from ‘the C+—HD reaction
at 3.48 eV relative energy . Note the'si@ilarity to Fig. 2,

3, and 6.

Fig‘ 8. A contour map of the spe01flc 1nteHQ1ty of CH from
C -HD collisions at 4. 9l eV 1n1t1al relatlve energy.

_ Although'the asymmetry about the i 90-,ax;s 1nd1¢ates‘a
direét.interactiOn process, the intenSity;péak falls at - v,‘

muCh21smaller'speed than expécted for spgétator stripping.
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: Flg 9. A contour map of thc spcc1f1< 1htéﬁsity-of'CD*:from‘

C -HD COlllSlOﬁu at 4.91 eV 1n1t1a1 1e1at1ve cnergy ‘Note

' that the CD product is- gcncrally more exclted ‘internally

‘than'thc correspondlng-CH product-shownq;n Fig. 8.. ' '

.Fig° lOCF A contour map of thc spec1f1c 1nten31ty of CH from-
C -HD COlllSlonS at 7 09 eV 1n1t1a1 relatlve ene rvy Note

= that the 1nten51ty in the small angle revlon 1s much higher = ;E

!

. thdn at anvles greater than 90°

Flg li. A contour map. of the spec1flc 1n;en51ty of CD from
vC -HD colllslons at 7 18 eV initial rclatlve energy Note
that the spectator strlpplnfr velocit J for CD jow lles in the

' -forbldden zone where product 1s unstable w1th respect.to ct
and D. _The nearly equal product 1nten51ty 1n the small and

'large angle regions is in sharp contraet to the behav1or

- found 1n the cut dlstrlbutlon in Fig. 105; _ ”_ , ' ]

Fig. 12t:_The‘intenSity diétributiou of}Cffécattered.ffom Ha
‘at 2.87véV'ihitia1:reiative énergy, Dotice thedridgevof_'
intehSity‘at small angles which‘followcﬁtﬁe Q = O'(élastic)i o "§

_ circie,"AiSO, notice the.high_inténéitjuoear the centroid l
cvelocity; whichvcorrespohdsvto collisiouédinvwhich'the
ehtire_initial relative enérgy has been;converted-to_the

‘internal energy of Ha. S : Y




_Fig.=131 ‘The intensity distribution of.C+‘scattered from Hz
at-3;51 eV initial relativé energy . ’Théf@lastic feature
persists_eVen é£ 150°, and the-inelastiéﬁécattéring near

centrbid is quite well defined.

~Fig. 14. The intensity distribution of_bf écéttéred from Hez
at 7.05 eV initial relative enéfgy. .Thefinelastic scattering
is bettér defined, and appéars_to reaéh-é‘ﬁaximum in the smail
anglé region.' The small cross marks ﬁhéjVeloéity which_‘C+
 would‘haVe if it had come from the diséééiation éf cut mdving

-with_the-spectatorvstripping velocity. -

Fig-'lS.. A.correlation diagram for soméJOf;the eleétronic
states szthe CH;+ system. on thé lefﬁ%side of‘thé diagrém,
an‘abproéch of C+ along the perpéndiculérqbiSeét-of the Hz
bond-is_assumed) while“on the right sidé,fo approach Hao
collinearly. Only those states which_ére»of direct or

~indirect importance in the chemical reaction are shown.
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This report was prepared as an account of work sponsored by the
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any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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