A

J

/,
Submitted to Journal of Chemical Physics UCRL-20374
Preprint
e. 2
kECEIVED
PEVIRERCE
phifa it L SR ATORY
SURURINIRENIL
¥ fima Y AND
i DOCUMENTS SECTION

DYNAMICS OF THE REACTION OF Nt wiTH H2

E. A. Gislason, Bruce H. Mahan, Chi-wing Tsao
and Arthur S. Werner

"‘November 1970

AEC Contract No. W-7405-eng-48

4 )

TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545
- J

B |

€0¢2-T¥aoN

LAWRENCE RADIATION LABORATORY _ ¢

-\ UNIVERSITY of CALIFORNIA BERKELEY M
A
Y



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



-1- © UCRL-20371

Dynamics of the Reaction of N' with H,.

E. A. Gislason, Bruce H. Mahan, Chi-wing Tsao,
| and Arthur S. Werner

Inorganic Materials Research Division of the Lawrence

Radiation Laboratory and Department of Chemistry,
University of California, Berkeley, California.

The reaction N'(H,,H)NH' has been investigated
by measuring the velocity vector distribution of
product ions formed when a collimated, mass anaiyéed

beam of reactant ions impinges on a target gas. In

-the 2.5-8.1 eV range of initial relative energies,

the reaction proceeds by a direct interaction
mechanism with predominant forward scattering. The
forward scattered NH+ is more excited internally

than would be expectéd from the spectator stripping
model, and the internal excitation mérkedly decreases
as the scattering angle increases. There is evidence
that at initial relative energies below 4 eV, the
principal product is NHT in the §_4Z_ state, while at
2

initial relative energies above 6.5 ev; the X °II

state of NH' is formed predominantly.
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-Investigationsl;s.of the energy and -angular distributions

of'the products df'the exdthermic atom transfer reactions

+ 4 ‘ -
Ny +D, —N;D +D )
art + D, -'Aer + D . (2)-

have sﬁdWh that over a wide range‘of ihitial }elative trans-
1afi0ndl enérgies, tﬁesé’procéssés'occur by é direét orn
impulsiVe interaction méchanism in which the pfoducts'are
prédominantly scatﬁered-infthe forward, orvgmall angle region
of'the_felative velocity Qeéfof spgce. Indeed, despite the
differénces in moiecﬁlar complexityvand thermodyndmics'of
these reactions, the’N2D+ and_Aer3veldcity vector distribu-

- tions aré very similar.. In ofdgr_to asseés éhe sénsitivity
of,ionfmolecule.reactivé séatperihg measurements to such
'properties of a }eaction suCh_as-éxothermicity{ it seemed to
us. appropriate and vg1uab1e té inVestigate the'dynamic‘ ofr
a_feaction,whiCh‘hgd énergeticsvsignifiCahtly different from .

those of reactions (1) and (2).. Accordingly, we report here

our measurements of the velocity vector distributions of Nyt

formed by reaction of v (3p) with H, -

EXPERIMENTAL

The instrument used in this work consists of a magnetic-
maés spectrometer for preparation‘df~a collimated beam of
primary iéns of Known mass and eneréy, a scattering cell to
contain the target gas,-aﬁd an ion detection train made u§

of an electrostatic.energy analyzer, a quadfupole mass filter,

il
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and an ibn-counter. The detector compbnents and the exit
aperture of the scattering cell are mounted bn a rotatable
1id which permits simultaneous-angular and energy measurements
on the ion products. The majof components of the apparatus
have been described in détail.previOusly.3 In all important
respects, the constitution and operation of the apparatus
and the data acquisition and reduction techniques were the
same as we used in earlier work.

The NT ions were produced by impact of 50-100 eV electrons

2
showed6 inelastic features which could be assigned to

on N,. Examination of N' which had been scattered by He

collision induced electronic transitions of N+ from its ground
state (SP) to its first excited 3D state. Some evidence of

the présence of N* (SS) was found in an inelastic feature

3D) for which the transition
(3P —»Ss).

which was best assigned as N+(58-*
energy is 5.59 eV. However, the transition N+
involving ground‘state N+ requires only 5.85 eV, and may be

at least partly responsible for what we measure as a 5.7 T 0.1

eV transition. While some N+(58) may have been present, the

reactive scattering measurements (vide infra) gave no evidence
of the ektremely exdthermic reactions of this ion. No
evidence of other excited states of N+ was found. Thus, most
if not all N* in the momentum analyzed beam was in its elec-

tronic ground'state.
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RESULTS

Twelve experiments were performed in which the Qelocity
spectrdmbofﬁthe product ions in the initial direction of the
ion beam”Was measured.. In general, these velocity epectra
ehow an intensefNH+'peak with a velocity greater than that of
the center of mass, and a second less intense peak at a
velocity iess than.that ofethe.oenterlof’mass. The locations
and intensities of these'peaks are'given in Table I.

In'tw0'eXperiments,]complete veiocity.vector distributions
were measured, and contour maps giving the speoific product
intensity in arbitrary units as a function of the speed and
the‘scattering angle in the.center of mass coordinate system.
Since the.qUalitative featufes_of botn maps were quite similar,
only one is shown in Fig. 1,-;Differentia1 cross sections in
the center of mass system were.computed from these maps.
Although the resolution in the center of mass system is only
40°, it’waé'clear that the differential cross sections are
strongly peaked in the forward or small direction, and essen-
tially constant at angles greater than 80 " There is relatively
less forward scattering at 5.01 eV than at 3.98 eV relative
energy, whloh indicates that the product angular distributions

are broadened at high energles.

DISCUSSION

The reaction ' |
N'f + Hy, = Nat + 1 - (3)

‘has apparently been investigated only once before. Using a
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flowing afterglow technique, Fehsenfeld, Schmeltekopf, and

7 9

Ferguson' found a rate constant of 0.56 %X 10~ ° cc/sec at 300°K,

which is between two and three times smaller than the value

calculated from the Langenin polarization model.8 In our own

work on this reaction, wé have observed qualitatively that the

Cross sectipn is noticeably smaller than those of the

Ng(Dz,D)NZD+ and Ar+(D2,D)ArD+ reactions, which is consistent
v _ . ;

with the finding of Fehsenfeld et al. for the thermal rate

constant.
The energetics of the N+—H2 reaction are rather uncertain.

Recently Liu and Verhaegen9 have discussed the bond energies

and term values for CH and NH+, and reported an LCAO-MO-SCF

calculation which gives 3.39 eV as the NH+ bond energy. This
value is very probably cloée to being cérrect, but 1is if
anything too small, since it leads to the conclusion that the
N-+—H2 reaction is 0.15 eV endothermic. This is inconsistent

7 which

with the rate constant measuredvby Fehsenfeld §E~il;’
would.allow at most 0.05 eV endothermicity. Another estimate9
of D(NH+) based bn approximate experimental values of the
ionization potential and dissociation energy of NH is 3.7 eV,

which would make the N+—H reaction 0.15 eV exothermic. Since

2
the exact'value of the bond energy is unknown, we will assume
for the purposes of discussion that it is equal to the mean

of these two estimates, or 3.55 eV. This leads to a value

of zero for AES, which 1is equal'to the approximate upper limit
consistent with the measured rate constant. As we show subse—_

quently the velocity vector distribution of NH' also is con-

. . ‘ o}
sistent with a near zero value: for AEO-
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The -NH+ ion has several low-lying electronic states which
can'be"reached at the'energiesﬁinVo;ved-invtheSG experiments.

The locations of these states and the nature. their adiabatic

EY

dissociation products are iﬁdicated‘by the approximate
potentiél.energy cur_'vés9 in_Fig._Z. bThéSe data allow us to
estimate the limits of Q, the.change;in.the relative kinetic
>energy which can accompany productiop_of each electronic state.
We have | v' - |

Q= -85 - U
where U is the internal (Vibfatiénal ahd'rotationai)>excitation
of NH+nin'a particular‘electronié'staté-whbse’fbrmatiOn from

N+

and H2 is acCompaniéd by an energy éhange'of-AEg.',The 1§wer
limit for U is_zero; and the uﬁﬁer 1imit is the dissociation
energy . D of the~particu1ar'electrbniC'state involved. Thus
-0E] - D QS ;AEg

Table II gives the limits ova for the five accessible bound
electronic states of NH'. L |

The intensity data giveﬁ infTabie I and the intensity
contour map in Fig. 1 show that over the range.of-ihitial
relative energies‘from.?.SZ_to.8,18 eV'there ié‘nQ symmetfy
in the product distributionvabéut,the t9o5 line in the
barycentric.coqrdinaté.systeﬁ. Thué, despite the fact that
NH; is a known staple gasedus ion, ﬁhe N+~H2>reacti0n proceeds
fhrough a collision intermediate which:exists for less than a
rotational period, at least in this higher énergy regime. In’

10

thisirespect it is very much like the CO+—H2vreaction, which
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also proceeds by a direct interaction, even though H2€O+ is
a strongly bound ion.
It is also of interest to contrast the N'(H,,H)NH' with

the OZ(DZ,D)Dog reaction which has been investigated in our

1aboratory.l1 The latter is an endothermic reaction in which

the collision intermediate Dzog is bound by 4.6 eV with respect
to product asymptotic states, and 2.6 eV with respect to
asymptotic reactant states. The formatidn of Dog proceeds

via a long-lived collision complex when the initial relative
energy is 1ess than 5 eV, which corresponds to the collision
complex’having up to'S eV in excess of the 4.6 eV necessary

to dissociate to products. In the N+—H2 system at our lowest
relative energy the NH;.collision intermediafe has on1y12.5 eV
internal energy in excgss of the approximately 6 eV needed to
dissociate to NH+ + H, and yet does not exist for as much as

a . rotational period. These observations suggest the following
tentative hypothésis. The existence of a deep well in the

potential energy surface is not a sufficient condition for

the occurrence of a long-lived .collision complex as the dominant

feature of the reaction djnamics. It is apparently necessary
fbr direct interactions such as spectator stripping which
have intrinsically large cross sectlons to be blocked by energy
requirements such as those discussed11 in connection with the
O;(DZ,D)Dog-reaction. |

Having ascertained the direct nature of the ihtéraction
which leads to reaction, it is of intercst to see how clearly

the final relative energy of the products lies to the predictions
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of the ﬁrimitive Spectator stripping model. ‘This‘comparison
isﬁmade‘in'Fig. 3, where‘the”Q”values measured at the intense
‘forward.peak are plotted as a functionyof the initial
energy. o |

It. is.clear that atball 1n1t1a1 relative energies, the
experimental Q value 1s more negative, and hence the products
are more 1nternally exicted than ‘the predictlons of the

spectator strlpplng model. Once again_a_resemblance to the

cot —Hz reaction is ev1dent, since this reaction also shows

Q values more negative than the spectator stripping predictions'

in the range of initial relative energjes from 2 to 5.5 eV.
Evidently the features of the potential energy surfaces which
'arise from the strongly bound NH2 or HZCO in their equilibrium
configurations also influence the coupling betWeen the atoms
in the highly distorted configurations which occur in'reaction
by direct interaction, andvmore nearly bring about equilibra-
tion of energy between‘internal and translational modes of
the products

While Fig. 3 shows that the experimental values of Q
decrease approximately linearly as the 1n1tia1 relative energy
increases from 2.5 to 4 eV, a break in the curve occurS“from
4 to 6.5 eV. .The‘occurrence ofﬂthis break at a value of Q of
approximately —3.5 ev sUggests.that this phenomenon is asso-
ciated with the fact that the a’s™ state of NH' is unstable
with respect to dissociation for @ = ;3.5 ev. If 342— were

the only state of NH+ formed at initial relative energies below

~



-9~ © UCRL-20371

6.5 eV,‘products would be observed only if they received suffi-
cient acceleration to-have Q z -3.5 eV. On thé bther hand, if
the X2H sﬁate of NH+ were formed exclusively, Q could go asg

low as ;4.48 eV before NH® became unstable, assuming that NH+
dissociates adiabatically. The form of the curve in Fig. 3
suggests that initial relative energies below 6.5 eV, NH+(942—)
~is the prinéipal reaction product, ahd.that between 6.5 eV and

2H state is formed predominately.

8.1 eV, thé X
Figure-l, the contour map of scattéred intensity, shows
that virtually all NH+'is'enclosed by a circle.which;corresponds
to Q = O.G‘éV; This sﬁrongly suggests that the maximum Q, and

hence ~AE2, is less than 0.6 eV, since moﬁion of ﬁhe target
gas and finite apparatus resolution generally cause inténsity
to appear in regions which correspond to Q values greater than
the calculated upper limit. Thus the scattering data are
consistent with the earlier estimate that AEg = 0.

In Fig. 1 it is cleaf'thatvconsiderable product intensity
lies at values of Q less than -3.5 eV, the most negative value
at which the 2%2— state is stable. Some of this intensity m=y
be contributed by any Nt which'is formed‘in the XZH state.
‘However, intensity in this region is by no means proof thaf
X2H molecﬁles are being'formed. It can all be simply explained
as a consequence of target gas motion, detector fesolution, |
~and primary ion beam width. Similar'effeCts have been found in
our investigatibns of the Ar+—D2 and Ng-D2 reactions, wheré the

products do not have low lying excited electronic states.
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Figure 1 also shows particular1y ciearly that the most
probable value of @ for the‘products is a Strong function of
scattering angle{' Sméll'impaét parameter collisions which

are responsible for 1arge'angle.scattering lead to NH+ which

has 1.7 eV less internal energy than .the Nut produced by grazing

colliéions. Table Ifshows that this,qualitative difference
in Q for forward and back scattered products persists over
| virtually the entlre range of initial relative collision
'energles. Only at the 1owest 1n1t1a1 relative energy that a
back scattered peak can be clearly discerned are the values of
-Q for forward and back sdattered products similar. The.
increase in Q with inéreasing écattering:angle has élso been
observed in the_N;—D2 and Ar+—D2_systems, although in much
less extreme form.
SUMMAFYi

The reaction N'(H,,H)NH' shows kinematics which are
notabiy different from thosevof any other ion-molecule reaction
studied by the ion beam technique. In the 2.5-8.1 eV range
vof ihitial relative energies, the réaCtion proceeds by a direct
interaction mechanism, with predominant forﬁard scattering.
-No evidenée'of a'pérsisﬁent coliision coﬁplex was found,
despite the consideiable thermodynamic stability of NHg. The
total reaction cross section is smaller and the angular disﬁri-
butioh is 1eSs sharply fofward'peaked fhan thevproduct distri-
butlons for the N2 -D, and Ar —D2 reactlons The forward

2
'scattered.NH is more excited Jnternally than would be expe<ted




-11- o  UCRL-20371

from thé spectator stripping model, showing that there is
some‘coupling of all atoms even in the higher energy grazing
collisions. The product internal energy decreases as the“
scattering'angle,increaseé. The dependence of the mbst
probably internal energy of forward scattered products on the
initial relative énergy'suggests that below 4 eV initial rela-

tive energy, the principal product is NH+(§4Z—) while above
2

6.5 eV, the X"II state of NH+ predominates. This appears to

be the first evidence obtained by scattering techniques of
the formation of more than one electronic state of product

molecules in a chemical reaction.

Acknowledgement.- This work was supported by the U. S.
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Table I. Energy and Intensity of Forward

and Backward Scattering.

6 = 0° 6 = 180° o

E_ Vo Fra . - e ; Ioe/Tig00
o} O

20.14 16.7 2.52 (0.923) (-1.7)€ - - -
30.09 20.4 3.76  0.923  -2.59 (0.825) (-2.50) 6
31.84 20.96 3.98  0.927  -2.50 0.820 = -2.38 5.3
35.36 22.1  4.42 0.926.  -2.83 - -
40.09 23.5 5.01 0.923 . -3.43 0.806  -1.73
45.05 24.9 5.83 0.924 -3.70 0.807 -2.10
49.80 26.2 = 6.22 0.929 -3.70 - - -
50.09 26.3 6.26 0.932 -3.50 0.805 -2.29 12
53.39 27.1  6.67 0.931 -3.76 0.809 -2.5 7.7
56.61 27.9 T7.08 . 0.932 -4.04 (0.807) (-2.65) 6.9
60.16 28.8 7.52  0.931  -4.31 0.807 -2.53 4.2
65.41 30.0 8.18 0.934 -4.27 - - -
a. Ratio of product velocity at intensity maximum to initial

- projectile velocity. For the spectator stripping model,

V/V, = 0.933.
Arbitrary unite.

Location of the peak quite uncertain.
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Table IT

Energies (eV) for NHT

e

, s ' a o ' N
State Diss. Prqqucts D AR .Qmin' Qmax

(o]

a%™ w'(%s), ¥t 355 o0.04 -3.

A 5T nt°p), ¥ 1.83 2.67 -4.

c % Nt (1p), = 2.11 4.28  -6.

X én N (°P), H L 4.50 0 -4,

B “a N(%p), ut 2.61 2.81 -5.

59  -0.04
50 -2.67
42 -2.81

39 -4.28

a. Dissociation energy of state.
b. Energy change of N+(H2,H)NH+'reaction

state.

for given

3
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Fig. 1.

Fig. 2.

Fig. 3.
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- Figure Captions'

Contour map of the specific intensity of NH' plotted

in the center of mass coordinate system. The small

" circles locate the positions of the intensity maxima

found in scans of the angular distribution. Forma-

tion of the %5~ state is forbidden inside the circle

"marked Q = -3.6 eV. The circlé marked Q = 0.6 eV

is a reasonable upper limit for the velocity of‘ NH+

with no internal excitation.

Qualitative potential energy curves for the low lying
states of NH+; Energies at potential minima and at
asymptotes.are placed relative to each other according

to the expérimental data in reference 9 and the

~assumption of a 3.55 eV dissociation energy for the
4 |

>~ state.

The relétive kinetic energy change Q for the peak

intensity at 0° in the center of mass system plotted

as a function of initial laboratory energy of the N

‘projectile.--Themuncertainty in each value of Q is

approximately 0.2 ev.
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