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Dynamics of Ion-Molecule Reactions

" Bruce H. Mahan

'Inorganié Materials Research Division of the Lawréndenfﬁ”ﬁkuf -
Radiation Laboratory and Department of Chemistry, = = =

University of California, Berkeley, California

Abstract
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~ In recent experiments the energy and angular _,-'”“"

distributions of the products of ion-molecule reactions” f{?j;“'

" have been determihed. Analysis of these data show

.that for

+ nF
N2+D2"'N2D + D

and other related hydrogen abstraction reactions, mostfj‘*,qff -

of the products are formed with very high internal

exciation by grazing collisions. Very large isotope ' =

effects are found which can be understood in terms‘

of product internal excitation and stability with

respect to dissociation. In studies of nonreactive buﬁ‘
inelastic ion-molecule ¢ollisions, clear evidence of
elecéronic and vibrational exciﬁation processes have been
found. These data begin to give us a picture of the
detailed dynamics of chemical reactions and inelastic

collisions.
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U A large variety of processes are currently under study: théf.'

* . unimolecular processes of decomposition and rearrangement, .

“’5flie1ectronic, vibrational, and rotational-levels as well as ed
“'f chemiCal transformations, and termoiecular recombination |
*C‘U:freactions The present state of the molecular dynamics fieid‘
‘lfdlls similar to what must have prevalled in the areas of molecularf

iﬁ_spectra and structure in the early 1930's--the- theoretical

:'1- a wealth of refined, and we hope revealing, new experiments{vﬁ

g o UCRL-18193

The goal of investigations of molecular dynamics is

'fto obtain a detailed description and understanding of how' T*f*3’

' molecular systems are transformed from one state to anotherg'ﬁlaﬁ?v»

- bimolecular phenomena including collisional excitation of,?-'

formalism necessary for interpretation is largely available, f;{ﬁkﬁﬁ”'

- but often not in usable form, and initial work has suggested . -

The very substantial recent progress in reaction kinetics;i

really started when experimentalists began to isolate and study

elementary reactions--simple processes in which three or fewer . .|

’molecules'pafticipate. Investigation of these elementary
processes gives us reaction rate constants whose values are
known as a function of temperature. This information is very
valmable; since it can be used to_unravel or even to predict
the reaction mechanisms of complicated systems, or at the very
least to select the reactions which may or may not be of |
importance in an uninvestigated reaction mixture.

Unfortunately, the magnitude and temperature dependence

of the rate constant reveals rather few details of the reaction
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.‘dynamics.'vThe Vaiﬁe of the-activation énergy gives only a
slight hint of what the potential energy surface for a' |
bimolecular reaction is like. . The comparison of the measuredfa
pre-exponential factor with values calculateq by absolute o
rate theory'can indeed be used to reject some models for the
reaction transition stete. However, the kinetic data are
-usually consistent with a ,substantial number of sets of
- reasonable bond distances, angles, and vibratlonal frequencies~fe 2e
for the trans1tion state. The danger of attempting to "invertf‘;;fe
kinetic data to obtain values for these many parameters from
essentially one experimental quantity should be obvious, but
is all too often ignored.

It is clear that to learn more about potentiai energy
su}faces and reaction'dynamics, we must measure more than the
~reaction rate.constant. Kinetic specfroscopy ailows examination
of reaction products shortly after their formation by means |
of time resolved ultraviolet or infrared spectra, and potentlally -
 offers very .significant 1nformation about reaction dynamlcs
The results and interpretation of these experiments are some-
times complicated, however, by nonreacti?e but inelastic
collisions which change the populatien of product states from
that produced by the reaction. It is clear that measurements
made on the products of a bimolecular reaction before such
thermalizing collisions eccur will be most revealing. This
fact is one of the motivations for the molecular beam approach
to_chemical kinetics. The method is restrained oniy by ﬁhe

concommitant low intensities which limit the details that



'VAften years have they come under intensive investigation,

'"')ftStevenson and SchlSSler: and Field and Franklin. There have

,ﬂ'a‘ngbeen several related experimental techniques employed. Flrst

. .. source of a mass spectrometer, and secondary ions formed by =

s}that energy and.momentum analysers, state selectors, and
'ﬂ: spectroscopic ‘detectors can discern._ In this article I shall
describe our use of molecular ‘beanm techniques in investigationsi
‘of ion-molecule reaction dynamlcs. N "
Gaseous ion-molecule reactions have been known since

‘vthe very early days of mass spectrometry. Only in the last

- following the 1nit1al stlmulation of Tal rose,. Lindholm,.

'fﬁf,studies were made simply by raising the pressure in the ion .

reaction were identified by chemical arguments, appearance -
,‘fpotentials, and by the dependence of their intensities on

. source pressure and repeller voltage.' This technlque has led

'~ to the discovery of more reactions and the measurement of more-*i”"""

. reaction cross sections than any other. Its drawbacks are thstjyfkfff'/

it gives relatively little unequivocal information about

' reaction dynamics, and can be ambiguous when one product 1on_can’;f{ff"

. be formed by two or more reactions of the same order, as, for o

example, in ‘ |
CArt + D, —arD* 4+ D
Ar + D;"-4Arn+ +D
- Use of tandem mass spectrometersz’s’4 largely avoids
ambiguities of reaction mechanism. The first mass spectrometer

is used to prepare ions of known mass which then impinge on

e UCRL-18193,;;},
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the reactant gaé in the source of a second analytical mass

spectrometer used to detect the secondary ions. The tandem
spectrometer techrique allows one to determine the reaction '~ o
cross section for primary ions at a series of known energiés;fﬁ”rff"

The foregoing methods do not involve an analysis of thei’QTL':f

‘energy distribution of product ions, nor of their angular
distribution with respect to the direction of the primary
ion motion. Molecular beam studies® of reactions between
neutral molecules have shown how the product energy and

angular distribution can reveal the reaction dynamics;, For

‘this reason, we constructed an apparatus in which a collimated,fﬁ?‘
..beam of ions of known mass and energy could be directed into IR

a target gas, and the mass, energy, and angle of product and-:jﬁZfif

scattered reactant ions determined. In at leést two other

6,7

laboratories, somewhat similar instruments have been

completed and are in operation. A numbeerf others are under_'fu

construction. b

Figure 1 shows a block diagram of our instrument. The
primary mass spectrometer is a fairly c¢onventional magnetic

sector instrument with a high intensity ion sourcé, high order

focussing, and a lens system for rendering the ion beam pérallel.

'Neariy all our experiments have been done with the target gas
contained in a cylindrical scattering cell. This cell can be
replaced by a molecular beam, and will be in our future 7
experiments. For the type or experiments we are now doing,
using‘a beam of neutral molecules offers few advantages, and

would be accompanied by a serious'loss of product intensity.’ |

P




:flcell enter an electrostatic energy analyser, which transmits

- Pﬁ_deteCtion train -can be rotated through known angles. with‘

'frespect to the incident ion beam, and thus the intenSity of

.vif‘to look like, and how can we interpret them? To find the

-6- ) R8s

Ions which pass through the exit aperture of the scattering

ions of a. selected kinetic energy, regardless of their mass.;f;
'q_These energy analysed ions move into a ‘quadrupole mass filter'?

" where the desired ion 1is selected and then detected by an

i'_ion-to—electron converter followed by a low energy B-ray

* counter. The exit aperture of the scattering cell and the'whole

['7any ion as a function of its speed and angle can be measured._,

~What do we expect the distributions of scattered particles1

‘:answer, we first consider the_scattering in a simple nonreactive
i‘system, N+ projectileslon helium gas. In a typical experimenti”t
N we would use N ions of 60 eV energy, which would have a .
:-velocity of 2.9 x 10° cm/sec; while the root mean square =
- velocity of‘the‘target He atoms at room tenperature is only,‘}f{?
1.4 x 10° cm/sec. Thus,as an acceptable first approximation;g;
'vwe can consider the He atoms to be stationary, and construct'fl"ifi‘
" the velocity vector diagram of ﬁig{ 2. Here the velocity of ’
He 1s represented as a point at the origin of a stationar& orv
laboratory coordinate system, and the initial velocity of.the -
projectile N* ions is taken as Vg ‘f_A:f'?ﬁ‘
'The two particle system N+-He has a center of mass which R |

1ies closer to N+ than to He, because -of the greater mass of |

+ : , ‘ ‘ ’
N'. The center of mass moves with a constant velocity regard-

—

less of the occnrrence’and nature of the collision, be it
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elastic, inelastic, or;reactive. 'Therefore, the motion of

3

the center of mass contains no information about the inter-f

- adtion between the two collision partners. However, the

details of the molecular interaction do affect the motion 6f

-the particles relative to their center of mass. Consequently,v“i 

it 1is advantagéous to analyse a collision by using a coordinate: 
system which has its origin at, and moves with, the center of =
mass. The tip of the center of mass velocity vector V, shown N
in Fig. 2 thus forms the origin of the center of mass (CM) f}i;fi"
polar coordinate system, and the zero of angle is convention-{Tflxl :
ally taken to be the original direction of the ion beam. |
An elastic collision is one in which the ﬁéeed (but not:;i?;,f

the velocity vector) of each particle relative to the center - o

of mass is the same before and after the collision. Therefpre,; ’“
the locus of possibie final velocity vectors fér elastically
scattered N+ is the circle shown in Fig. 2, whose radius is

just the initial speed of N+‘re1;tive to the center of mass.' |
Similarly, the final velocity vectors for elastically scatteredlg,

He lie on a concentric circle of larger radius, since He, -

"although stationary in the laboratory coordinate system before'

the collision, was moving more rapidly relative to the cénter
of mass than was Nf. |

"By centering our attention on the elastic circle for Nf,
we see why both energy. and angular anaiysis of the products is
desirabie. With the detector set at the laboratory angle‘G
indicéted in Fig..2, two kinds of N+ lons would reach the |
detector: "fast" ions which had undergone a small deflection

X, in the CM system, and "slow" ions which had been scattered



N::'fthrough'thé iafger:ang1e x2}  Iohsiaré'écétﬁéred through:Qg?

‘ ’Tﬁysmail CM anélés (IXI < 90°) almost”eXClﬁsiVely by_grazing“F

'-foccurrence of inelastic and superélastic collisions. Ions. -

";'Jenergy. Similarly, primary ions which have excess internal'ﬂﬁ;;

T a1 TR e

Y T

collisions-in which the partners‘interact'relatiVely weakly;¥

‘whereas ions observed at CM angles greater than 90° come ffdm]“

T

'jmore-nearly head-on collisions. Kinetic energy analysis alldw
us to measure the intensities of these two gfoups of ions
separately.

Kinetic enérgy analysis also permits us to detect the s

‘kf'whose'velocity vectors are found to be inside the elaétic_fﬁ
vﬂy circle must have undergone inelastic collisions, converting'fj

some of their initial kinetic energy into internal excitation .

'_eﬁergy may convert this to relative translational energy}in»a;ff
'vsuperelastic‘collision, and will be found outside the elastic@f
circle. o

Figure 3 shows an experimentally determined intensity con--" "

'  tour map of N which has undergone collision with He. The
" most prominent feature is the elastically scattered N* which . |

. is distributed about the elastic circle (labelled Q =‘0) JustﬁfiﬁfﬁA;‘
as expected. :We were unable ﬁo‘detect élastic scattering at _; ”:‘”
large angles in this experiment because this scattering is »
always intrinsically weak, and in this7casé_is fufther.attenu} IZJ‘H
~ated by competing iﬁelastic processes. The pedk just forward
" of the center of mass results from one of these inelastic
processes. From its location relative to the center of mass

'velocity, we can tell that it is due to
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N (%) + He = N* (°D) + He = Q= -11.4 eV

Here the quantity Q is.the difference‘between the final and

initial relative kinetic energy of the collision partners, and:fff} o
in this case is just the negative of the lnternal excitation fg,ffﬁg)'

energy of the products. The maximum intensity of the peak.in'g;ﬁlfjf

Fig. 3 falls almost exactly on the circle calculated for
Q = -11.4.eV. | |

The distribution of elastically scattered NT shows a

thickening near ¥ = 0°, and noticeable intensity is present'on'f{_ﬁ-

'the Q = -5,8 eV circle. This suggests that another inelastic =~ -

_process is going on, and, in fact, under other experimental

conditions the excitation

N* (°p) + He = NT (5S) + He . - Q= -5.85 eV

can be resdlve& clear}&. We have-less cléar,evideﬂce that,asTtiyff

many as five other electronic transitions occur in these .

collisions.

The ﬁechanism-by which electronic excitatlon 6f~N+ occurs ;'
~1s evidently the i1nverse of the coilisional quenching of -
électronic fluoreécence. That is,'at‘some internuclear sepa-

- rations t@e potentlial energy curve for N+(3P) + He crosses or ,
. comes very close to the ones that separate to N+(SS) + He and
N+(3D)l+ He. Any potential ehergy curves constructed from
- theory should be consistent with this observation. Anofhér
‘description of the excltatlon process follows when 1t is

realized that the ground state of NT has the electron configuration

e e
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'VZS
" lcan say that the collision temporarily mixes the 2s and 2p

3
" ‘enough to mix states of different spin if they become degenerate )
7" these experiments can teach us a great deal about the poteﬂtiar-if';;

" " energy curves of diatomic molecules. In particular, molecules

" which do not have stable ground states can be studied, and energy

S10-  UCRL-18193

2 zpz;'While the 5S and 3D states belong to Zsl éps.; We-‘f

orbitals of N+ as the bonding, nonbonding, and antibonding SO
o orbitals of HeN" are formed. An electron initially in the 23 ;;l-h;

orbital of Nt could therefore end up in the 2p orbital after .
the collision. . The fact that electron spin is not: conserved in the
P —*SS transition is an interesting point, and shows us that -

~even in a system.as light as HeN™ » spin orbit coupling is great :;;lh

..or nearly so.
This brief experience with atomic lon--atom scattering has”f‘}:ﬂ’

1f’convinced_us that contilnuation, extension, and refinements of': \’fivli

- levels reached only with great difficulty by spectroscopy are -

- easily accessible. ' ' _ ' A.‘  'fafﬁu¢

*

We can now turn to the problem of.collisions in which etfit'ré

atom transfer occurs. The reaction which we and others7 =10 have-i if‘r

" studied most intensively is | o
o + S | T {

N3 + D, = N,D" + D | o | (1)_.»_ el

'and 1ts isotopic variations. The problem of predicting the ;h;';; .{L
allowed. final velocities of N2D+ is a bit more cdmplicated"
than was true for the:N+—He problem. There 1s now associated
with Eq. (1) an exothermicity of reaction W = ~AE8, so for

" this reason alone we might expect that the relative kinetic : L

i



o11- \  UCRL-18193
'enerﬂies of the products and reactants would differ. In.
addition, NZD has closely spaced vibrational and rotational levels
and may be formed with a great deal of internal excitatlon energy
U. By energy conservation, the quantity Q, which 1is the change of“
relative translational energy, must equal the difference betﬁeen
the reaction exothermicity W and the internal excitation energy

of the products U:

Q=W-TU

 The maximum value of Q occurs when the ;nternal exoitatioh_U;f::fﬁia
is zero. The minimum value occurs when the.produot 1nternale;of?fljaf
excitation is so great that the product molecules dissociate;fﬁjfgii’
When one product is atomic and the other malecular, as in e
reactlion l the maximum value of U is D, the. dissociation energy

of the weakest bond in the molecule. ,Thus“we have

W-D=Q=W
or
2.5 5Q21ev
for reaction 1. Corresponding ﬁoathis rangeiof allowed Q valﬁes,fa
‘there will be an allowed range of velocities of N,DY. |
With these ideas in mind, we can turn to PFlg. 4, a map of
the inteﬁsity of N2D+ from the Ng-pz reaction. . The regions
of\velocity space forbidden by'thelenergy considerations of the
previous paragraph have been shaded.
The crater-like shape of the product intensity distribution
is easily seen to be a consequence of the restricted values for

Q. Products should not be found in the outermost shaded region - -

P — . . s . NN . E .o s et e v
cot . . b A R Wi A



v'“;*i;put them there even if thelr energy were all present as relative
"“'l?;translationalvmotion. ‘Products should not be found in the tfffﬂﬁ

,u?pdinner shaded reglon because N2D molecules moving that SlQWIYj‘v
mwﬁﬁfnﬁmust contain so much internal excitation energy they are o

" unstable w1th respect to dissociation to Np and pt. The fact ;w

Niftconsequence of the finite energy and angular resolution of |

i molecules in the analysis.

if.:about +.90° in the centér of mass system, we can conclude thatwr

J'iijfare associated-with grazing colllsions, as illustrated inlv _
"Q.Fig. Sa. Evidently it 1s quite easy for N2 to pass by D2, plck gﬁ;?‘

o a12- 1;;?ﬁn]ue§jﬁﬁif;ﬁ | UCRL-18193°

if;because the exothermicity of the reaction is not great enough to 1_1“

:that some product intensity is found in these regions is a .
ﬁi?our apparatus, and our neglect of the motion of the target 2"
From the fact that the product distribution is asymmetric

fgfthe reaction proceeds by a so=-called direct interaction, that ii

'7f;-is, an impulsive type of collision in which the colllsion complexg_;yﬁ‘

-14 second, a vibrational period.-

»”‘lives no longer than about 10~
A complex that lived several rotational periods (only 10~ =15

l'_second at these energies) would decay in random directions and j;f
give a product distribution symmetric about x =+ 90 .

We see that the scattered N2D+-1s most intense in the small?;‘t’"

angle or so-called "forward" scattering reglons. These regionS'fﬁﬁf:?‘

j up a D atom, and proceed as NZD along a trajectory which fﬁ:ift:

'r»deviates very llttle from that of the origlnal N2. Since N2D+
1s deflected very little, from Newton's third law we know.thatle?;lpm

:;the free D atom receives very>little'impulse as it loses its
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partner., This process in which the freed atom seems merely |
to observe while 1ts partner is torn away is called spectator.‘wV'
stripping. Results obtained our laboratory as well as othersiqi"
indicate that something close to the strioping process 1is '

responsible for much of the reactive scattering in the systems

Ny + Dy = ND¥ +D . | (1)

N + O, ~ N + CH o : (2)
NS + C,D, ~ N,D¥ + C,D (3) -
a* + D, — arD* + ~D ,;' . _ ) | | (4)';.'1'. f_'

The occurrence of the.stripping process 1in this Series;

of hydrogen abstractn reactions is an interesting unifying feature,

4 o

However, the prevalence of this mechanism at this time must not
be over—interpreted. The grazing or large ilmpact paramefer |
collisions assoclated with small, angle scattering and stripping_'.
produce a large total reaction cross‘section. In selecting |
systems for our first experihents, we naturally pick reactions‘
which have large cross sections, so that products will be easily ‘:‘
observed. This process almost automatically selects reactions .

that display something ‘close to the stripping phenomenon. ~In

our most recent work we are studying
N* + H, > NH' + H B (s)
which has a noticeably smaller total cross sectlon than the

reactions (1-4), and which shows a slightly less prominent

stripping peak. o C




Returning to Fig. 4 we see that in addition to the small
pangle scattering, products are observed at large angles in ;t[;w
‘ythe center of mass system. This backward or rebound scattering

is associated with nearly head-on collisions between N2 and D2

‘in which the freed D atom receives a very large impulse.. This Tf
process 1is illustrated in Fig. 5b. Experiments in which we used
a wide range of primary ion energies showed that the cross

" section for formation of N2D+'at all angles decreases as the

'~ collision energy increases, but that the rebound process

R energy.

.. increases in importance relative to the stripping process. The . - =
- complete explanation for this is not obvious, but it may involve = i
the fact that the rebound process provides a mechanism by which ,J fy_

~" the 'internal energy of the product is kept below its dissociation;‘;,'-

Figure 4 shows us that N2D formed by the stripping process EE
has its greatest intensity right on the edge of the inner ji
.forbidden region of velocity ‘space. This means that such molecules
are internally excited almost to their dissooiation limit. Any_" .
'potential energy surface proposed for this reaction must be B
‘consistent with this observation. The detection of this high
product excitation is important not only in analysing the
reaction dynamics, but in predicting what the properties and -
eventual fate of the newly'formed N2D+ wlll be in.any complex 'f'l fl?sg
~reaction mixture. | | " .

Examination of the backward scattered products in Fig. 4 -
shows that thelr intensity peaks somewhat away from the inner.' .;:." :
forbildden reglon of velocity space. This‘showshthat<back~.;5ux:~' ‘
scattered,N2D+qis,excitedwinternallyuﬁbut has about 0.8 eV less' :



v .
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'internal énergy_than fhe forward sdatﬁéred NéD+;f The recdil7?{?‘ 
of the free D atom'wﬁich accompanles backscattering proVides
z.l-thé mechanism for lowering the excitation energy of N2D+. The’l?

quantitative difference in the excitation level of forWard'and_j
backward scattered products together with the angUlar vapiation3;!
of the intensities provide unique tests.for.any proposed .
potential energy surface. |

Besides formation.of N2D+, there are several other pOSsibleﬁif

results of a collision‘between~N; and Do. Some of these are

+ + . ' ' "‘, . . ‘ - .
Np #Dp =Ny +DF (6)

+ + Cen el T g
Npg#Dp=Np# D+ D -0 e (7)
N2 +. D2 .—'Nz + D + D ,:;.- o Lo | : (8) -
Mo+ SNt Dt 9y
e T P2 7N+ Dy | o

~The first two of these have been. observed by“Bailey and Vance,”
and at relative energles above about-3 eV, they compéte“witﬁ :
reactlion 1 to an important degree. ' Little 1s known of their
detailed dynamics, slnce it has not yet prdved possibie to
measure simultaneously the energy and anguiar'distribution of

‘

the products. =

—

We believe that we have observed processes (8) and (9) by‘i]'“‘

studying the energy distribution of N; scattered through small

angles. Figure 6 shows the "gpanslational energy spectrum" of
130 eV NZ scattered through small angles by Dz; The value of
Q for thils nonreactive scattering glves the relative kinetic

energy lost to internal excitation. We feel that the peak at:

o




16~ . UcRL-18193

"”ﬂ-9 eV results from an excitation of D2 to the 32 state, whichfg

"then dissoclates to atoms.

The ev1dence for this interpretation is admitted by some—:ffxﬁ

what eduivocal. The peak in question does not appear until the

' ’energy of Ng is high enough to dlssoclate Dz,*and as the energy '

~of N2 is increased, the Q value changes from -4.5 eV to -9 eV.

This suggests to us that upon approach of Ng, D2 is distorted

.‘to larger internuclear separations, and that through an electron ' '

_exchange process, the lowest triplet of D, is formed. The _,ﬁﬁf}tff

threshold for this excitation is 4.5 eV if the D2 is stretched

to large internuclear separation.  As the projectile velocitiesl5ﬂxifr

. are increased, the distortion has less time to occur, the sxnglet

ko triplet excitation becomes more vertical, and the energy losst.p;Tez

- spectrum peaks closer and closer to the vertical Q of -9 eV, as

is observed in Fig. 6. '
Another possible mechanism for dissociatlon is that N2D

Y

is formed by a stripping process, but finds itself with so mich 'f:

internal energy it dissociates to N2 + D. The N2 from such

~ events would appear near the peak found in Fig. 6. However, this

process 1s only possible at relatlve kinetlc energies above 8.4
eV, and the inelastic peak referred to ls observed relative
energies as low as 4.5 eV. Thus while it is possible for

reaction_followed by dissoclation to contribute to reaction 8"}

at high energies, it definitely'does'not do so at low energles. i

- There 1s a third possible cause for the inelastic peak
in Fig. 6. It is possible that N, 1s being excited to one of
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. \
3 i .

its upper electronlc states by collision with D2 The N;'does-’
have a series of electronically excitated states whose excitation-
. enerfles range from 1.1 to 8.0 eV, and these mlght be responsible‘
‘;or the contlnuous change in 'Q with increasing energy that we |
.'observe experimentally. However, we have not observed such
| energy lossesrin the scattering of N;‘by He, which suggests that
the phencmena we observe in the N; -pDz system 1is a consequence
of the energy'level’pattern of Dz, not NE. This argument~is

. not particularly‘convincing, and by no means conclusive, so

the matter remains uncertain for the present.

; is present

In Fig. 6 we also see that appreciable N
_between Q values of -2 and -4 eV. Some of the intensity is
merely from the low energy tail of qQur projectile beam, but the B
greater part of it. is. inelastically scattered N2. We have‘
observed similar inelastic scattering of Nt from H2 and belileve

1t is due to vibrational excitation of the target H2 or D2

molecules.,
" From the N; - D2 reactlion, we turn to the related process

One of the maps which.display the distribution of“NéH+ is shown,uﬁl
in Fig. 7. The detectable scattering 1s confined to small
(<30°) angles in the center of mass system, which' indicates
that the stripping model may be a gocd first approximation for
this system as well. 1In fact, the most probable velocity of

‘NZH is just about exactly the value calculated from the 1deal

B



 further inspection of the map of the N,H" distribution. While'f
_ ,gf>n3velocity,,which has a Q of -2,7 ev, a_great deal of product.

7" value of -2.5 eV corresponds to enough.internal energy to
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Zstripping.model.c The calculated velocity for stripped products,k%iiﬁ
;VlS indicated by the cross in Fig. 7.- This coincidence suggestsﬁ};Giﬁ
2,that the methyl- radical is completely oblivious to the hydrogen ifin1
c atom abstraction.v : : . e

- The superfiCiality of this conclusion is revealed by -
: ,the peak intensity does. appear very near the ideal stripping

'*ivintensity;appears at even more negative values of Q. A Q }f5

E)

”-_n,dlssoc1ate NZH if this energy were- all concentrated in the 1on.;QQQL;

'f The fact that we see substantlal product N2H in regions where

J';Q is more negative than -2 5 eV means that much of the internal
iGXCltatlon energy of the products must reside in the methyl '

group, for if all thils energy were concentrated in N2H s it

would surely dissociate and would not be detected. If Q is pt'?

equal to or more negative than -6.3 eV, there must be 3.8 eV
or more excitation energy in the methyl radical,: which corresponds K
to the dissociation energy of the carbon hydrogen bond. Thus :
~we expect that in the reglions where Q is less than -6, 3 eV, the.

"'methyl radial dissociates, and the actual reaction is

N2 + CH4 —'NéH + CH2 + H

At even higher relative energies, we have found evidence that
the methyl group fragments to CH and two hydrogen atoms. '
We can now understand Why we have been'unable‘to detect

product at large center of mass angles and speeds greatly
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different ffom the stripping veiocity(}»The évents which 1ead";-
tovlarge ahgle scatﬁering are the nearly héaq?on collisions -
which occur with much smaller frequency than the grazing colli-  f
sions which‘produce forward scattering"or stripping. In tﬁeée' “;”
head-on collisions, the interactlon is so violent that the |

methyl group will be'fragmented; and up to four particles

besides N,HT may be formed in the collisions. With this mahy ¥f;f '

2
particles leaving in any direction, the momentum and energy

conservation 1awé no ldnger confiﬁe the N2H+ to restricted
- regions of velocity space. Thus N2H+ formed from head-on
collisions will be spread thinly thréughout a very large regibn:
of velocity space, and will not be detected by ‘our device which!fx;
samples only very small regions at a time.

The reaction of Nj with CD4 is similar to its reaction

with CH, except that a very large isotope'effect occurs. At a

4
giyen prqjectile energy, N2D+ from CD4 is much less intense
ahd confined to much smaller scattering ahgles than is N2H+ ‘
from CH4. At 50 eV projectile ehefgy N2H+ may be 20 times more
intense than N2D+, and at higher projectile enérgies, the ratio -
becomes even larger. We have found equally large isotope
effects for the forward scattered or stripped products of

the reaction of Nj with H,, D,, and HD. Product ratios of
this magnitude cannot be explained by the usuél semiclassicalA”
treatmenﬁ of isotope effects. There does seem to be a simple
rational, however, which involves the kinetic energy of the

projectile relative to the abstracted atom. If the energy of
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;_the proaectile of mass M and laboratory velocity v -~ is

/2 M v2, its energy relative to a statlonary atom of mass m:

L is 1/2 mMv /(M +m), or m/(M + m) tlmes smaller. Thus at a

| ‘i_ given laboratory kinetic energy, a projectlle has greater energy |

. relative to a deuterium atom than to a hydrogen atom. If we

“ . compare the N2H+ and NéD* intensities formed in experiments = i

:1'performed at the same energy relative to the atom abstracted;;i
";'we'find that the_intensitiesvare nearly the same. This h°1d$?i
. for the reaotions'of N; with the isotopic hydrogen molecules ﬁf
‘as well as with CH4 and CD4..,The isotope effect for forward ;ﬂ
'jvscattering can be summarized by saying that the cross sectionftﬁaggﬂs'.
' for pick-up‘of H or D is the;same at a given energy_relative o
" to the atom abstracted, and:the‘cross section decreases as
Qgtthis energy increases.

Accordlng the the stripping model, the internal excitation Q;

. U of the product ion is- the sum of the exothermicity of

reaction W and the energy of the progectile relative to the: g j;hfff. L
atom abstracted E, | o

. o}
U=W+* Ea

Thus at a given value of the projectile energy relative to the

o abstracted atom,‘N2H+ and NZD*'formed by *the stripping process

i would have the same internal exc1tation.~ At a given laboratory , '
‘projectlle energy, however, E and U . would be greater for N2D than
‘for N2H » according to this stripping model. At some critical
projectile energy, U wiil exceed the dissociation energy for N2D+

but not for N,H'. At this point the stripping model predicts
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an infinife:isotope}effect, since N'2'D+ should dissociate beforej‘. -

detection. No such infinite effect is found, since the reactionsaﬂ

do not conform exactly to the ideal stripping model. The

measured velocities tell us that the products stabilize them-

selves by recoiling weakly off the freed atom. .It appears that

product intensity may be largely controlled by the requirement--_il“

. that through recoil, the incipient N2D+ or N2H+ must lower

its internal energy enough to be stable. At a given projectile QnQ ;w'
... energy this is always easier for N2H+, since it has started to

form with less internal energy due to the smaller‘Ez. Hence itﬁﬁ?if .

is formed preferentially. At the same value of Eg for both

isotopes, the stabilization problem is the same, and there 1s

no isotope effect. | |
Further support for the idea that the isotope effécts are.;iz
related to product internal excitation comes ffbm our obéer- -
vation that in the Ng-HD system, the isotope effect diminishes
greatly in magnitude and then inverts in sense as the product i
scaﬁtering angle increases. (Products scattered through large

.angles are less excited internally and thus the differences_in'gf

excitation between N2H+ and N2D+ do not influence the identity

of the products strongly.

The experiments whiqh I havé'described were among those
performed during the first year that'our apparatus‘was in
operation. . In thelcourse of these preliminary experiments we
have learned that seyeral simple hydroéen abstraction:reactions

proceed by a direct interaction rather than through a long-lived
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* collision compléxo7;Mést'Offthe‘productsiéfé'scattered'forWardT]‘."
‘.Abwith_very high internal excitation. Huge isotope effects areflf;;
possible,vand'the magnitude and sense of the isotope effecf ié f§j}_f

}‘a function of the scattefing angle. We have also observed a :f@fffgq

"' number of phenomena that we feel deserve more detailed study. ;i . -

”_N G

. These include inelastic nonreactive processes likevthebcollisibhai,gh

. .electronic excitation of atomic prqjeétile ions, and the

' -vibrational excitation of small molecules and molecule-ions.

' ‘In the areéa of chemical reactions, we intend to concentrate on -7

studying the dynamics of reactions of atomic ions like Ar+, O+;j””‘*'

+ .

R F+,-and H+ with diatomic molecuies. We eXpect that.' f¢~f;e)

. for the simpler systems, realistic potential energy sﬁrfaces fw'3f«7"ﬂ

. " will soon be calculated semiempirically, or as in the case off ?”.

"\ experimental reaction dynamics.

5VVH+-H2, ab initio. At that point,. it willibecome possible to;

5?,make‘tru1y meéningful comparisons4betweenﬂtheorétical and

()
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,Figure 3. Afcontour map in the center of mass cdordinate'system~.'
.of the intensity of N scattered from He. The quantity .-
" Q is the change in relative translational energy of

- the collision partners.
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Figure,h. A contour map in the center of mass coordinate'system

2

- reaction. The relative kinetic energy was 8.1 eV.

of the intensity.of N2D+ produét ffom thé NZ-D

' The shaded areas are regions of velocity space forbidden

© by energy conservation and product stabili%y.
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Figure 5.

before o during after

~

Schematic representatlon of reactlve collls1ons.
(a) A stripping process in which there is a grazing c011131on, and the traaectorles of the

N h01ety and the freed deuterium are little affected by reaction.

(b) ‘A rebound process in which the colllslon is nearly head-on, and freed D atom receives

a large impulse.
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Figure 6. The probablllty P(Q) of flndlng an N ion whlch has been scattered w1th relative_“;;.n S
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Figur.e.‘? . A contour map in the canter of mass coordiﬁate system of the
intensity of N,H' from the N)-CH, reaction. The initial
relative energy was 27.3 eV, the lab.oratory projectile
energy 75 eV. The sﬁlall cross at the intensity peak

locates.the velocity preiicted from the ideal stripping

mechanism.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use. of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








