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II. REACTIVE SCATTERING AT RELATIVE ENERGIES BELOW 3 eV
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Inorganic Materlals Research Division of the Lawrence Berkeley

Laboratory, and Department of Chemistry,
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ABSTRACT

The.reaction”Nf(Hz,H)NH+ has been investigated in the
range of initial relative energies from 0.79 to 2.8 eV.
Despiteltheldeep potential energy well (6 eV) associated
.with the symmetric NHZ+ molecule iOn,'the.reaction proceeds
predominately by a direct interaction mechanism at relative:

energies as low as 2 eV. Only when the initial relative

‘ energy is near or below 1 eV does a long-lived complex

mechanism appear to predominate. This behavior can be
rationalized in terms of the qualitative features of potential-
energy surfaces deduced for the system from an electronic

state correlation diagram.



A major goal of chemical kinetics is to elucidate the
relation of reactivity and reaction dynamics tb the known
electronic properties of reactants, producté, and intermediates.
This problem is particularly intriguing in the area of ion-
molecule reactions, since such systems frequently possess
several low-lying potential energy surfaéés, often of quite SN
different character, on which a reaction might'broceéd. In
order to be able to compare predictions of the nature of
reaction dynamics based on electronic state correlation
"diagrams and ab initio calculations with experimental results,

our laboratory has undertaken a series of investigations of

the detailed.dYnémics of the collisions of C', N*, 0%, and

Ne' with hydrogen.1°S

Previous work from this laboratory2 on the N+(H2,H)NH+
reaction was limited to initial relative_translationai energiés"’
ébove 2 eV. However, the electronic state correlatibn
diagram for this system suggests that the hature of the
reaction dynahics might undergo a substantialvchange as the
initial relative energy was lowered. In this paper, we
report expéfiméntal results that we have obtained in the low

energy regime, and discuss them in terms of the electronic

~state correlation diagram for the system.

-

Experimental

This is the first work from this laboratory which has
been performed with a new ion beam collision appafatus

specifically intended for use in the regime"qf low ion energies.
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As is the case for our older apparatus,§ the newer model
employs an electron impact ion source followed by a magnetic
momentum anaiyzer and lens system to produce, select, and/
focus an ion beam of known mass and energy. Tﬁe neutral
targef molecules were in this work cohtaihedbin a collision -
cell, and thus had an iéotropic velocity ‘distribution. The’
ion gun-collision cell combination is'mounted on a rofatable
table inside a large vacuum chémber. By rotating this table,
the éxperimenter can direct ions scattered’af:é désired'

angle into the detector; The detection train in this apparatu$
is fixed to one wall of the vacuum chambef, and consists of

a Wien filter velocity analyzer followed by a quadrupole
mass filter and a magnetic electron multiplier operated in
the pulse couﬁting mode. Data is recorded ét fixed 1aborat6fy
.scattering angles by stepping the;velocity anéiyzer through .
an appropriate range.' The data are reduced and‘usualiy
diéplayed as plots of the specific product intensity6
(Cartesian flux);ihvajvelocity coordinate system which has

its origin at the center-of-mass of the system. In what
follows,'the.individua1'components of the appafétus are
described in more detail. | |

The electron impact ion source consists of a small

'“cylindriéalvequipotential region surrounded by a tantalum

grid and mounting plate. Electrons emitted by an external

_tungsten filament are accelerated radially through the grid

into the cylindrical equipotential fegion where,théy ionize

the ambient gas. The entire assembly is surrounded by a



cylindrical electron reflector, so that electrons can make
more than one pass thropgh the idn source region. Ions are
drawn from the source axially through an aperture in the grid
mounting plate, and directly enter the lehé'system of the
momentum analyzer. | |

The magnetic momentum analyzer is of the 90° deflection
type with circular pole pieces so that second 6rder focusing
may be achieved. The radius of curvature of ions in the
field is _3'cm; and fhe overall flight path of ions through

the analyzer and its entrance and exit lens systems to the,:

collision center is approximately 22 cm. Mégnetic fields of =~

up to 4000 gauss can be produced by two coils of 250 turns

each that are energized by a current regulated power supply{v

The return yoke of the magnetic analyzer is a cylindrical can

which completely surrounds the pole pieces in mﬁch the same:'

way as in the magnet described'by Carette’and_‘Kerwin.7 As d '

result, there is virtually no magnetic field leakage from

the momentum analyzer region into other areas of the apparatus.

Ions which leave the momentum analyzer are rendered
into a parallel beam and decelerated to their kinetic energy

at ground potential by a three element lens based on the

designs'outlined by_Heddle.8 A set of vertical and horizontal

deflection plates are used to position the beam immediately -
lbefore it enters the collision fegion. -

The scattering cell is 3.2 cm in diameter, 6.5 cm high,
and has an exit slot 0.15 x 1.2 cm. The gas flow to the cell

was controlled by a Granville-Phillips need1§ va1ve, and the
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pressure was:determined by using a'capacitance'manometer,
making appropriate allowance for the conduCtence of the tubing
between the manometer and the cell. In the experiments reported
here, the scattering gas pressure was_apprOXimately 1 mtorr.

Velocity analysis of the product ions was perfdrmed by
using a croseed electric'and magnetic fields, device. The
magnetlc field was produced by two 225 turn. c01ls wound on
rectangular pole pieces of 4.5 cm length The retnrn yoke
of the electro-magnet was a mild steel box which completely
enclosed the pole pieces, much in the manner of the design
of the ion source momentum analyzer. Fields of up to 1000
gauss could be produced without causing detectanle stray
fields immediately outside the velocity filter. Ions were
protected from the return -and fringing fields of the pole .
pieces by mild steel tubes. |

‘A conventional Wien velocity filter employs a uniform
electric field perpendicular to the magnetic field, and is a
stigmatic defice'which focuses ione only_in'pianes perpendicular
' to the magnetic field. Our device uses .the curved electric..
field plates described by Leglerg.to produce a parabolic
electrostaticvpotential, and simultaneous focusing in the twe
directions perpendicular to the axis‘of the filter. In
'opefation,Vfixed values of the electric and magnetic fields
were employed, so that the filter passed ions of one velocity
only ‘The ion veIOC1ty spectrum was scanned by varylng the
potentlal of the filter with respect to ground  The resolutlon

was determlned by the virtual apertures formed at the entrance



and exit of the filter by the lens sysfems, and generally
amounted to 4% of the energy at which the ions passed
through the filter. The angular resolution of the system‘was-
detefmined by the same lens apertures, and was approximately

1.8° FWHM.

Results
Thirteen experiments were performed in which full

product velocity vector distributions were détermined.' The
results of Six of these are displayed invFig;:l, At 2.8 eV,
.the highest initial relative energy experiment;shown, the |
product distribution is clearly asymmetric, and the highest
intensity of NH®  occurs very close to the spectator strippihg
velocity. This result is consistent with asymmétric distri-‘
butionsvaUnd‘in'earlier work2 with a different apparatus,

and in the other experiments of comparable relative energy
performed wifh the‘present‘apbaratus. |

| As the'réSt of thé intensity maps in Fig._l show, when 
the initial relative energy is decfeased, the intensity peak:
broadens and moves to smaller barycentric velbcities._ The_
relative intehsity at the center-of-mass_velbtity and at'tﬁé;"
_ larger ang1e§ increases steadiiy. At the lowést.energy, .
0.79 eV, the distribution is quite symmetric, with the

intensity peak occurring at the center-of-mass velocity.

Discussion
As is well-known, a pfoduct velocity vector distribution

which is asymmetric about the +90° axis in the center-of-mass

“a




system indicates that the reacfion proceeds by a direct,
short-lived interaction in which the Coliisidn partners are
close for a time comparable to or less than a molecular
rotational period. It is clear from Fig. 1 that at relative
energies above 2 eV, the .N"L(I-{Z,H)NH'+ reacﬁions proceeds
by a direct interaction mechanism.

The situation at lower collision energies is potentially
more complicated, due to the increasing symmétry of the |
observed product distributions. A product distribution
"which is symmetric about the +90° axis is consistent with the
occurrence of a "long-lived" collision compléx_in'which the
collision partners are close to each other for a time which
is long compared to the characteristicvrbtationalaperiod.

The symmetry of the distribution results from the fact that
the strongly interacting collision complex may- decay to
ﬁroducts at a rotational phasé»which is apparently rahdomly
distributed with respect to the phase at the beginning ofb
the.interaction. While a symmetric product distribution is
consistent with the occurrence of a lohg-lived complex, iﬁ
does not necessarily indicate that such an eﬁténded inter-
action occurs. It is conceivable that a system may pbssessf
a potential energy surface which produces a highly symmetric
product distribution, even though all the reactive trajectories
are of the direct intéraction type. In additioh, slight
astmetries in the true product distribution cah‘be masked
by such effects as detector resolution and finite velocity

distributions of the reactants. These factors can be



particularly ‘important for endoergic reactiqns:where the
products may:bc confined by energy conservation to regions
very close”to_thg center-of-mass velocity. |

The distributions of Fig. 1 show an increasing degree
of syﬁmetry as the initial relatiye energy is lowered. Not
only does tﬁe intensity peak move toward the center-of-mass
velocity, the intensity contours at the infermediate»and
higher veloéities'become'more symmetric. This'behavior is
quite difféfent from that ascertained for the. O+(H2,H)OH+.,

. 3,4
reaction, ™’

and is very similar to that observed in a s tudy
of the C+(H2,H)CH+ .reaction.1 This suggests that at the |
lower energies, the N+(H2,H)NH+ reaction proceeds to an
increasing extent though a long-lived collision complex.
Because of»thevcoﬁsidefations expressed in the brevious‘
paragraph, this conclusion must be tempered with caution.
However, the marked departure of the intensity peak from the
spectator stripping location clearly indicates that a stronger
- coupling and energy exchange between all atoms occurs in many .
of the ;oliisions at lower energy. |

In view of the fact that the ground state of symmetriék
NH,"
 reactants and products,10 it 1is surprising'thatlthere is no

lies approximately 6 eV below the minimum energy of

evidence that the N+(H2,H)NH+ reaction proceeds by a long-
lived complex mechanism at relative energie5°ab6ve 2 eV.

This is particularly true when one considers that the product

distributions from the C+(H2,H)CH+ reaction1 show cpnsideréble
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symmetry at relative energies ‘as high as 3.5 eV, even though
this system has a potential energy well which is only 4.4 eV
deep. Thus our interpretation of the data fdrvthe Nf(Hz_,H)NH+

reaction is that while there is a substantial indication of

“the occurrence of a long-lived collision compléx mechanism at

relative energies near and below 1 eV, it remains to be

‘explained why this persistent complex is not in-evidencé at

 still higher energies.

The answer to this question lies in the details of the

potential energy surface which controls the reaction dynamics. - -

The salient featurés-of potential enérgy surfaces can often
be deduced by consideration of correlation diagrams which
connect the electronic states of reactants, intermediates,
and products. Construction of a correlation diagram for the-

N+(H2,H)NH+ reaction is facilitated by the results of ab initio__

calculations! 13 on NH, NH+, and NH2+, as wéll,as the

standard thermodynamic and spectroscopic information10 that
is available. 1In addition, the existence of a correlation

diagram1 for the C+-H2 system which is consistent with

experimental data and with ab initio calculaticnsl4 of the -

pbtential energy surfaces is very helpful, since the prOperties;‘

of some of the states of the 'N+—H2 system should be c1ose1y.
related to fhose of the C+-H2 system. | |
Figure 2 shows the correiation diagram for the N+—H2
system. Correlations are shown explicitly for Collihear (Cm&)
and isosceles (CZV) approaches of N' to HZ.J.The behavior of

the system for the more general CS conformations can be
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inferred by making appropriate alterations to the surfaces of
higher symmetry.

The collineér.approach of N+(3Pg) to Hz(lz;) gives rise

to 32- and 3H states of the collinear complex. The former

of these has, aside from the 1s and 2s electrons of

nitrogen, tWO’non-bonding atomic 2p electrons with parallel
spins, and two electrons iﬁ,a bonding orbital which covers all
three nuc;ei. The 1atter.has only one 2p non-bonding electfoﬁ,b

and three ¢ electrons, one of which is in“anfbrbital which-
is antibonding between the terminal atoms. ‘Thus the 32—

state is expected to lie lower than:- the 3H states, and must

3

~correlate to the products NH+(4Z') + H. The I states must f_

correlate to NH+(2H) and H. On the basis of their electronic
configurations, neither of these states is expected to have

"a deep potential energy well or a high potential barrier

between reactants and products. In fact, thé 3Z~ and 3II

2

_states of N*;H are related respectively to the ’ZH and "I

_ 2
‘states of the C+-H2 system by the addition of a non-bonding 

2pm  electron. Ab initio calculations on the’ C+-H2 system

"'show14

2

only a small (~0.5 eV) potential energyvﬁell for the

I state, and a small (~0.5 eV) activation énergy>barrier_‘:u
v for the 22  sta£e. Since these féatures can‘be expeéted foi
-bé largely preserved in the corresponding states of N+-H2, ‘
we can conclude that collinear or near collinear approaches

of N to H, offer the possibility of pfoduct formation at

any relative energy by a direct interaction mechanism.



Approach of N+(3Pg) to Hz(lz;) in the symmetric
triangular (CZV) geometry produces potential energy surfaces

3
%,

- the electron configuration of these asymptotic reactant

of Bz,_and SAZ symmetry. It is profitable to compare

surfaces with that of the 3B1 electronic ground state of

NHZ+ Apar;vfrom the 1s electrons of nitrogen, the

- configuration of this latter state is (2a1)2 (lbz)2 (Sal)1

(lbl)l. The 2al' and 1b2 orbitals have strong N-H bbndiﬁgv
properties, the 'lbl (m) orbital is of non-bonding character5'
- while the 3a1 orbital is somewhat bonding7of_1arge1y non-

bonding; depending on the HNH angle. On thefasymptotic
3B1 surface, the reactant configuration corresponds to (Zal)z

'(3a1)2 (1b1_)1 (4a1)1, in which the 'lb2 - bonding orbital of y

B
Ok , ‘ ' ' '
4a1 orbital. We expect, therefore, that as. N+ approaches -

':H on the '3B surface, the potentiai energy must first rise

2 1 _
rather steeply. This asymptotic- 3Bl- surface will eventually
_ 3 _ S : &

is empty, and one electron is in a strongly antibonding

attempt to cross the °B; surface which has the electron

configuratidn of the equilibrium ground state of NH2+, and

which correlétes in lowest order to the electron configuratipnv
of N(ZDj-and Hzf(ZE;). Becéuse these states are of the same
symmetfy, the crossing is avoided. Thus, afterihaving riseh; 
v_thé lowest adiabatic 381 .surface abfuptly drops as the
_;equiiibrium geometry of symmetric NHZ+ is ébproachéd.

3

The B1 surface of N+—H2 is'reléted to the 2A1

surface of C+-H2 by addition of a 1b; non-bonding electron.

‘The ab initio calculations of Liskow,.Bender, and Schaefer™?

11
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on the C+-H system show that the lowest ZAl surface in

5
fact has a barrier of approximately 3 eV ’béfore it drops to.

the potential well which corresponds to the equilibrium ground

state of ‘CH2+. The behavior of the 3B1

system should be very similar, and thué this state

surface of the

+
N -H,

does not offer a low energy path from the reactants to the
deep potential energy well of NH2+, ' | |
When vN+(3Pg) approaches HZ on the 3B2i surface, fhe
valence eléctron cohfiguration is (Zal)z‘(lbz)1 (Sal)2 (4a:)1.
Despite the presence bf three bonding electrons, this still
' corresponds to a highly excited configuration of NHZ+ near
- the geometry of the equilibrium ground stateiilThus it is
unlikely that on this 3B2 surface there aie'any deep wells-i
of the type that can give rise to ailong-lived>collision ccmpiei.t
, In the reactant region, the electron éonfiguration of thé*'-k
3A state of N+-H2 is (Zal)2 (1b2)1'(3a1)2 )1.

(lb1 Sincq :

2 _
there are no antibonding electrons present, and_only one of

~the lowest lying.bonding electrons is absent, it is likely -
that this state has, at least initially, a rather constant . .

potential energy as N* approaches H,. Support for this

conclusion comes from the observation that the 3Az state
‘ 2

of N'-H is related to the B2 state of _Cf-HZ by the'.ﬂ

‘ 2
‘addition of a hon-bonding lb1 eiectron; and calCulations14
- show that this 2B2 surface is flat at large C+-H2 separationS@iv

and rises as the equilibrium ground state geometry of CH2+

~is approached. There is no reason to believe that the ,3A2

state of N+—H2 will differ appreciably in its behavior.
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It is eV1dent that none of the three surfaces generated
by N* ( P ) and H ( pX ) offers a low energy path from reactants
to the deep‘ground state potential energy well of symmetric-

2+ when the system is constrained to szvgeometry. However,

an important change occurs when distortions to the more general

scalene triangular geometry (Cs) are-considered. The crossing
. ol

of the "A, and 3B surfaces which occurs for CZV geometry

2 7 1

-becomes avoided in the less symmetric conformations, since

in CS“ symmetry, both these states become g3A".. Consequently,

3A2-3A" reactant . surface has avallable:
to it an adlabatlc low energy path to the '3Bl-3A" ground

3 K I
AZ- A

a-system initially on the

state potentlal energy well of NH2 . Since the
3

‘part of the surface is flat, and the B1—3A” part drops in

energy as reactants approach, it is very unlikely that there
are any substantial potential barriers between reactants and

the NH2+vintermediate.*'A very similar situation exists in
the C+-H2 system,l where the crossing of thev‘zB2 and 2A1 states
becomes avoided in C symmetry, and opens a low energy path

to the CH2 1ntermed1ate As noted earller, the 3A2 and 3B

states of N+-H2 are related to the 2B2 and 2A1 states of

1

C+'-H2 by the addition of a non-bonding 1by electron, so the

similarities between these sets of surfaces in the two systems

should be quite marked.

If the distance between the two hydrogeh nuclei is regarded .
as fixed, the potential energy of the N* H2 system can be
represented in three dimensions as a function of two coordlnates

These can be taken to be R, the-dlstance from the center-of-mass
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of H2 to Nf, and 0, the angle between this direction and

the internuclear axis of HZ' When 6 1is equal to 1/2,

the system has CZV symmetry, and the 3AZ and 3B1 surfaces

can intersect and cross each other. For 9'§>ﬂ/2} thé inter-
sectibn is avoided, aﬁd there are upper and 1bwer 3A" surfaces. .
The latter connects the 3A2 - 3A" reéCtantslto th-e'SB1 - SA"
ground state potential well of NH2+.' Thus for a fixed |
separation of ihe hydrogen nuclei, the intersectidn of the

3 3

B1 - A" surfaces is of the conical type.

Conical intersections of potential energy surfaces have

been discussed by. several authors.ls-lg

In general, one

does not expect that such cones will be circular, but rathef; 

the variatibn of the potential energy in the dife;tions of

ithe two orthogonai coordinates will be different. In the

case at hand, if the potential energy of the system is not .  '

particularly sensitive to the value of 6, the Splitting |

between the upper and lower 3A" surfaces will not increase

rapidly as ‘6 departs from =/2, and the interior anglé of

the cones ih this direction will be large. However, if the

- slopes of the 3Bl'and 3Az,surfaces with respect to Variations“

in R are quite different, the interior ang1e df'the éone_" : ,; AN

in this diretfion‘will be rather small. | o |
| The analysis of Teller15 demonstrates ﬁow the propértie$

7of a conica1 interséction can affect the behafior of a dynamicai_:

‘sjstem. In the limit of low initial relative velocity, thé |

system moving on the lower surface will in general avoid the "

region of the apex of the cone, where the separation of the
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two surfaces +is small and vanishing. As a’coﬁsequence, it
will most often,behave adiabatically and rehain on the lower
of the two surfaces. A system with higher initial relative
energy can visit the region near the conical iﬁtersection.

As a éonsequence of the small separatibn betweén the surfaces
and the finité nuclear velocity, there may be_é considerable
probability that the system will make a traﬁsifion to the

upper branch of the cone. The probability of a transition

'will be large»if the conical intersection is such that the

two surfaces are close for a substantial range of the coordinate

8, but separate rapidly as R 1is changed. Ih'the N+-H2

system, such diabatic behavior at higher velocity will result

in product formation by a direct interaction mechanism, just

as 1is obsetved éxperimentally. In the 1limit of low velocities,

3 3

almost all systems initially on the vAZ- A" surface will -

behave adiabatically, visit the 3A"-3B1 potential energy well,
and display the characteristics of a long-lived collision
complex. This too is consistent with experimental observatibhs;

The potential energy surfaces of the N+?H2 system, as

far as they can be deduced from electronic state correlation

;diagrams, offer an explanation of why the N+(H2,H)NH+ reactiph

proceeds by a direct interaction mechanism at initial relative

energies that are considerably less than the maximum potential

energy well depth. The same features of the potential surfaces

also provide an‘explanation of why indications of a long-lived

complex mechanism are observed in experiments performed at
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the lowest relative énergies.' The validity of these explanations
can pefhaps best be assessed by an accurate calculation of

the surfaces in the vicinity of the 3B1-3A2 ‘cbnicallinter¥
section, and én examination of the computedfdyhamics oﬁ thesé_

- surfaces at several initial relative energies.

vAcknowledgement: This work was supported by the U. S. Atomic

Energy Commission.
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Figure Captions

Figure 1. Intensity contour maps of the Velocity'vectof
distribution of NH' from the‘N+(H2,H)NH+ reaction at six
initial relative energies. The quantity plotted is the
specific intensity of pfoduct (Carfesianvflux) on a
coordinate system whose origin is the.center-of-mass
vélocify of the system. The zerovanglé is taken as the
original directioh of the N' projectilg; the that as
the initial relative .energy is lowered, fhé‘maximum
inteﬁsity moves from the spectator stripping vélécity
(mérked by a small cross) towafd the centféid velocity;
and the.symmétry of the distributions wifh respect to

the +90° axis increases.:

Figure 2. An éleCtronic state correlatién diégram for the iow
lying Surfaces of the N' - H, .SYStem;.,Atbthe farbrighf,.
a collinear apﬁrdaéh of N° to H, . is assumed. At tﬁe -
far iéft, N* approaches Hé along the perpendicularv |
bisector of the hydrogen molecule. »Sufface Crossings
- that are avoided in C,, symmetry are_indicated by..
straight dashed lines. Surface croééings fhat become
-avoided in ‘CS symmetry are indicated bf'éurVed dashed _"

lines.
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