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_ Dynamics of the C+ -H2 Reaction _--

Bruce H. Mahan and rl'hompson M,. Sloane 

DcpartIilellt of Chemistry ,and Inorganic ,Material s 

Research Division of the Lawrence Berkeley Laboratory, 

University of CalLfornia,Berkeley 94720 

The reaction ()f C+(H2,H)CH+ and its isotopic variants 

have been investj_gated by measuring the veloci ty vector 

distrihQtion of product ions formed when a ~ollimated, energy 

selected hcam of C+(2P~) impinges ona targ~t gas. At 
2 

relative energies below 4 ~V, the reaction product velocity 

distribution shows a high, but not pe~fect,degree of 

symmetry in,thebarycentric system. The non-reactivEly 

+ ' -
,scattered C shows a very inelastic component in- addition to 

elastic features-. The f9~m of the distributions suggests. that 

in many collisions, the system passesthroU~h configurationS 

in which all three atoms interact strongly for times which 

are of the order of one rotational period., At higher 

relative energies, the product distri~utiohsare consistent 
. . . . 

with a direct interaction mechanism, butlndications of strong 

three-body interactions remain. The behavior is consistent 

with the ele~tronic state correlation diagram for the system, 

wh:ich shows that the deep (4 eV) potential w~ll of symmetric 

CH2+ is accessihle to the reactants and products. 
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A major goal of the study of molecular collisions 

is to learn how to anticipate the dynamic$of an elementary 

reaction wtthout engaging in a major numerical calculation 

of, the t-Jo.tential energy surfaces of the system. If, for 

example. one could reliably-identify the systems which have 

surfaces that lead to strongly coupled collision complexes, 

then much of the interesting dynamical information for the~e 
.. '"-" 

systems co~ld b~ predicted by statistical o~ phase space 

theories. To be able to make such identi~ic~tions, one must 

learn how to deduce the salient ~roperties Of potential 

energy hypersurfaces by examining artd correlating the 

electronic properties of the reactants, products and inter-

mediate species. Demonstrations of the ut~lity of electronic 

state and orbital correlati6n diagrams in guiding the 

interpretation of small molecule reactionphenoITenn have 

been given by Herschbach and 

Friedman et a1,4 Donovan and 

1 2 3 coworkers, 'Tully et aI, 

Hussain,5 and, Mahan and coworkers. 6 ,7 

Ion-molecule reactions can present particularly 

challenging problems to the application of correlation 

diagram techniques. The systems involved are frequently 

of the open-shell type, and thus there may be several,surfaces 

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

situation is further complicated by the f~ct 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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energies of most atoms and molecules diff~r by less than 

5 eV, thes~ two manifolds of surfaces afeapt to be irtterwoven 

ina potentially complicated manner'. Thus; the dynamics of 
.. , 

a given lon-molecule reaction may be profoundly iinfluenced 

by intersections and avoided crossings of the potential 
" ' 

hypersurfaces. 
4 

Indeed, this to be the case seems even 

simplest ion-molecule 
'8 

As part of for the reactions. ' a 

program intended to elucidate the relation between the collision 

dynamics and the electronic properties of ion-molecule systems 

having few electrons, we have investigated the reactive and 
\ 

non~reactive ~cattering of C+ by H2, HD, and D2, and report 

the results here. 
,,+ + 
The C(D2,D)CD reaction was first investigated 

by Maier,9 who used a fixed angle tandem mass spectrometer 

to determine the energy dependence of the tqtal reaction 

cross section. 10 Koski and coworkers also ,used a tandem 

mass spectrometer to determine the reaction: threshold energy 

and the total reaction cross section as ~function of relative 

energy in the range from 0.5 to 20 eV. Iiraddi tion,Iden, 

Liardon, and KOSkill, 12 have reported studies of the energy 

and angular distributions of the product of the C+(D2,D)CD+ 

reaction for seVeral initial relative e~erg;tes. Henchman et 

13 " 
al recently measured the energy dependence of the total 

cross section for the reaction 6f C+ with H2 and D2, and 

also determined the CH+/CD+ ratio as a function of energy 

for the reaction of C+ with HD. 

-3-
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The product angular distributions measured by 

Iden, Liardon J and KOSki12 show at low (( 4~4 ev) relative 

energies J considerable symmetry about the '+ 90° axis in' 

the center of mass system. They took this to indicate that 

the reaction proce~ds through a ~ersist~nt collision complex 

which has a lifetime in excess of the rotational period J 

. -12 
approximately 10 sec. A long-lived collision ,complex 

wciuld indeed give such highly symmetric distributions J but 

these scattering patter~s can also be ptod~6ed by direct 

14 15 . . 
interactiQn processes. J The int~rpretation of Iden J 

Liardon J and Koski12 was questioned by Mahan6 on th~ grounds 

that a simple triatomic molecule with 3~4 eV energy in excess 

of that needed to dissociate would not be expected to have 

a lifetime of the several rotational peridd~ needed to 

produce highly symmetric: product velocity distributions. 

In addition, since the orbital configuration of the reactants 

is different from that of the ground state of the intermediate 

CH2+' it seemed to be questionable whethe~ or not the deep 

potential well necessary for a persistetit complex was accessible 
I 

to· the' reactants. Moreover J the CH+ /CD+ ratios measured by 
I 

Henchman et al13 differ in size and energy dependence from 

16 
th~ predictions! calculated by Truhla~J 'whd used a phase 

space theory which would be expected to apply to a reaction 

proceedingthro~gh a persistent complex. Thus J other 
I 

experiments which might elucidate the mechanism of this 

reaction seemed to be called for. 

--1 -
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Experimental 

The instrument used in this work has been described 

in detail previously.17 It consists of a magnetic mass 
\ 

spectrometer for preparation of a collimated ~ea~ of primary 

ions of known energy, a scattering cell to .. contain the target 

gas, and an ion dete,ction train made up of 'an electrostatic 

energy analyzer, a quadrupole mass spectrometer, a~d an ion 

counter. 
I '. .' 

The detector components and the~xit aperture of 

the scattering cell are mounted 6n a rotatable lid, which 

permits the intensity of scattered ions to be measured at 

var-iaus angles and energies. , 
/ 

Primary ions were extracted from a microwave 

discharge through ,a carbon dioxide-helium mixture. 1'he 

inte~sity of the C+ was less than, but comparable to,the 

inteniity of C02+ issuing from the discharge. The direct 

production of C+ by ,electron impact on n'eutral co or C02 

requires electron energies ~f 20 eV or ~ote., Microwave 

discharges operated at the.power level~ and pressures we 

employed have approximately thermal electron e~ergy distri-
. . . . J 

butions corresponding to temperatures of4~5 eV. Thus there' 

. are very few electrons wi th enough energy t.O produce directly 

ion products of high appearance potenti~l~IndeedJin 

previo~sPublications7,18 we have shown th~t metastable 

excited ions which require electron energies in excess of 

13-l5eV are not produced in detectable ~mouni~ by ~icrowave 

discharges. Consequently, it seems highlY' likely that the C+, 
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in our source is, produced by ionization df~arbon atoms 

which are themselves formed by the dissociation of C02 

and CO by low energy electron impact. BCGause of ,the low -
, 

electron temperature in the discharge and the fact that 
\ . 

l , . '. + 
the first metastable excited state (4p) of C lies 5.32' eV 

above 'the ground state, i t se~.med· highly probab Ie that the 

C+.in ou~ collim~ted beam was ~lmost entitely in the ground 

elec tronic .sta te, 2 pl.' This was confirmed by beam a ttenua tion 
2 

• .'., '19 
measurements of the ~ype described by TUrner et, al. 

Our experimental resul,tsare presented in .the 

form of contour maps of the specific intensity I(e,~), the 

intensity of ions per unit veloclty space volum\.: normalized 
, , , 

to unit, beam strength, scat~ering gas density~ and collision 

volume. A, po~ar coordinate system is used, with the radial '-..' 

coordinate u representing the ,speed of th~ ion relative to 

the center-of-mass of the target~projecti~e system~ and the 

angula~ coordinate e measured with respect to the original 

direc.tion of the. projectile ion beam. The specific intensi ty 

is normalized such that 
1T 

<1 = 2 7r 1 sin 
o -

i 

1T 

B del U 
2 I (e, u) d u 

o ' 
is always proportional to the true, cross section o. Each 

contou~ map is generated from 10-20 scans of the laboratory 

energy and angular distributions, in·eaChof which 10-20 

intensity measurements a~e made. 
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R~sults and Discussion 

'J'he eneT~ctics of the reaction. 

C+(2 pJ ) -+- H (lL) - elI+ (~L) + H(2,s}. 
..•.. 2 2 

can be the sourc~ of some confusion. Use of the heats of 
. 20' ",., " 

formation' tabulated by Franklin et al leads to the 

conc-lusion that th.e reaction isO. 8 eV endcYergic. However j 

,the bHf ( CH+) tabulated by Franklin et a~s~ems tq be based 

on a,n early value of 11.13 eV for the ionization energy of 

CH. The mote recent value21 of 10.64 eV le~ds to a 

dissociation energy Do(CH-+-) equal to 4.1eV, and a DH of 
,. . 

+0.4 eV, for reaction 1. This value is consistent ,with the 

( 1) 

threshold energy for the reac'tiondeternilned by Koski et al,10 

and is adopted here. 

The translational exoergicity Q 6f a reaction is 
, ~ 

given by 

6E 0 - U' + U o 

where ~rel is the initial relative energy, U 1.S the internal 
, , 

energy of the reactants, and the Erel andU are the 

corresponding quantitie$' for the products. Assuming U = 0, 

. and recognizing that -+- ,"" forCH (~L), U mustJ-ie between zero 
, 

and the dissociation + +'.' energy of CH toc' ~nd H, we get 

-4.5 ~ Q ~ -0.4 eV 

For reaction to form any other electronically excited state 

of CH+'whichdissociates to C+ and H, the upper limit of Q 

. becomes more negative by the minimum excttation energy of 

-7-
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the state involved, and th~ lower limit~~mains the sa~e. 

If a s tate of CH+ is formed' tha t di'ssociilt.es to C (3 p) and 

H+, the lower limit becomes more negative by 2.33 eV, the 

difference between the ionization energiesrdf C and H. 

A total of 22 v~locity vector ma~s were determiried.-
. .J . . 

We show here a minimum set of results which illustrate the 

major features of there~ction dynamic~: 

The maps in Figs. 1-6 show the 'evolution of the 

product distribution for the reaction of C+ with H2 (or D2) 

as the i~itial r~lativeenergy is incre~~ed from2~86 eV to 

7;leV. The distribution of CH+ at the low~st relative 

energy displayed here (Fig. "1) shows a high degree of 

symmetry about the + 90 0 ~xis. ~However: there is a modest 

but easily discernable intensity maximum in the small angle 
I 

region, close to the center"of mass velocity. Another of 

our experim~nts performed at a relative:en~rgy of 2.0 eV 
, 

shows avery similar distribution, witha.s~ight ·forward 

peakirig still evident. 

Figure 2 shows that at an initial-relative energy 
.. + 

of 3.44 eV, the' CH distribution retains some symmetry about· 

the + 90 0 axis, but the forward peak is quite prominent. 

The intensity maximum falls at Q = -2;95; which corresponds 
. + " 

to an iinternal excitation energy.for CH of 2.5 eV, 

approximately 60% of the minimum needed to dissociate CH+ 

to C+ and H. Rather little prC?duct is found near Q = -1.5 eV, 

which at this relative energy-correspqnds to spectator 
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stripping at 0° or to the elastic spectator model at other 

angles .. \ 

The dist.ribution of CD+ fr'omthe'C+-D2 reaction 

at the same rel~tive energy is shown inF~g.3; The 
" 

distribution is very similar to that found for CH+ from 

H2 at ~he s,ame relative .energy) except that the CD+ appears 

to be if anything more highly excited internally than the 

CH+. The slight asymmetry and modest forward peaking of 

thedistr~bution are again evident. 

~hese experiments performed at 3.44 and 3.6 eV 

are,of particular interest since they can be compared to 

the expe-riment performed a t the same energy by Iden, Liardon, 
I . 

- 12 . . +'., 
and Koski on theC -D2,system. The m~p ~eported by these 

workers shows-' the CD+' distribution peaked at the center-of-

mass velocity, and quite symmetric about t;.he + 90° axis. 

On the other hand, Koski et alalso report the value of Q 

for the intensity maximum at several other initial relative 

energies, and in every case, these mostpro1)able Q values 

are more posi ti ve than the ,,) correspond'ingto a peak at the 

center~of-mass velocity. If the experimental peaks in fact 

lie in the small angle region, most of the results of KoSki 
. .... 12 
et al may be more consistent with our findings thana 

~om~aris6n of the maps at 3.4 eV would sugg~st. 

Itis worthwhile at this point to comment on the , 

. unfort~nate tendency in the ion-molecule literature to use 

the terms "collision complex distributiQn" and "a distribution 

-9-



peaked at thecenter-of-mass" as synonymous' phrases,. In 

the first place, ther~ is no reason why "direct 'interactions 

can not give product veloei ty vect.or distri~utions peaked 
" f .' at the centroid velocity,'and'such phenomena haye been 

observed. 14, 15, 18 Second, the fac t, that, 'the dens,i ty of 
. . . . 

final translational ,states is an increa~ing function of 

the final telative v~locity with a zero at ~entroid shows 

that the centroid velocity will very likel.y be at least a 
, " 

local minimum in the true intensi,ty distribution even when 

·there is no potential energy barrier, in, the exit channel 

surface. 'The calculate'ddensi ty of finais~ates often rises 

rather rapidly as the final relative energy' increases from 

'zero, and hence the distribution mayreach·a maximum at a 

velocityq~ite close that of ceritroid.Detection of such 
, 

a distribution with an instrument of relatively low resolution 

may give the impression -of a peak at centroid", ,when in fact 

a sharp minimum' exis ts . To' avoid ~onfusi6nand ambiguity, 

the phrases "peaked at'centroid" and "collision complex 

mechanism" should not be used to irriply one another. 

Figure 4 shows the CH+distributioIl obtain,ed from ' 

collisions of, C+ with H2at 5.03 eV relativ~ ene,rgy. The 
" , 

intens~ty peak in the small angle region is now quite prominent; 
I 

but prbduct at this most probable velocity is still more 
. . : 

~nternally excited (3.4 eV) than would correspond to spectator 

stripping (2.9 eV). The circle in Fig. 41abeled ~ = -4.5 eV 

represknts the limit of stability for the ground state.of CH+ 

L 



and all excited states which dissociate to C+(2 P) and H(2S). 

Thus velocities which correspond to ~ < -4~5 eV constitute 

a II forbidden" region for these low lying sta tes of CH+. The 

presence bf CH+ in this region may indicate ,that in some 

collisions CH+ is formed in states which dissociate .to C 

and H+, 'or that some CH+'is formed withiriternal energy 

greater than the dissociation energy, but.:L's held together 

by a rotational barrier. However, it'is likely that most 

of the intensity in the forbidden region of Fig. 4 is a' 

consequence of the Tinite beam energy sp~~ad, detector 

resolution, and thermal motion of the target gas. 

'" The asymmetry of the distribution about the + 90° 

axis makes it clear that the reaction mechahism at this 

energy'is best described as a direct interaction. However, 

the substantial angular width of the forward peak, and the 

rather broad speed distribution at all angles suggests that 

durihg the collision, the system passes thr'ough regions of 

a potential surface where all thr,eeatoms 'are simultaneously 

strongly coupled. In particular, the forward scattered 

product, which one can assume comes principally from grazing 

collisions, does not reach a maximum intensity at the 

spectator stripping velocity. This shows that even in these 

collisions, the freed hydrogen atom interacts strongly 

enough with the incipient CH+ to be accelleni ted and to 

carry off energy which ina spectator process would appear 

as internal excitation of CH+. 

-11-



The 5.03 eV experiment in Fi&~ .4 lies in energy 
... 

betweentw0 product velocity.maps reported by Iden, Liardon 
. ... .... 12 

ahd Koski. These two maps. done a~ rel~tive energies 

of 4.4 and 5.98 eV, both show a slight forward-back asymmetry 
. . 

. . ", 

with some forward peaking developing at the higher energy. 
, . . -, ' 

. . .' .. ' 
However, neither is as sharply peaked as the map we show 

in Fig. 4. 

++ .. 'l'he distribution of CH from C.'"'H2 colllslons at 

an initial relative energy of 7.06 eV is.shown in Fig. 5; 

The forward peak is. now fully developed"\'Jith the maximum 

intensity falling very close to the spe~:tator stripping 

v~loci ty. '. An intensity mihimum or cra ter~ppears in the 

forbidden region inside the 'Q = -4.5 eV~ir~le. There is 

scattering of low, but easily detectable,intensity in the 

large angle regipns near 180°. Thus the general appearance 

of the map in Fig. 5 is quite consistent with fofmation 

of CH+ by a direct interaction process .. 

. The low intensity ridge which occurs in the large 
.~. . 

angle region of Fig. 5 does not appear in~he maps of the 

CD+ distributions determined at the same and higher rela,ti ve 

energies by'Iden, Liardon, and Koski.12 Webelieve that this 

discrepancy is related to their use of a retarding potential 

analyzer to obtain a product energy distribution at various 

aI1g1es. With this method, detecting a low intensity peak 

at low velQcity in the presence of a high Intensity peak 

at greater velocity is rather difficult,~1hceit requires 



the very precise measurement of small cbanges in a relatively 

large signal. In contrast, a deflection analyzer such as 

the 90° electrostatic energy analyzer in our apparatus passes 

only a nirrow band of energies at ahy time, and the measure

ment' of . a small intensi ty peak in the pre~ence of a component 

of much higher intensity and velocity does not present a 

problem. It is this feature that has allowed us to measure 
. '. 7 18 22 . 
for many systems, , 'the distribution of non-reactively 

sc~ttered ions at the large center~of-mass angles which 

coincide in the laboratory with the direction of the primary 

projectile ion beam. .This has not yet bee~ done and 

pr6bably can not be done with a retarding potential energy 

analyzer .. 

Comparison of the distrib~tions of the two isotopic 

products of the reac'tion of C+ with HD can provide further 

elucidation of the reaction dynamics. Figure 6 shows the 

CH+ dis tribu tion, and Fig. 7, the CD+ dist:r:i:bution from 

reaction of C+ with HD at 3.5 eV relative energy. The two 

distributions resemble each other closely.' The relative 

intensities are ~lso qualitatively consl~tent with the 

isotope effect measured by Henchinan etal13 for the C+-HD 

reaction. Figures 6 and 7 are also very similar to the maps 

in Fig. 2 and 3, where the products of the reaction of C+ 

with H2and D2 are shown. 

The great similarity of the product distributions 
. . . 
from the three isotopic target::; is ill marked contra[:;t wi th 
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. .7 17 23 . findingsf'rom this laboratory".· . concerning isotope 

eff~cts for reaction~ ~hich proceed by a d;rect interaction 

mechanis.nl .. + '+ That is, for the direct reactions of N2 , 0 , 

and, at high relative energy, 02 + with BO,the angular 

distrib~tion of the two isotopic products ~how very 

significantjand sometimes rather spectacular differences. 

The great similarity of the isotopic product velocity vector 

distributions from the reaction of C+ with H2, D2 and HD 

therefore reinforces the idea that these pI:9cesses are 

dominated a.t low relativf:: energies by ame9hanism which 

involve~ strong coupling between all three,atoms. 
, ,".": 

Figures e and 9 sho~, respectiVely, the distribution 

of CH+ and CD+ from C+-HDcollisions at 4.91 eV relative 

energy. While superficially similar, the two distributions 

show significant differences. In particul~r, the CH+ 

distribution is the more asymmetric, with ·a.forward to back 

. intensi ty ra tio at .a given value of Q cl~arly greater than 

the same ratio in the CD+ distribution.,Th~s greater 

propensi ty for' the hydrogen isotope to appear in the forward 

scattering region is evidently characteristic of direct 
. . 

interaction processes, since it h~s beenobserved7;17,23 in 

the reac ti~ns .of N2 +,0+, and 02 + with fID. 

This Gonclusion is strengthened ~y comparison 

of Figs. 10 and 11, which show the CH+ ~rtdCD+ distributions 

obtained at relative energies of approximately 7.14 eV. 

The CH+ distribution remains clearly for~ard peaked,but 

.. '." ';" 

',;,,& 

, 
i 
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~ 
h ·+ b f db k in t e CD distri ution, the orwardan acward regions 

have quite comparable intensities. 'The.i-'TOpensity for the 

deuterium carrying product to move to lCj.rgerscatfering 

angles as the collision energy i~ increased: has also been 

observed previously7,17,23 in di~e6t inte~action processes . 

. Thus the isotopic distributions leave little doubt that the 
+ . 

rea~tion of C with hydrogen proceeds by a· direct interaction 

mechanism at relative energies ~bove 5 ~V.~ 

It should be noted that in Fig. 11. the spectator 

stripping velocity lies in the "forbidden riVe loc i ty region 
\. . 

where CD~ in, its electronic ground state· is unstable to 

dissociation to C+ and D. It is probably for this reason 
.' + 

that the CD intensity in the small angle region of Fig. 11 

is considerably smaller than the correSPOhdirigCH+ intensity 

shown in I<'ig. 10., In the later case, Uiespectator stripping 

ve16city lies in a region which the product in its ground 

state is stable to dissociation. 

In both Figs. 10 and ll~ there is noticeable 

intensity in the forbidden region inside ~he Q = - 4.5 ~V 

circle. This again raises the question of ' whether some collisions 

form CD+ in states which dissociate to Cand H+. Such states 

would be stable for Q values as low as -S.SeV. The possibility 

that this docs occur seems somewhat strengihened by the fact 

that in the experiment of Iden, Liardon and Koski12 performed 

at 8.48 eV relative energy, the product peak lies at a Q value 

of approximately-7 eV. 
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Figures 12-14 show the evolution of the distribution 

of the C+ scattered non-reactively from H2. These distributions 
:,~. ..'.. , 

have anwllber' of significant f\;a tures in Common . ' At angles of ' 

90° and smaller, there is a well defined ,ridge of intensity 

which lies on or qUite close to the circle labeled Q = 0, the 

locus of el~~tic sc~ttering.The intensity of this elastic 

~omponent diminish~s as the angle increases in the manner 
I 

expected for a feature arising from a direct or quasi~impulsive 

scattertng proce~s.At angles quite nearl80o, the intensity 

of this elastic comp6nent is considerabl~ attenuated. Evidently, 

the nearly head-on collisions which could produce elastic 

scattering in this very large angle region in fact lead to 

reacti~n or very inelastic scattering. 1t isof interest . 

thai onlyth~ very large angie-small impa~t paramet~r elastic 
" 

scattering ,seems appreciably attenuated.< This is consistent 

with the relatively small total reaction cross section 

( / 2 10 -16 ' 2) d t . d b' K k' d: " k' 10 .~' x ' cm e erm1pe y os 1 an. cowor ers. 

The distributions in Figs. 12-:-14, all show substantial 

c+ int~nsity in the regions close to the center-of-mass 

velocity.' Extremely inelastic scat teririg()f this type has 
+ 18 " . 

been observed in the 02 -Hz system, wher~ it is believed 
I , 

that at.'low relative energy most reactive. and inelasti~ 

collisions involve a long-lived H20z+ intermediate. 'On the 

other hand, the non-reactiVe collisions between such systems 

as Ne+-H2,Ar+-D2, and Na+-D2, which do noi:; involve long..-lived 

intermediates, are much less inelastic; 1hus we feel that the 

-16-
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non~r~active scattering in the C+~H2 sy~temis a convincing 

piece of evidencetha t a sfrongly coupled" collision 

intermediate occurs in this system. 

A feature of the distribution in Fig. l4 requires 

··comment. At the high relative energy of,7.05 eV the very 

inelastic scattering near the center-of-ma~s veldcity remains 

prominent, but the inelastic ccimponent re~ches a ~eak in the 

small angle region. This type of behavior has b~en observed17 ,18 

in the non-reactive scattering of N2+ and"02+ from H2 and D2. 

The inelastic maximum in Fig. 14 lies near-the small cross 

which marks the velocity that CH+ would have if it were 

formed by the spectator stripping process." This raises the 

~uestion of whether the inelasticall~ scattered C+ in this 

region comes from the dissociation of CH+ which had been 

formed by the spectator stripping pr6cess~"" However, at a 

relative energy of 7.1 eV, CH+ formed by spectator stripping 

has an'ipternal energy of 3.7 eV, which i$ less than the 

4.1 eV necessary to dissociate CH+to C+ and H. Moreover, 
"-

in view of- the rather strong coupling b~twe~n all atoms 

which apparently exists in this system, it seems likely that 

the major contribution to the inelasticpea.kin Fig. 14 

comes from processes which are more complica.ted than stripping 

followed by dissociation. 

The experimental evidence presented here makes it 

clear that at low relative energies theC+-H~ reaction 

proceeds by a mechanism which is quite different from the 



. . . .: . . 

direct interaction process which is operative in exoergic hydrog(;n 

"t t" r'" t·, 15, 24 W' h' 1 th " b t t' . I' a om rans er reac lons. 1 e ',e.su s an 1a ' 

symmetry of the CH+distributions seemsto'invi te the 

conclusion that, the reaction involves a Jong-lived CH2~ 

intermediate, this description is too simplified. In no 

case, pven at the Idwest relative energi~s~ have we found 

the CH+ or cn+ distribution to be completely symmetric. 

A peak~s always present in the small angl~ regiori. 

There are two obvious interpretations of this 

slight asymmetry. The first alternative is, that theC+-H2 

'collisions exempl.ify an "osculating"co~pl~x, 25 where a strong 

but transient interaction lasting approximately one rotation 

period occurs., Use of the RRKM theory ofUl1imolecular 

reactions to calculate the lifetime of CH2:f with a total 

energy in the range ~ncountered in thesi experiments gives 

values in the range 5 - 10 x 10-14 sec, which coincides with 

the distributions of rotation periods that ,occur. While 

calculated lifetimes this small are or questionable accuracy, 

their qualitative nature is'somewhat edifying., Since an 

average lifetime of several rotational periods is necessary25 

before a collision complex produces a truly'symmetric 

distribution, the description of the C+-H2reaction as 

involving an osculating complex seems appropriate. 

The second possibility, whichm,ay, not exclude 

the first, is that the appeararice of a forward peak on an 

otherwise. symmetric' distribution is a manifesta tien of 

'., 
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reactive ~cattering from more than one pot~ntial surface. 

Indeed, C+ (2,p) approaching H2 (lE) c,ollinearly produces both 
, 

2E and degenerate 2n surfaces. These become 2 A1 , 2B1 , 'and 

2B2 for approach 6f the C+ along the perperldicular bisector 

of H2. To decide which of these surfaces ~ay have 

characteristics that can produce the ob$ejved scattering 

we will investigate the electronic state correlation diagram 
! 

foi' this system. 

Figure 15 is a partial correlation diagram for some 
+ ," 

of the lower electronic states of the C ~H2 system. While the 

energies of the reactant and product states as well as the 

ground state of the symmetric CH2+ intermediate are known 26 ,27 

or have been calculated28 ,29 the position of all other stat~s 

has at best qualitative significance. On the left side of the 

diagram an approach of the c+ (or C) along the perpendicular 
" + . ' ' 

bisector of the H2 (or H2 ) bond is assumed, and ,consequently 

the states are labeled in terms of the symmetry species of the 

C point groups. On the far right of the diagram, C+ is assumed 
2V 

to approach H2 collinearly, and the intermediate separates to 
" 

products in the same manner. 

starting with the collinear correlations, we see that 

as the ground state carbon ion C+(lS)2(2s)2(2p)1 2p approaches 
, u 

H2 1 Eg +, either the, 2E or the doubly degenerate 2n sta te of 

+ : linear CHH may be formed. The molecular orbital configuration 

'of the 2E stcrte is analogous to the lowest configuration of H3, 

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

·'0 ". 



in ~ddition to the two non-bonding valen~~ electrons on the 
. . .. . 

carbon atom, there are two electrons in.atQtally bonding three-

center orbi tal, and one electron in an orbital which is wcaldy 

antibonding between the end ato'ms, and lar,gely non-bonding 

between adja~ent atoms. On this2E sur{a~e, there mayor may 
. ": 

not be a potential energy barrier in excess ,of the reaction 

endoergicity, but it is very unlikely that there is a substantial 

potenti.al minimum. The surface leads dire~tly to the ground 

states of the products, CH+(lEl and H(2S). 

In the linear 2rr states, there .. ~s one 2prr electron, 

a non-bonding electron' pair centered on the carbon atom, and 

two electrons in th.e totally bonding. tht€e';"center orbital. 

Since there are no antibonding electrons\ltis likely that the 

.. 2n surface lies below the 2E surface a tinost internuc lear 

distance:;;. Indeed,calcula tions based on .the Cashion-Herschbach30 

semi.-empirical procedure for relating the: ~nergy of a three-atom 

system to the properties of its consti tuentdia tomic s show that 

the 2rr sta.te does lie below the 2E state'ss the reactants 

approach each other. As the system separates to products, the 

2n state'starts to correlate with cH(2rr) and H+.However, an 

avoided crossing occurs3l which makes tht.21owest 2rr surface 

separate to CH+(3rr ) and H(2S). 
. . +- 2 We consider now the approach o.fe( P ) along the ...... u 

perpendicular bisector of the H2 bond. Of the three states 

2 B2 , 2B1 , .. and 2Al which can be formed, non~has the valence 

orbital configuration of the ground state of symmetric CH2+, 

(2al)2(lb'2)2(3al)llAl, or of the very low. lying excited state 

.. 

.. 



. 2 
In fact, the A~ ~tate formed from 

the reactants has the'configuration (2al)2{3a1)?(4a1*)1, in 
", . 

* which the4a1 antibonding otbital is occupied, and the Ib2 

bonding orbital is empty. Consequently,t~e enE'rgy of t~is 

2A1 state probably increases as the reactabts approach each 

other, and th~s sutface may not lead to reaction in very low 

energy collisions. However ,the initial 2A1 surf\~ce does 

lead to ground state CH2+ through an avoidedcrci~sing with 
I' 

. 2 . 
Therefore, moderate to high,energy colli~lbnson the A1 

. . 

surface may lead the system to t~e potential well associated 

wi th symmetric CH2 + . 

The 2B1 surface formed from C+:and H2 initially 

corres~onds to the valence orbital configuration (2a1)2(3a1)2(lb1)1. 

in which the'bonding Ib2 orbital is again ~nipty, but no 
\ 

antibonding electrons are present. Thus. th~ 2B1 surface may 

be rather flat until it encountets a se6bnd 2Bl surfa~e which 
'\ '. .' 

originates with G(3pg) and H2+(2Lu+) arid, correlates to the 

lowest excited state 'of CH~+. The crossing of the adiabatic 

2B1 states is ~voided,and consequently C+(2PU ) and H2C1Lg+) 

can proceed adiabatically on the 2B1 surfaee to avery low 

lying lev~l of CH2+. 

The 2B2 state formed from C+(2PU ) and H2(2 Lg+) has 

the valence orbital conflguration (2a1)2(lb2)1(381)2, and in 

, + 
strict C 2V symmetry, leads to an exei ted sta te of CH2 ., 

I However, . this 2B2 surface cto'ssesthe 2A1 surface which 
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+ leads to the ground state of- CH2 . While this crossiqg is 

allowed i.n C , ' symmetry, it does not occur when the molecule 
, ' 2V 

is 'distorted, since both 2A1 and 2B2 bec'ome:2 A'states in C
s 

symmet~y . Thus .we have an example of a .conical intersection 
, ·32 33 '. 

of f?urfaces.' If durlng the collision the . system departs 

from C symmetry, as it frequently will, .the ground state of 
2V -

CH2+canbe reached adiabatically. The correlation diagram 

shows these. CH2 + ions in the. 2A1 state' can dissociate to the . " . .' 

ground state products CH+(lE) and H(2S).'Similarly, lons, 

in the 2B1state dissociate to the first excited product state, 

CH+ ( sIT) an-d H ( 2 s) . 

It is of interest to relate the linear CHH+ surfaces 

to those of the non~linear symmetric ,molecule. This can be 

done by examining the behavior of the 2sahct,the three 2p 

orbitals of carbOll as linear CHH+ is bent ;into CH2+ in the 

C conformation. 
2V 

+ > 
The 2s orbital of linear CHH evolves into 

the 2a1. bonding orbital of symmetric CH2 t., The 1Tp orbital 

perpendicular to the plane in which themolecul~ bends retains 

into 1T"""character,. and evolves aS1T - a" '-., Ib1- In contrast, 

the 2pcr' and in-plane 2p1Taremixed upon bending .. and both 

become'a'orbitals which at certain conformation~ are degenerate. 

These 'orbitals 'eventually separate aI'?d betoIne the Ib2 and 3al 

orbi talsof sYmmetric CH2 +. Because of ·ttle mixing of these 

orbitals in Cs symmetry~ the lowest energy configuration of 

, linear CHH can evolve to the lowest energy configuration of· 

, CH2+' Thus when CHH+ (2sa)2(2pa)2(1T)1 2rr is bent, one component 

. ,',-
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+. " 
can form CH2 (2~1)2(lb2)2(3a1)1 2Al and tbeothcr 

i 

CH2+(2al)2(lb2)2(lbl)1 2B1 , which are the'ground and first 

exci ted s ta tes of the molecule. Since linear :CHll+ (2n) ,very 
" \ 

probably has a higher energy than bent symmetric, CkI,2 + in 
. , , 

either the 2A1 or 2B1 states, we cane:xpectthat collinear 
" 

or nearly collinear collisions on the~~rr §~rfac€ will follow 

trajectories that lead them through or r'le(lr the bent symmetric 

conformations. Thus, there i$ nothing to prevent these 

systems from fully exploring the rather de~p potential well 

associated ~ith CH2+' 

The behavior of linear CHH+ in tpe 2E state may 

be rather different. In this case, all electrons are in a 

orbitals, the lowest two of which are the 2so bonding and 

2po non-bonding orbitals. The highest a orbital at large 

C+-H2 distances is made up of an out~of-phase combination of 

the carbon,2po orbital and the hYdrogenugorbital, and has 

one intranuclear nodal surface. As the. molecule is bent, 

this orbital evolves to the 4a1* antibondin~ orbital of CH2+' 

Thus from linear CHH+(2E) we approach CH2+(2al)2(lb2)2(4a1*)1 2A1, 

the highest of the three states which are formed when C+ approaches 

H2 "broadside. It appears, then, that. the 2E surfac e has a 

minimum energy when CHH+ is linear. 
'I 

However, it is worth 

noting again that the 2Al -2A
1 

state which ~sassociated with 

linear CHH+e:!E) actually has an avoided intersection with the 

2A1 ground state of symmetric CH2+, as can be seen on the far 

left of Fig. 15. ThUS, it seems possibl~ that large distortions 



of the.- 2E s tate can lead adiabatically to the 2 Al ground 
. -! 

state of CH2 . 

The conclUsion that the ground-~tate potential energy 

well is ~c~essible to the reactants is coritrary to that reached 

·6 by Mahan on the basis of molecular orbital correlations for 

the linear and symmetric bent conformatidns' only. The state 

correlations employed here show that since the orbital 
34 - . 

configurations need not be conserved as, the reactants 

approach, the ground and lowest e~cited'.Statesof the 

intermediate are accessible .. The diffeience in the conclusions 
, ' .. . . . 

reached using orbital and electronic state_correlations shows 

the importance of using the latter ~henever possible. 

The most obvious interpretation of thecorrelat~on 

diagram is that in most collisions on the 2n ... 2Al- 2Bl surfaces, 

c+ andJI2 pass through regions in which ver:r etrong interactions 

between all three particles occur. The ti~e spent in or near 

this potential energy well may approach a rotational period. 

These conclusions are consistent with the appearance of the 

reactive scattering distributions, and th~cvery inelastic 

features of the non-reactive scatteting. The fact that nearly 

collinear collisions on the 2E surface should-lead to reaction 

by a direct or short-lived interaction might be responsible for 

the persistent slight asymmetry of the low energy reactive 

scattering. However, it is hard to understand how the 

contribution from nearly collinear colli~ions could appear 

exclusively as a feature in the small angle region. Perhaps 

even more significant is the fact that the small angle peak is 

". ~~ ... - ...... 
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very close to the centroid velocity. Thi~indi~at~s a high 
./ it' 

degree of product internal excitation, g~eatli in excess of 

what has been observed for direct hydrogen atom transfer 

processes~ It seems more likely tha~ thef6rward peak is 

a consequence of the near equivalenc~ bfthe rotational period 

and interaction lifetime of the collision: complex. As indicated 

above, the state co~relation diagram'in~icates that even 

systems on the 21: surface may be able to reach the potential 

energy we]] of CH2+, and if thiS were the case, there would be 
," .... 

little or no indication of reaction by direct interaction at 

low energy. 

Summary 

The product ~elocity vector distributions from 

C+( H2, H) C1-1+ and its isotopic variants show substantia 1 but 

not perfect symmetry about the + 90° axis of the barycentrlc 

system when the initial relative energy is in the 2-3 eV range. 

The non-reactive scattering at this ener~yshows a very inelastic 

component. This behavior is consistent ~ith a strong interaction 

between all three atoms which lasts for approximately one 

rot~tional period of the C+-H2 cbllisioncomplex. The 

electronic state correlation diagram shows. that the relatively 

deep (4 eV) potential energy well of the ground state of 

symmetric CH2+ is accessible to the reactants,and'can 

dissociate to the products CH+ and'H .. At relative energies 

above 3 eV, the reaction proceeds by a mechanism which becomes 

".,;'. -25-
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increasingly direct or inJpulsive as the('n'&~'gy is(,increased. 
: ... ~.' 

EVen in this higher range of enetgies,however 'the breadth 

of the angular distribution~ and the devi~tions from s~ect~tQr 

stripping attest to the strength of thetrir~~ body interaction 

in this system.' 
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Figure Captions 

Fig. 1. A contour map of the specific intensity in the 
, ' 

center-of-mass system of CH+ from COllisions of C+ with 

H2 at 2.86 eV relative energy. Note the symmetry of most 

of the l~wer intensity contours about th~+ BOO axis, and 

the slight peaking of intensity in the 'small angle region 

near the centroid velocity. 

Fig. 2. A contour map of the specific intensity of CH+ from 

colLisions of C+ with H2 at 3.44 eVre~ative energy. Note 

the well-defined intensity peak in the small angle region 

falls at a much smaller speed ,than woUld correspond the 

spectator stripping, whose locationism~rked by a small 

cross. 

Fig. - 3. The distribution of the specific intensity of CD+ 

from C+"'D2 collisions at 3.64 eV relatlv,E energy. Note 

'tha t the Q value at the ,small angle intensity maximum is 

nearly the same as in the correspondirig'C+-H2 experiment. 

(see Fig.- 2.) 

Fig. 4. The specific intensity of CH+ from~+-H~ collisions 

at 5.03 eV relative ene~gy. Note the well developed peak 

in the small angle region and the asymmetry about the +90 0 

iaxi~; which indicate reaction by a preponderantly direct 

interaction mechanism. 

-30-
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Fig. 5. 'l'he. specific intensity of CH+ fromC+-H2 collisions 

at 7.06 eV initial relative energy. Note that for the first 

time, the small angle peak falls near the s~ectator stTipping 

velocity which is mark~d by a small cro~s. For the first time, 

the intensity depression or crater in tbesmall speed region 

is evident. The circle marked Q = -4.5eV gives the smallest 

s~eed for which product is stable with iespect to dissociation 

to C+ and H. 

Fig. 6. The .specific intensi ty of CH+ from the C+ -HD rcac tion 

at 3.52 eV. Note the considerable similarity to Figs. 2 and 3, 

which ~ould be greater if the beam profi1es were more nearly 

alike. 

Fig .. 7 .. 'l'he specific intensity of CD+ from the C+ -HD reaction 

at 3.48 eV relative energy. Note the similarity to Fig. 2, 

3, and 6. 

Fig. 8. + A contour map of the specific intensity ,of CH from 

C+-HD collisions at 4.91 eV initial relative energy. 

Although the asymmetry about the + 90 o .axTs indicates a 

direct interaction process, the intensity peak falls at 

much a smaller speed than expected for spectator stripping. 

-31-:-



Fig. 9. A contour map of the specific: ~ni0risitY of eJ)t from 

C+-HDcollisions at 4.91 eV initial rela.tive energy. Note 

tha t ,the CD+ product isgencra 11ymore excited int(~rna lly 
. . 

, '. " 

than the corresponding CH+ product showni,n Fig. 8. 

Fig. 10.. A contour map of the specific intensi ty of CH+ from 

C~-HD c~~lisions at 7.09 eV initial r~l~tive energy. Note 
I 

tl;lat the intensity in the small angle region is mqch higber 

than at angles greater than 90°. 

Fig. 11. A contour map of the specific intensity of CD+ from 

C+-HDco11isions at 7.18 eV initial relative energy. Note' 

that the spectator stripping velocity forCD+ now lies in the 

forbidden zone where product is unstable with respect to C+ 

and D. .The nearly equal product int8frsity in the small and 

large angle regions is in sharp contrast to the behavior 

found in the CH+ distribution in Fig. 10. 

Fig. 12. The intensity di~tribution ofC+· scattered from H2 

at 2.87 eV initial relative energy. NO.tice the ridge of 

intensity at small angles which follows the Q = o (elastic) 

circle. Also, notice the highintensity:near the centroid 

velocity, which corresponds to co11ision$ in which the 

entire initial relative energy has been converted to the 

internal energy of H2. 
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Fig. 13. The intensity distribution of C-l- scattered from H2 

at 3.51 eV initial relative energy. 'I'he elastic feature 

persists even at 1500
, and the inelastic. scattering near 

centro~d is quite well defined. 

Fig. 14. The intensi ty distribution of C-l- sca ttered from II2 

at 7.05 eV initial relative energy. 'I'he inelastic scattering 

is better defined, and appears to reach a: maximum in the small 

angle region. The small cross marks the velocity whichC+ 

would have if it had come from the dissociation of CH+ moving 

with the spectator stripping velocity. 

Fig. 15. A correlation diagram for some of the electronic 

states of the CH2+ system. On the left side of the diagram, 

an approach of C+ along the perpendicular bisect of the H2 

bond is assumed, while on the right side, C+ approach H2 

collinearly. Only those states which are of direct or 

indirect importance in the chemical reaction are shown. 
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r-----------------LEGALNOTICE------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
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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