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EXECUTIVE SUMMARY

The need for propellants capable of delivering Isp's of 600 seconds or better has led
to an investigation into high energy density molecules. Such species may derive their
energy from electronic excitation and metastability, unusual bonding situations, or from
high energy ground states. The Air Force is currently sponsoring research in this area
through the AF Astronautics Laboratory, the AF Office of Scientific Research, and the
AF Aero Propulsion Laboratory. A Technical Panel*, funded by AFOSR, administered by
Dr Joseph Early of Georgetown University and chaired by Dr William Stwalley from the
University of lowa provided guidance in proposal selection and insight in the form of peer
review to the Air Force Steering Group. The work involves both theoretical and
experimental investigations and some of the nations leading research teams. In order to
derive synergistic benefits from the two types of research, the first annual High Energy
, Density Matter Contractors Conference was held in May 1987.

O Technical issues facing the researchers include formation mechanisms, the amount
‘ of energy stored vs the molecular weight of the reaction products, duration of the energy
storage (lifetime), methods of stabilization and storage, novel bonding structures, and
decay mechanisms. The work can be loosely grouped under the following categories:

screening; bonding and reaction studies; theory verification and specie characterization;
and feasibility/stability demonstration. Theorists are performing quantum mechanical

a calculations to determine energy states and predict possible decomposition pathways.
‘: Experiments are underway to verify theory, characterize species, and investigate
: stability. Several of the important conclusions presented at this meeting are reported
’ here.

;2 An energetic stable state of H4 had been predicted by Nicolaides in his maximum
::% jonicity excited states (MIES) theory. Initial studies showed that an energy minimum
r.‘f" existed in the ground state and first excited state of the proposed molecule. After

extensive investigation, the ground state of tetrahydrogen (H4) was found to be an
unbound saddle point. This was confirmed independently by the groups from UC Berkeley
(Lester), Unitéd Technologies Research Center (Michels), and the US Army Ballistic
Research Laboratory (Lengsfeld). Two other MIES candidates, HLi3 and the excited state
of Ha, still show promise of stability and high energy content. s

Several groups reported on powerful new computational methods developed to
investigate energy configurations. Their almost simultaneous independent findings on H4
lend great credence to the concept of "theoretical experiments" being done on
supercomputers. The new computational tools allow investigators to quickly and

»
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accurately pred'ct the potential stability of a candidate system before it is prepared in
the laboratory. Once a stable state is identified, formation and decomposition pathways
can also be calculated. This greatly reduces the time and risk involved with laboratory
experiments on the species.
Michels reported calculations on a new energetic oxidizer predicted to be stable in
the ground state. This compound, asymmetric dinitrogen dioxide (a-N202), is an analogue
. of fluorine azide (FN3) and is predicted to be a cryogenic solid.
Benard reported that FN3 can be viewed as a loosely bound complex of N2 and the
metastable excited singlet NF. He found that by using FN3 as a starting material, one
¢ can generate high concentrations of the excited singlet NF, a short wavelength laser
species.

C

Yarkony presented a recently developed algorithm for treating spin interactions in

g

the computation of radiative lifetimes. This method enables previously untenable

———
PR

calculations to be performed which help predict the lifetimes of candidate species.
Helm reported on a newly developed technique for experimentally observing high

Rydberg states. This rather elegant method is used to precisely characterize the energy

-

surfaces of candidate molecules.

These items represent some of the positive results gained in the first year of work
by the initial HEDM investigators. There are now over twice as many efforts underway,
expanding our view into new theoretical and experimental approaches. While our main
objective is to identify and develop new high energy density molecules, it is important to
note that we are also advancing the state of the art in chemistry and chemical physics.

#The Steering Group has established @ Technical Panel to consult on the scientific
merit of proposals and to provide peer group review of technical progress as research
investigations proceed. Dr William Stwalley, University of lowa, a noted specialist in both
chemistry and physics chairs the Panel. Other Panel members are:

Dr Charles F. Bender Advanced Computational Methods Center, Athens, GA
. Dr William Happer Princeton University

Dr M. Frederick Hawthorne UCLA

Dr Ron R. Herm Aerospace Corporation, Los Angeles, CA

Dr Marilyn Jacox National Bureau of Standards

Dr Lewis H. Nosanow National Science Foundation

Dr Isaac Silvera Harvard University
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Tovards Understanding the Stability of the H“*(C3v) Cluster

e e S

A. Metropoulos and C.A. Nicolaides

' Theoretical and Physical Chemistry Institute,
National Hellenic Research Foundation, Athens, Greece

: As a first attempt to study the stability of the H,*(C, ) cluster
y we have used the MRD-CI methods and a medium size basis set to
calculate various sections of the potential energy surfaces of its
groundland irst exciteg staies. Ve show that these correlate to
the (XL *X'L *) and (X' "B'L *) states of the two H

constituénts gespectivelyg Finally, wve report on the“calculation

¥ of the diabatic matrix elements of the vibronic interaction in the
o region of the avoided crossing which is crucial to the stability
K of H *.
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H4 EXCIMER

A. Metropoulos and C.A. Nicolaides

Theoretical and Physical Chemistry Institute
National Hellenic Research Foundation

L8 Vas. Constantinou Ave., Athens 11635, Greece

HISTORICAL PERSPECTIVE

In our instituté there has been a long standing eampnasis on
the study of atomic and molecular excited states. WiIthin ths
course of these studies, it was decided in 1982 to compute the

System

low 1lying excited states of the He-Hz-Awith the objective of
dcing dyhamics on these surfaces. The idea was to do more
accurate calculations than those reported in the literature /1/
and to map a wider portion of the hypersurface including tre H-X
stretch and a 45 © section. What was expected was tne
construction of accurate ground and excited states van der Waals
surfaces for energy transfer calculations. In the course of ‘the
investigation it became -evident that for a 1long enougnh H-E
distance (4.0Obonr) and a A5‘>angle there was a non-van der Waals

minimum of about 1.52 eV with respect to He + H The

1.

corresponding He—H1 distance was about 1.5 bohr, or, elise, the

closest He-H distance was 1.41 ©bohr. In this stable geometry
' “*

there 1is an avoided crossing between the He+H2(B Zw excited and

1
the He*Hl(X 25) ground states as the H-H distance varies /2/ (not

18




{

present in colinear or Cgv geometries).. iguire 1 shcws  the
potentials of the gréund and the irsy excizel states rnear the
minimum. The existence of such an avoided crossing has explained
for the first time the observed fluorescencs quenching of HD /3/
very satisfactorily. The discovery of a gzcmetry for HeH& with a
chemical minimum gave rise to the so called maximum ionicity
excited state (MIES) theory as a means of explaining thre
existence of such a minimum in terms of gszneral chenlcal
features. The impetus for such a theory was the fact that the
‘et
H&(B Z;¢) state is ionic at intermediate H-¥ distances with the
maximum lonicity occuring at 4.0 bonr/L/. Taus, as He approaches

»
H, the H-H bond stretches close to the maxinmuz ionicity 1imit

2

.
s - . - - - -
which favors energy reduction through small overla:z between H
. ; . iy - Lor ,
and He and a large Coulomb interaction between H and He.

Support for this model comes from the fact that the equilibriunm
. + . . . .. :
distance of the HeH wmolecular ion is 1.44 bonr/15/ which is very
close to the closest He-H distance at the equilibrium geomeiry.
Extending this wmodel of bonding to larzer systexs of

interacting singlet, closed shell moieties,

O
81
7
O

an ma<ie very
theor
useful predictions of approximate "stable" geomezries of, excized
9¢
179

o
as follows. An excited state of clusters, szy  (4ABCD) ,

surfaces. Taking H, as an example, this scheme can be described

correlating with the fragments (AB)+(CD) , is thought of as

.
-3
o3
)

occuring by an interaction of the tyre (AERC) +0

»*
geometry of the bound (ABCD) compiex is ottainai fronm
)+

o
jo o
D

geometry of (ABC y and by placing D a distances Tron C a2t whizna
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2 jonic VB structures have a maximum contribution to the wave
» -
function of the (CD) fragment. For gk’ the geome:ry of the

i positive ion, H;, is an equilateral triangle with side o 1.65

‘

‘i boar /5/. The fourth H atom is then placed atove the centre of

. the triangle at a distance of about 4.0 Bear, which Is the .
R : s 5 : :

b maximum ioqc1ty distance of the B ZLuw state of dl /4/. Figure 2

:S shows the relevant geometry and the coordinate system usec. The .
- MIES prediction on H: was supported by the results of MRD-CI

éz calculations, which gave a minizum at the triangle side of 1.70

§ bohr and a distance of 3.8 bohr from the centre of the triangle

‘: for the fourth H /6/. The calculazions were dcne in Cg syzmetry

}

i and figure 3 shows the potentials of the twc lowest A' states I:r

3 various lergths of the side of the equilateral triangular Dbase.

: Notice that while work on the H#_ excimer has been done by other

:K workers for various gecometries /7/, the appliication of the MIES

& schemse has lead directly to a pyramidal geometry as the miniazun

!1 energy geometry for the H# excimer. All previous considered

}‘ geometries lead only to saddle points of the E.*hypersurface /8/.

} [

FURTHEZR INVESTIGATICYN OF THE HL EXCIMER .

S e

After the MIES theory had been succesfully tested /6/, it

W

was decided to investigate more accurately the Hl, excimer state
o M

4 because we needed its <character and 1its accurate wavelunctions

Y and surfaces. As previously, the MRI-CI method /9/ was encloyed

and the calculations were dcne in C

s sSymmeiry, due tc progran

20
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:, limitations, bu* now a larger btasis s2t was us2i /13/. Jur
* '

N attention was Zocusaed on the fcllowing: a, Ctialinm mcore accurate
L)

L]

)

! surfaces and wavefuncticns wnils maintalining the ij, gecmetry.
N * b) Use these wavefunczions tc oZzain ths ncn-adiatati: matirix
y elements of the wvibtrenic interzction in the wicininy <7 the
!‘.

i 1

: avoided crossing, assuming all motions Irczen exceri tre cne

N along R (see fig. 2). c¢) Verify taa® the first twc ~A' stz-es cof
W % 14+ 12zr 1<+ 1 &+

M H correlate to the (X Z--g X g) and (X Z.g 3 Z-u) states
" ‘f

4

" of two hydrogen molecules.

‘o

8

s

y A% this pcint, the aprroximate ratur2 c¢f =n2 MIZ3 Taszez pr--
4

2 diction of the geometiry of the excited state minlimun Decaze ev._-

nted out %Yo us /

[N

dent. As i%t was po

-,

from the calculaticons in ref. 8, 1if the +trus C,,. synmezry i3
3V

T o -
'

considered, there 1s no avcidec crcssing besiwean the first tws

ct
o
o
(o]
' -4
'< -+
<
n
D%}
=
=]
(0]
ct
"3
’4.
O
0
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[t
ot
o
w
o’
=
ot
[
ct
3
%
D

cressing te

[€3
2}
ct
4]
ct
@®
—~
ts4
n
=3

an

-l

+ A"). The gecme'ry o tunis crascing was

gy

later calculated ir C, symmetry /°2/ and 1% wa:z f:ound to te r© =
2

1.8 bohr and R = 4.225 bohr at an energy cf -1.0&!

2 1 1

) : - : » T oa- .

, L shows tne exiragsciateZ curvesz of tha A, zn2 I states o
u_' ¢ * 1

‘¢

\ : . . . . -~
" intersection of which hzs been taxen as the crroszing ceoint. Jt-
-

: viously then, the stabtle geometry muzt bte of a “ruc 35 srmTatrr.
.

)

)

k From the optimizaticn calculations with resp22t tc moticns of Hg
L)

§

s : . . ” . - - . . .
¢ in CJ' geomeiry, represented in figure 5, 1t wis Z21i2el that tlne
3

: CS symmetry has Lo b2 arrived a* bty a i°2l_rmation ol tho o tri-
0

- an vaar basp ra"r\n- 0‘v-av~ | T 33 AT A Al e, e ‘) e .
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2 Here, we ccnsider only the deformation of the equilateral

triangular base into an isoskeles (but not into a scalene) tri-
g angle /12/. fter a sequence of optimizations, we arrived at a
Y geometry having a true avoided crossing between the X 1A' and the
) A 1A' states wnich is about 154 meV lower than the (A,
': crossing point (-2.0674 a.u. for the A 1A' and -2.0707 a.u. for

1z

? the X 1A'(state) and which is a minipum of the A A’ state. At
‘ this geometry, the equal sides of the isoskeles triangle are 1.78
bohr each, the third side is 1.62 bohr and H, 1s situated on the
z axis, 3.90 bohr atcve the plane of the triangle. The origin of
the coordinate sysiem is taken at a point 2/3 froam the vertex of
W the perpedicular bissctor of the iscskeles triangular base. Figu-
v re 6 shows the variation of the potential with R for the opti-

mized triangular base.

5 Regarding the correlations previously mentioned, table 1

shows that they are correct as stated. Althouzh the final H‘r
symmetry in this table is C3V y the correlations are valid for
. the optimized CS symmetry as well. This is so because in this

case, the A, irrep of C3v, correlates uniquely tc the A' irrep of

; Co (C = Tv) [0/,

Finally, the non-adiabatic matrix elements for the radial
coupling were computed in the neighborhood of the avoided cross-
ing for the optimized H:-Uas) geometry. The finite differences
method of Lorque: and coworkers as it has been modified for the
’ MRID-CI prograns /11/ was used. All degrees of freedom were frozen

22
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tne
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appear to be thres =zechanisms by waizh £, 9av
a radiative transi<izn tc the ground dissceiz
prooability of this transition should be ra‘her

proxiaity of the levels at

smallness of +the Frank-Condon factcrs away
- . . . v A i, 1_
exciting the systezm to the level of the ( Ay T E

Thus,

and the highes* sucha state must be found.

crossing to the ground state.

may very well te the factor controiing the s:ab

Calculations for thes elucidaticn of the firce two =m
»

now in progress. Crder of magnitude <calculations

third mechanism (for the R internal ccordina‘e

contemplated for th2 near future.

RSO T LN It L OB My
L0 00 0 e 5T B0 S N S AN Y

O . mAR-" T
OO OGO TS

Q0 ) ¥
w‘\'.l.,’.l A by v

gives Ln? resyst
gtn ¢l the Inter-

sia

crossing and due

Sro
; C

the system can be "stable” only at low vibrational s

N

-
O

3
£,
.
¥
(17
7]
O
I
b
[*y

N
<
@

gsiraktie., There

dus tc the

-

m it. ®) By
rossing point.

tates
By a dizbazi=z
nis transiticn

. T TR
' 3 '.\)‘-'.-‘\ %) - \- -

WYy

e PR B TN

-

-

DAY

< &

2

R AR A R
‘;p"ﬁQ “ *0 xS %

»r

k]

3 \"n,s.:

Py

v - =



* s va e kel e s.h B0 00 8 b ¥ e -t - -

REFERENCES

1. H. F. Schaefer III, D. Wallach and C. F. Bender, J. Chexz.Phys.
56, 1219(1972); J. Romelt, S. D. Peyerimhoff and R. J. Buenker
Chem. Phys. 3¢, 403(1978); Chem. Phys. 41, 133(1979); W. Meyar

P. C. Harinaran and W. Kutzelnigg, J. Chem. Phys.73,18S0(198C)

2. S. C. Farantos, G. Theodorakopoulos and C. A. Nicolaides,Zhea.

Phys. Lett. 100, 263(1983) ‘

3. D. L. Atkins, E. H. Fink and C. B. Mocre, J. Crem. Phys. 55,
900(1972)

4. W. Kclos and L. Wolniewicz, J. Chem. Phys. 45, 509(19¢€¢)
5. C. E. Dykstra and W. C. Swope, J. Chem. Phys. 70, 1{1979)

6. C. A. Nicolaides, I. D. Petsalaxis and G. Theodoraxopoulos,

J. Chem. Phys. 81, 748(1984)

7. W. Gerhartz, R. D. Poshusta and J. Michl, J. Am. Chem. Soc.
98, 6427(1976); 99, 4263(1977); J. D. Goddard and I. G. )
Csizmadia, Chen. Phys. Lett. 43, 73(1976); éﬁ, 219(1979);
M. Rubinstein and Shavitt, Chem. Phys. Lett. ﬁé, L3(1976). .

8. G. Theodorakopoulos, I. D. Petsalakis and C. A. Nicclaides,

J. Mel. Struct. (Theochem) 149, 23(1987)

24

. - e cRT AR T
‘rﬂl.‘ |'q\‘,‘a','!':‘.'A‘A'.?b.-.‘? \‘I'. A _:}mﬁ




9. R. J. Buenker and R. A. Phillips, J. Mol. Struct. IEEOCHEM
lg}, 291(1985); R. J. Buenker, in Studies in Physical and
Theoretical Chemistry", Vol.21 (Current Aspects of Quantum
Chemistry 1981), ed. R. Carbo, (Elsevier, Aasterdam 1982),
pp 17-34; R. J. Buenker, in Prcceedings of Worxshop on
Quantum Chemistry and Molecular Physics in Wollongong,
Australia; February 1980; R. J. Buenker, S. D. Peyerimnof’
and W. Butscher, Mol. Phys. 35, 771(1978); R. J. Buenker
and S. D. Peyerimhoff Theor. Chim. Acta 35, 33(1974);

39, 217(1975); S. D. Peyerimhoff and R. J. Buenker, in
Computational Methods in Chemistry, edited by J. Bargor,
(Plenum, New York 1980), p.175; R. J. Buenker and S. D.
Peyerimnof?, in Excited States in Quantum Chemistry, ecited
by C. A. Nicolaides and D. R. Beck, (Reidel, Dcrdrecht

1978), p.p. 45, 63(1979)

10.A. Metropoulos and C. A. Nicolaides, Z. Phys. [ - Atoms,

Molecules and Clusters, 5, 175(1987)

11.R. J. Buenker, G. Hirsch, S. D. Peyerinheff, F. J. Eruna,

C. Petrongolo, in "Studies in Physical and Trecretical

Chemistry"™, vol.21 (Current Aspects of Quanzum Chemistry

1981), ed. R. Carbo, (Elsevier, Amsterdam 1982), pp 81-97;

rad

G. Hirsch, P. J. Bruna, R. J. Buenker and S. D. Peyerimhoff,

Chem. Phys. 45, 335(1980); C. Calloy and J. C. Lorguet,

vvvvvv



3 4 : tE atd ata g¥acatat batabat tai @ittt at et a0 faf R LRl i iaat B 0 el al Ll AR A VR et A e S el Y |

J. Chem. Phys. 67, 4672(1977); M. Desouter-Lecomte and

J. C. Lorquet, J. Chem. Phys. 66, 4006(1977); M. Desouser-
Lecomte, J. C. Leclerc and J. C. Lorquet, Chem. Phys.

9 147(1975)

o 12.A. Metropoulos and C. A. Nicolaides, Z. Phys. D - Atoms,

’ Molecules and Clusters, submitted for publication.
13.E. F. van Dishoeck, M. C. vanHemert, A. C. Allison and

A. Dalgarno, J. Chem. Phys. 81, 5709(1984); A. L. Roche
and J. Telllinghuisen, Mol. Phys. 38, 129(1979)

14.8.H. Lengsfield III and J.O0. Jensen, private communication

15.K.P. Huter and G. Herzterg, "Constants of Diatomic Molecules" (van Nostrand

e e W

Reinhold, New York, 1979)

26

O N SR T YR RN ¢ e S o g e




e
e
-
i
»
.
.

-

-

ty
e,
i
b,
Tatle 1, Coagariscn teiwesn 1, the suns of the pcotential energies =
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of two hydrscgen mglazules at infinite serara<ticn and a T sharced

(@}
y. o

5, -% complex a: lar

columns) and 2) the potential energziss of K, computed wizh ;

(CQY) and
nergies 37

. . - . . 1 S
the Hl molecules are also given. For the Cs symme‘ries, Al snould

reference conligurations initially corresponding t Hz‘HZ
ol
en

HL+(C3¢/ Cs) (last three columns). The MRICI potential

be replaced with 1A'; & is the angle between H, and the z axis.

F is the bond length of an H, diatom.

?-',~{~,-..". ..: 44y v B "t.- »

f(a.u.) £, (r=1.8, R=4.2 a.u.) :

LY

(Yt

e / e +

Geometry 1.4 1.5 2.43 sz' Cs Cs y

o

w\

> :

xZg+:< Zg =2.3400 -2.2375 -2.1942 -2.1418 =-2.1130 -2.067¢ '
1

X Ap =2.3293 =2.336G =2.1947 -=2.1421 =2.5137 -=2.0A13 A

Iy

)(Z_cwf2 -1.8735 -1.8867 -1.8513 =-1.9875 -2.028. =2.0é°2

. A A;L -1.8730 -1.8863 -1.8506 -1.98R82 -2.00280 =-2.C&°: v

,t

-

(A |

W

Loy

(X Zg) <16999 -1.16874 -1.09711 R

ZT N

(B L u) -0.70350 -0.71799 -0.75424 N

[
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coupling along the R ccodinate (R in bohr).

Table 2. Non-adiatatic matrix elements (in a.u.) of. the vibronic

:
; R (XU\'I d/dR[A’A'>
3.6 0.65
’ 3.7 1.1 ‘
, 3.8 2.1
3.9 3.0
4.0 2.4
4.1 1.5
4.2 0.83
4.3 0.50
!

28
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~3.60

- 3.70

E/n

-13.80

-3.90 T T [ ; T—
1.0 2.0 3.0 L0 5.0 6.0

r/ag

Figure 1. Tne potentials of the ground and the firs%t excitei state
as functions of the H-E distance. R =2.0 bohr; =--- R = 1.5

bohr.




F
>
-

PP
-

Py

)
»

s s o

-,

i O

o A
A

g

it BAGHADORONG
! -Lﬂf v*‘i'w‘_’t’«'u”".,‘f‘x‘hl‘l“ll\'&

-

()

FigureZ. Ths coordinate systez employed. The basis of the pyraanid
{s az equilateral triangle of side © wvhile R is the distance of the
Bd. 2520 at the apex of the pyranid from the ceanter of the triangle.
An  suxilisary angle & (not shown) may be defized oa the IZ plane
betseen the voc:ari‘t and the 7 axis go that it i3 positive if Ha is
in the firsc quadrant, negative if it s ia the Scur:h quadrant and

zers Lf 4% i3 on he Z axis (-320° ¢ 6,< +90°).
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EXPERIMENTAL STUDIES OF THE PROPERTIES OF TRIHYDROGEN AND
TETRAHYDROGEN

Aron Kuppermann

Division of Chemistry and Chemical Engineering, A.A. Noyes Laboratory of Chemical
Physics, California Institute of Technology, Pasadena, CA 91125

ABSTRACT

These studies consist in attempting to detect the existence of a metastable 1A’
state of the Hs molecule and in determining its lifetime. The Hg preparation
methodologgl consists in crossing an intense beam of metastable H3 molecules in the
2pz 2A"; Rydberg state with a beam of ground state X 1Z* HI molecules. The
calculated geometry of Ha (1A' is a pyramid whose base has a nuclear configuration
close to that of the 2p; 2A"2 H3 molecules. Furthermore, the height of that pyramid
is approximately the same as the effective iength of the 2p, Rydberg orbital. The
reaction H3 (2pz 2A") + HI(X1Z*) > Hq (1A") + 1(2P3/7) is endothermic by about 1 eV
and the H3 (2pz 2A";) beam has an average translational energy of about 8 eV.

The crossed beam apparatus has been assembled and put into operation. The
primary H3 (2p; 2A"2) beam is generated in a high temperature arc discharge source
through which H; flows. The discharge plasma emerges from a cathode nozzle
orifice, and the beam passes through a skimmer, then through a differentially
pumped chamber and into the main scattering chamber. The secondary beam of Ar
(in control experiments) or Hl (or DI) is generated by expansion of the
corresponding gas through a capillary array. The scattered species are detected by a
rotatable quadrupole mass spectrometer. A report will be given on the progress
achieved in these experiments so far.
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™ \

Vertical cut view of the crossed molecular beam apparatus, drawn
approximately to scale. - diffusion pumps, PB - pnma am source
im'm the beam axis in the plane of the drawing), Nz - nozzle, SK -
skimmer, VS - velocity selector, SB = secondary beam source (with the
beam perpendicular to the plane of the drawing), CC = correlation
chopper blade, MS = mass spectrometer detector, TMB}, = 50 Us
turbomolecular pump for buffer chamber, I = ionizer and ion-focus

lenses, CEM = channeltron electron multiplier, CP = 350 /s liquid He
cryopump, TMP = 360 U/s turbomolecular pump, IG = ionization gauge.

48




H
rg
~ )
8J GV
dELTEY ‘)' - )
'-J- E b Ld v o |
Lipd 11
( ~F
""""" ;

im

Side view of hybrid apparatus with the metastable H3 arc discharge
ri ‘beam source connected to the crossed molecular beam
apparatus. VCI, vacuum chamber; S, water-cooled copper skimmer; GV,
neumatic gate valve; F, flexible flange; BS, 50-inch bell jar. Dashed

ines indicate box within the bell jar which contains the magnetic
velocity selector.

O OV A IR TR RO N ;:;mﬂ

AP P
W5 W

-----



S. E}P‘C\'M with e cqossedd o beev lar
o  apparabus .

Siwe e lat HaEDM wu,h',\,) (Marcd e,
wt have s

o ferformed IR g with fie Hy beam

o Back rvn labhd an ewnmege ) § havrs,
J«- o hokl rumning Sime o} FSD hour,

¢ Made 3 major ‘L‘“‘S‘s cn e abbarcivs;

G.. Rg,ul‘\: e Qre Sevrte e tchC’UJt
the bellows avel sherfen e k'&sﬁs of
fhe cathode reode.

b. Bult o sorple beam s‘-u.n‘aﬁ mechnish,
e. Reboilt Mg are sevrce c.(u,ﬁ-m-.sxd‘.

T]\L o‘thtJ\'Vf- 0!— lese olww.sc.s wes OVeroml
ne {-“o«n'nj W{m«-w‘tl “H;‘wlh'“%
o lwher S.u-enu. dve ‘o the inbenie “S“f

emctbed 53 e arc,
S\'rs“hyw? o.\nls'm.mud' ru‘us'ummfs (3’0-03' )

L

. Beaw Q-osik‘ax shobk during rumy due
\ 3 d«-{»t‘w@-"}'g\. o extiode

O Tl B A AR R AR e




These ifien thy hove Been overceme one

b3 ~e . We are wwwﬂj rowwing  The bean

4 Eiwnes o we ek ) esch run ki"'ﬂj o« bout
S hovrs. Eoch omede  amed catlods lart for an

averege o} 6 runs.
Crosncd  baam  expuriwents  Hy(2h 1A% )+ A-

been Stnrted. Thate are )»r-qmml-ej
nabure ) P 1R

hove wew
Hk“‘fw\t“"s (q. o Bwksmwd

H‘, ‘l"'a zA'..L ) * HI 3 DI FUNS .

i S T R e A e P L T T e T




VY FETVTICOY rve ik a2 ath Alh a'h alA'abs'ate ada'atstata ats’ P VOV S e e,

: M.
5 - 400 7

Ny FW“M NO.GC

— 300

W B ey oy P o

Intenscty (arbitrary units)
l
N
8

- 100

4
s

(S

; 1 [ | | ] |

" -

e, ( desg;e’g !




THEORETICAL STUDIES OF THE LIFETIME OF METASTABLE TRIHYDROGEN AND
TETRAHYDROGEN

Aron Kuppermann

Division of Chemistry and Chemical Engineering, A.A. Noyes Laboratory of Chemical
Physics, California Institute of Technology, Pasadena, CA 91125

ABSTRACT

The 2p, 2A"; Rydberg excited state of H3 is known experimentally to be
metastable, but its predissociative lifetime has neither been measured nor
calculated, although a lower bound of 40 usec has been experimentally estimated
for it. Furthermore, the potential energy surface of the 1A’ state of Hg has been
calculated to have a well whose depth is 1.86 eV. The objective of our theoretical
stutliies Iis to perform calculations of the predissociative lifetimes of both of these
molecules.

The initial calculations are being performed for the H3 system. We are using
initially a double many-body expansion (DMBE) of the two lowest potential energy
surfaces of H3. The computation involves three steps: a) Scattering calculations on
the lowest state. We have performed these accurately for energies up to 1.6 eV
using hyperspherical coordinates and are investigating approximate methods for
exteniding them to the higher energies required. b) Bound state calculations on the
upper surface. The structure of that surtface is being analyzed and a selection is
being made of the basis functions to be used. ¢) Interaction matrix calculations.
‘Tjhese heca’ve not yet been initiated. The resuits obtained so far will be presented and

iscussed.
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CHARACTERIZATION OF TETRAHYDROGEN VIA STATE-SELECTED EXCITATION OF H,

wWilliam J. Marinelli and Donald S. Kaufman
Physical Sciences Inc.
Research Park, P.O. Box 3100
Andover, MA 01810

The four-center Hy system has been the subject of theoretical studies
since the late sixties, primarily due to interest in the relationship of the
ground state hypersurface to the H, + Dy > 2HD exchange reaction,1:2,3
Investigations into the nature of the excited state(s) of such system have
been limited in number even though SCF-MO-CI calculations in 1976 by Goddard
and Csizmadia indicated the existence of a bound "excimer state."4 Recently,
however, Nicolaides et al., using an extension of their modeling work on rare
gas hydrides5 have predicted the existence of a bound singlet excited state of
H4 and have extended this analogy to the (Hjy)3 and (H3)s clusters.®:7

The theoretical studies of Refs. 6 and 7 predict that the bound state of
Hy4 arises from the reaction of molecular hydrogen in its ground state with Hj
that has been excited to the B(lr,*) state.

Hp(B'ry*) + Ha(X'Zgh) + M » HY" + M (1)

Further, the stable excited state is predicted to be produced only when
the B1zu+ state precursor has sufficient "ionic" character for reaction with
Hp(X). This is predicted to occur for v > 3 in the upper state.®,7

Quenching studies of HD(B,v) performed by Atkins, Moore, and
coworkers8-10 show an unusually large quenching cross section (7942) for Hy.
This has led to further speculation that formation of a complex is involved.
The H,(B) state in v' = 3 has sufficient energy to dissociate itself as well
as an Hp collision partner:

H2(B) + Hy + 4H AE = =2.70 eV

Hence, quenching of H,(B) by H; may be highly reactive with H-atoms as the
products.

The goal of our experimental program is to produce H;(B,v) in a super-
sonic jet by several techniques, provide a sufficient number of collisions
with H, to produce H,*, stabilize the Hy", and probe for its existence and
molecular properties. Four different methods have been chosen to produce
Hay(B,v) in the jet: 1) energy transfer from Ar* resonance states (10484,
1066A lines) in Ar/H, mixtures via discharge production of Ar* in the nozzle
expansion region; 2) energy transfer from Ar” resonance states in Ar/H, mix=-
tures via resonant excitation of Ar* with a vuv discharge lamp; 3) direct
three photon laser excitation of Hy(B,v) at the nozzle throat; and 4) direct
single photon laser excitation of H,(B) via generation of tunable VUV radia-
tion from third harmonic generation in rare gases.
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The primary reason for using a supersonic molecular beam to produce H4*
is to provide a locally high density but optically thin source of H, for
direct VUV excitation of the H,(B) state as well as collisional production and
stabilization of H4'. Three primary criteria must be met by the source:

1. There must be sufficient collisions in the expansion beyond the nozzle
throat for collisional quenching of H,(B) to occur at a rate at least
comparable to that for spontaneous radiation.

2. When energy transfer from ar* to Hy, is employed there must be sufficient
collisions beyond the nozzle throat for Ar* to be quenched by Hj.

3. Formation of stabilized H4' is a three-body process. Hence, sufficient
collisions must occur in the excitation region between the colliding
Ho(B) - Hy complex and a third body (H; or Ar).

An analysis of the nozzle flow characteristics (Figure 1) show that H,(B)
must be excited within 0.9 mm of the nozzle throat in order for conditions
1 to 3 to be satisfied.

The calculations of Nicolaides
and coworkers®=7 show that Hy" is
bound by 3.1 eV with respect to dis-
sociation to form Hp(B) and H;. How-
ever, they also have shown that the
complex is bound by 1.86 eV with
respect to dissociation along the H™
+ H3* coordinate. Hence, photolysis
of H4" may produce H3* + H™, H3 + H,
or Hy(B) + Hp. A careful selection
of photolysis wavelengths may result
in selective excitation into any of
these channels., In our experimental
effort we will be using a range of
photolysis wavelengths in order to
excite the channel leading to
H5(B) + Hy. We are also considering
detection schemes to observe ionic
dissociation pathways and Hy(B)
quenching collisions which produce
atomic hydrogen. Observation of H4'
may also be accomplished via qetec-
tion of passive emission from the
radiating excimer, if such radiation
L | | | does indeed exist.

0.4 0.8 1.2 1.6 1.8

EXPANSION DISTANCE (mm) e Photolysis of H4* will initially
4608 be attempted using a broadband flash-

Hy(B) Collision Frequency lamp source (A = 190 to 3000 nm). A

as a Function of Distance solar blind PMT will be used to

from the Nozzle Throat detect H,(B) emission

1ol!
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resulting from the photolysis. Use of this broadband source is desirable in
order to minimize the time required for a long search for appropriate
photolysis wavelengths. As Hy(B) emission is observea the flashlamps will be
filtexed to narrow the effective photolysis bandwidths until a spectral range
is defined over which more selective laser-based photolysis studies can be
conducted,
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VGa37-208

TETRAHYDROGEN: NICOLAIDES et al.

®  STABLE EXCIMER OF Ha(B) + Hp

- FORMED WHEN Hp(B) IN STATE OF "MAXIMUM IONICITY"
CORRESPONDING TO v' = 3 OF B-STATE

- STABILITY OF Hgq
-2.48 eV

Hg > Hp(B) + Hy  AE

Hg > H3® + H- AE = -1.86 eV

- VIBRATIONAL FREQUENCIES PROBABLY SIMILAR TO H3*
SYMMETRIC STRETCH: v = 3185 cm~!

BEND: v = 2516 cm~1
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VG87-208
QUENCHING IN Ho AND Hp/Ar
H2(B) QUENCHING BY Hyp
- MOORE et al. oy, = 7982
1/2
o= = (8 kT
kQ = Co C = Im )
) 1/2 o
kQ - 1.1 x 1077 (3%6) cm3 molecule ™t 571
= QUENCHING CONDITION. kqlHpl = kpaq
kpad = 1.5 x 109 571
[Hp] = 1.4 x 1018 molecule cm™3 AT 300 K
Ar* QUENCHING BY Hp
- BOXALL et al. o = 48A2
1/2
_ -10 [ T 3 -1 -1
kQ = 1.9 x 10 (300) cm” molecule = s

QUENCH Ar* 1066A LINE: kpaq = 1.2 x 108 s-1
[Hp] = 6.3 x 1017 molecule cm3 AT 300 K

IN Ar/Ho MIXTURES [Hp] ~ 1 x 1018 molecule cm™3 WILL
QUENCH BOTH Ar™ AND H»(B)
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Ho(B) COLLISION FREQUENCY AS A FUNCTION OF N
DISTANCE FROM THE NOZZLE THROAT

250 pym DIAMETER NOZZLE, PH2 = 5 ATM
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i STABILIZATION OF Hg*

:‘ ®  LIFETIME OF Hp(B) - Hp COMPLEX 10710 - 10-125

i‘ Ho(X) + hv + Ho(B,v) jp = ol

2 Hp(B) + Hp » Hg* ok

‘; Hg® + M » 2Hp + M k-3

¢ Hg® + M > Hg + M k3

< Hg* + Hp(B) + Hp Kq

’é Ho(B) » Hp + hv Ag

- ®  Hy" LIFETIME SHORT - STEADY-STATE SOLUTION APPROPRIATE

.g dth,] Y ok ,[H,] { kglHp] }

o —dt 1-72 LRz[HZJ + AS ?R3IH;I‘?_E;

4 ®  ESTIMATED Hg FORMATION EFFICIENCIES/ho(B)

. [Hp]l = 1018 molecule cm=3

Y kg (s71) Hg EFFICIENCY

5 1010 1072

A 1011 10-3
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NEESESN
2 Nara

a

L)

() w‘n -‘ ” LA "1 L R .. - MV e M ek @~ L= - e -

'n) O A T A NS - AR . ! . . L% N e e LT N RN LN N LN L L N V) )
RO DO R e e St SR (o M, o RPN PN Y A WO AN

.....




TN T IS TR SANEN AASAS AN TLAW A T AL T S T T

TINNYHD 3191SS0d NOT1YWH04 WOLV-H -

A 6°9+ = 3V _9 + H+ H+CH <« 2+ (8)H
AD 2°p+ = 3V 29+ L% + %4 « 24+ (9)%H
AR L°2- = 3V Hy « CH + (9)%H

(8)CH ¥04 STINNVHI JATLIOVIY ¥3IHIO

ATINVIIAINIIS X3ITdWOI XVI3Y
0L IN3IJI44nS SNOISITT0I 00T ATILVWIXOUddY MOHS
(€0-4Y) SWILSAS YIHIO 40 SNOILYINWIS TWIIWYNAQ

LJH 40 NOILYXYT3Y

802-L89A




SEP 87

C(U) AIR FORCE ASTRONAUTICS LAB

~
g
8
3
>
[
-
2
&
&
F
(™}
-]
-

J LAUDERDALE ET AL.

HELD
RAFB CA

UNCLASSIFIED AFAL-CP-87-002

PROCEEDINGS OF T

-A187 276

F/G 774




!‘; L5
(M M)
et 'S(

b . B |
1.0 b g
= u ki Y e
L '
TRl =
N oa
o Blsis

P 1}

PN
LSty ":
Tty

"q" 0
’v'n‘u -'i" a' \;\ mm oy .n n H. '.lu,&‘.’ 5 ‘:":’ h ‘a, f.‘ -.b ':"\ o o.:'
o ,,o ® & : -‘Q..., .__

-',‘, o'un'l ,a".o .o";s.

Vit
. h"\:“* K] ',b .0 :‘0

o l
i ) b
‘«‘r‘e“'n":"’n‘.'a\"s : u'.\“. X 'l“ ak
AR L i ;'\ p.‘

304




|
-

VG87-208

A A A A, Sy

DETECTION OF Hg

-
Mo

o PHOTODISSOCIATION TO FORM H2(B)

o

- A < 500 nm . 4

24

- DETECT Hp(B) EMISSION WITH PMT
- FLASHLAMP PHOTOLYSIS, A = 200 TO 800 nm i

T AL S

- LASER PHOTOLYSIS, A = 337 nm, 266 nm

M A

- CROSS SECTION UNCERTAIN: 10-18 10 10720 ¢p2

) e

¥

- AT 10720 ¢m@ CAN DISSOCIATE & TO 10 PERCENT WITH
337 nm '

Y o

®  PHOTODISSOCIATION TO FORM H3 * + H™

el IR

.
e
L9

- A < 670 nm

-
e e

- COLLECT TOTAL IONS FORMED WITH ELECTRODES

—

- POSSIBLE CONSTRUCTION OF TIME-OF~FLIGHT MASS
SPECTROMETER

- - oF
e A _Vu_ A

- IMPROVED COLLECTION EFFICIENCY FOR IONS INCREASES
EXPECTED SIGNAL BY 104 ’

o PASSIVE EMISSION v
- QUASI-CONTINUQUS, A > 153 nm

- LOOK WITH PMT/YUV MONOCHROMATOR
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ABSTRACT }
il
Theoretical Studies of Metastable States of A
He, and H, ‘}1
I‘f;
» Byron H. Lengsfield III, George F. Adams, Cary F. Chabalowski, »
and James O. Jensen i
US ARMY Ballistic Research Laboratory e
SLCBR-IB-I Y
. Aberdeen, MD 21005-5066 )
David R. Yarkony 9
Department of Chemistry o
Johns Hopkins University
Baltimore, MD 21218 ﬂ
: "
We have recently developed a series of theoretical P
methods which are capable of calculating the quenching *
rates of metastable molecular states due to nuclear 5]
and relativistic non-adiabaticity. We currently have !
the ability to analytically compute the first and b

second order nu lear non—adlabatlc ling matrix \
elements, <\ K Rg'ﬁ > and < ?ﬁ >, as well as 3
to compute quenc in ates arlslng r pin-orbit
interactions. The ability to include the effect of 3
spin-spin interactions is being incorporated in our 2
program package and we will report the progress attained ]
in that effort. :
These methods have been applied to the studies of ;
H, and He,, and we will report the results of that
work. For H, we have optimized the structures of
the low-lying states at the multi-reference CI level. N
The lowest state in the pyramidal ( Cyy ) configuration Q.
was found to be unstable with respect symmetry breaking
nuclear displacements. The first excited state was of E
symmetry in C,y and was found to distort to a Cg
minimum with %ull geometry optimization. Dipole transition
moments and non-adiabatic coupling matrix elements were
calculated at the minimum of the excited state. o
For He, we have considered the spin-forbidden i
. radiative transition between the 1owest triplet state
and the ground state, q~ -—> ’( . We have also
calculated the spin-orbit coupling matglx elements which Ly
are needed to compute the quenching of the lowest w
triplet atomic state.
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{Multi-Configuration description is needed for

excited states and for systems where resonance

is important)

See p. 5792 of J Am Chem Soc, 108(19), 1986.
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Spin-Orbit interactions

{Sum over states is avoided by solving a large set of linear equations
(eqn 2.5a of reference). This means large, direct-CI wavefunctions can
be employed and the slow convergence of a sum over states perturbation
expansion is avoided. See Yarkony, J Chem Phys, 85, 7261(1986)}

(Same approach is being developed for spin-spin interaction)

{Ve can exploit work on derivatives of CI wavefunctions to compute

non-adiabatic matrix elements)

See J Chem Phys, 81(10), 4549(1984).

See equation 2.8 of J Chem Phys, 81(10), 4549(1984)

{Two terms need to be evaluated}

See equation 2.12a and 2.12b of J Chem Phys, 81(10), 4549(1984)

{Trace of a one-particle density matrix with a half-derivative overlap
integral)
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. [
.
; See equation 2.13b of J Chem Phys, 81(10), 4549(1984)
*
(CI gradient evaluated with a transition density matrix)
*
",
y
5 _— - NEXT SLIDE----——-==nn - -
zi
R See Figure 1 of Ginter, M.L. and Battino, R., 4470.
. {A large number of curve crossings must be considered. Relativistic
K interactions can result in avoided crossings.])
¢
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Abstract for
The First Annual High Energy Density Matter (HEDM) Conference
May 12-13, 1987
Crystal City, VA

The Influence of Condensed Phase on

g Metastability

.

v .

| P.K. Swaminathan’, C. S. Murthy, B. C. Garrett, and M. J. Redmon

» Chemical Dynamics Corporation

¥ 9560 Pennsylvania Avenue #106

:;: Upper Marlboro, MD 20772

o

5 Condensed phase influence on HEDM candidates plays a critical role in
o determining the lifetimes and storage conditions, thereby ultimately
e influencing their practical usefulness. We have developed a comprehensive

theoretical methodology involving quantum chemistry input, modern
computer simulation techniques (such as Monte Cario, Molecular Dynamics,
and Generalized Langevin Dynamics), and semiclassical eikonal description of
electronic inelasticity to investigate various aspects of the underlying
o microscopic energy transfer mechanisms.
' We will show illustrative resuits obtained with the new methodology
for the well known examples of liquid Helium metastables, so far employed
. in this research as convenient prototypes. The experience gained in modeling
“ metastability in these cases has laid the foundation for future studies on
¥ other potential HEDM candidates.
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HEDM Applications
Candidate Feasibility

Effect of Condensed Phase
on

Metastability
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Our Role:
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Develop Methods for Elucidation of
L Quenching Mechanisms in Gas
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? HEDM 7

Scenario:

HEDM's involve energetic sgecies, usually
in an ELECTRONICALLY EXCITED state

Therefore, the chemistry and quenching
mechanisms involve

ELECTRONICALLY NONADIABATIC

Collision Dynamics

Condensed Phase materials _
low molecular weight inert species

Temporary Prototypes: .
Helium Metastables He (3s) and

He; (a - state) in Helium Liquid
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Technical Approaches

Gas-Phase
Self-Consistent Eikonal Method (SCEM)

Electronic amplitudes coupled to
3 Nuclear Trajectories via an Ehrenfest
Effective Potential

Iy A Self-Consistent Semiclassical
Description practical for polyatomics
Condensed Phase

Computer Experiments: Monte Carlo,
Molecular Dynamics

3 Few- body Models :

SCEM + Generalized Langevin Equation (GLE)
: based STOCHASTIC MODELS

System + Heatbath Decomposition with
one-time heatbath parameterization via
computer experiments
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Fluid Structures of Model Helium
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IFluid Dynainics of Model lHelium
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1.001 ey .

Helium bubble with a-state and X-state He* using arbitrary coupling.

Figureas show effect of increasing the coupling by a factor of two.
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OPTIMIZED TRIAL FUNCTIONS FOR QPAN TUM
MONTE CARLO STUDY OF H,

Sheng-yu Hua.ng,]L Zhiwei Sun,t and William A. Lester, Jr.lr

Materials and Chemical Sciences Research Division
. Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

In recent years the fixed-node quantum Monte Carlo method (FNQMC)
has been successfully applied to the calculation of electronic energies of small
molecules. The attractive feature of this method is that with a modest basis set
and often a single-Slater determinant one typically recovers over 90% of the
correlation energy.

Because the simulation is dominated by a trial function that fixes the
nodal positions, a good trial function is essential in order to obtain an accurate
result. It is often chosen to be an ab initio approximate Hartree-Fock wavefunc-
tion in which case the many-electron nodes are established without consideration
of electron correlation. Introduction of an explicit correlation factor in the Jas-
trow form (exponential) improves the variational energy, but this nodeless func-
tion does not improve the nodes of the system. ldeally, the Slater determinant
needs be re-optimized in the presence of the correlation factor.

We have developed an algorithm to optimize trial function parameters
(linear coefficients, non-linear exponential factors, and parameters of the correla-
tion function) based on a random walk procedure. In order to obtain accurate
encrgies for excited states, we introduce a projection operator method based on
group theory to constrain the optimization process. It eflectively distinguishes all
the states of a given symmetry. We also apply the Young tableaux of permuta-
tion group theory to facilitate the treatment of fermion properties and multiplets.

Using an optimized trial function, we are studying pyramidal H; at the
maximum ionicity excited state! (MIES) and other geometries relevant to under-
standing decomposition pathways in this system. The calculated potential ener-
gies show 0.6-0.8 eV lowering compared to a previous study!. In a separate
multi-configuration ab initio study we have determined that there is a pathway
without a barrier for Hy(B) approach to ground state Ho(X). Work is in progress

' to fully characterize the first-excited state of the H, system and its coupling to
the ground state, and will be discussed.

* This work was supported by the LS. Air Force Rocket Propulsion Laboratory (AFRPL)
through agreement with the Department of Energy under Contract No. DE-AC03-76SF00098.

Also, Departinent of Chemistry, University of California, Berkeley, CA 94720
Permanent address: Institute of Mechanics, Academia Sinica, People'’s Republic of China

(1984; C. A. Nicolaides, Gi. Theodorakopoulos, and 1. D. Petsalakis, J. Chem. Phys. 80 (4), 1705
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QMC AND MCSCF STUDY OF TETRAHYDROGEN

o Sheng-Yu Huang,' Zhiwei Sun, and William A. lester, Jr.+

e Materials and Chemical Sciences Division
Lawrence Berkeley Laboratory

University of California, Berkeley

Y Berkeley, California 94720
s I. MCSCF Pilot Study of Trigonal Pyramidal Ground- and Excited-State H,.

§§ We have demonstrated that MCSCF (multiconfiquration self-consistent field)
3: wave functions as trial functions for FNQMC (fixed-node guantum Monte Carlo)

;55 calculations can recover ~100% of the correlation energy of ground states and
gg ~95% of the correlation energy of excited states.l Using an extended (triple
zﬁ‘ zeta-plus-polarization {TZP)) basis set, MCSCF calculations were carried out

%f for the H, MIES (maximum ionicity excited state), see Fig. 1. They confirmed
ég the characteristics depicted in Fig. 2 for the C3v pyramidal structure

B including the minimum energy geometry, the doubly degenerate E ground state as
= H separates from H3 for R > 3.8 a.u., and the nondegenerate A ground state

gg for R < 3.8 a.u., consistent with an E- to A-state crossing at R = 3.8 a.u.

%ﬂ For CS symmetry the avoided crossing was obtained. Figure 3 displays the

o results of the MCSCF pilot computations. These curves lie above those of

23’ Nicolaides, Theodorakopoulos, and Petsalakis (NTP)2 and reflect the better

:§ capability of the ab initio MRD-CI wave functions compared to the compact MCSCF
~ trial functions needed here as FNQMC trial functions. The key comparison, -
éé. however, will be with the FNQMC results obtained with the MCSCF functions. We
:ii discuss this point in Sec. III. .
o

g

::‘ II. MCSCF Pilot Study of the H2(X) + H?.(B) > H4 MIES Pathway.

;? Calculations were carried out for H2(B) approach to HZ(X) in which

3 these molecules are contained initially in perpendicular planes that bisect

?:'?

Rl

" 126

)

. “yr 2y cme - YT PRI Y LR - . PR T R P P R I PN
[ 2o T o ot AR L X L (P L O Ca s L Lot L Ca i L LG o G S Dl AN

\'):
BN « ALY
i"é 7 ¢’|\'\‘ vy




each other. Figure 4 displays this arrangement and summarizes, in the

accompanying table a sequence of geometry changes, labeled I-VII, that carry

the system from the asymptotic region to the neighborhood of the H, MIES !

4 )
configuration. The table also contains the energy lowering associated with

the steps that are plotted in Fig. 5. It is noteworthy that no energy barrier ;
is encountered along this path. Further, Fig. 6 shows that when H(B) is

displaced from bisecting HZ(X) in step 11, charge transfer immediately

occurs. (Similar behavior has been found for the related H2(B) + He system

in an independent study by WAL.)

ITI. FNQMC Study of the Ground-State Pyramidal Structure for C; Symmetry
FNQMC calculations using the MCSCF trial functions discussed in Sec. I ,
yield ~ 0.6-1.0 eV energy lowering compared to the results of NTP and are
presented in Fig. 7. Such a large change was not anticipated and so it was
important to test the validity of this finding. To this end a configuration 4
interaction calculation including all single and double excitations (SDCI)
using the MCSCF pilot study basis set was carried out at R = 3.4 a.u. The
energy was 0.32 eV Tower than NTP's value and is consistent with the
improvement expected based on studies of other systems. The FNQMC results of
Fig. 7 obtained using a new trial function optimization algorithm, see Sec.
IV, are generally an improvement over those of Fig. 7 obtained using MCSCF h

LY

. trial functions. y

IV. FNQMC Study of the Excited State \

These calculations provide the severest test of the FNQMC approach because :
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of the lack of knowledge of the accuracy of the excited state trial function
needed to provide a nndal description that assures orthogonality to the ground
state of the same (A') symmetry (CS). MCSCF calculations close to the

avoided crossing suffered from root flipping. Despite the use of familiar
MCSCF strategies to address the problem, it could not be resolved.

The MCSCF convergence problem had been encountered earlier for He + HZ(B)
but resolved by the use of an ab initio CI method. Interest here in using the
FNQMC method led us to develop a method for trial function construction3
that avoids the MCSCF procedure. The approach amounts to the introduction of
parameter optimization in the random walk process. Using group theory a
projection operator is constructed and used to constrain the wave function to
have the symmetry properties of the state of interest. This method has been
employed in the present effort to generate the A-state FNQMC results, denoted
A(FNQMC), of Fig. 7. Calculations using this method are in progress to

complete the E-state curve, labeled E(FNQMC), in Fig. 7 for 3.8 < R < 6.0 a.u.

V. SA-MCSCF Study of Distorted Geometries

Calculations have been carried out using the state averaged (SA)-MCSCF
method to develop trial functions for a QMC study of the topography of the
ground- and excited-state potential energy surface {(pes) in the region of the
symmetric geometry of the MIES determined by NTP. Figure 8 presents the
coordinate system, Fig. 9 provides perspective views, and Fig. 10 (R = 4.0
a.u.) ang Fig. 11 (R = 3.8 a.u.) show contour maps of the pes in the MIES
region. Figures 10 and 11 show that the ground state has a saddle point at

smaller R than the minimum of the excited state and that both features

W N 3 5 W P e -’--‘-.,“-!
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N

correspond to an isosceles triangle base for the MIES system. Further

a
51 geometry optimization is explored in Fig. 12 which plots potential energy as a
l‘
ﬂ function of d, the displacement of Ha towards the base of the H3 isosceles
- arrangement. The minimum for the excited state is found for d = 0.1 a.u.
b
,'
i
b3 VI. Nonadiabatic Coupling
" The stability of the MIES system is dependent on nonadiabatic coupling
1. (NAC) to the ground state. Although the focus of this study is characteriza-
e tion of the region of pes of the MIES, the need to ascertain first the
v.
« stability of the excited system is a high priority here because of the effort
K associated with the trial function optimization method and the expense of QMC
)
y calculations with small statistical variances. To calculate the NAC matrix
¥
- elements we took advantage of the simplifications made possible by the use of
v . . . .
$ normal mode distortions (Fig. 13) from the highly symmetric C3v symmetry.
.C
1y Our calculations show that nuclear displacements associated with modes 01
]
N
and 02 lead to strong coupling between the A and E states. Relatively

h.
A weaker coupling is found in 04 and QS‘ The two totally symmetric modes
)
§ (03 and Q¢) give no contribution.

The size of the NAC matrix elements connecting tne A' state to the E-state
E; components ((33v notation is used here to indicate parentage) are tabulated
ts
I in Fig. 14 for the minimum energy geometry of the A state. These results
- : establish that there is strong coupling between these states. Further
%‘ computational study is needed to confirm these predictions and estimate
‘f’

reliabily, the excited state lifetime.
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Figure Captions

Figure 1. MIES coordinate system (assuming C3v symmetry): R is the distance
from Ha to plane of HbHcHd equilateral triangle of side r.

Figure 2. Ground- and excited-state H4 potenial energy curves for trigonal
pyramidal geometry: upper panel (C3V symmetry), lower panel (CS symmetry).

Figure 3. Potential energy curves from MCSCF trial functions for trigonal
pyramidal geometry and C3V symmetry (r = 1.70 a.u.). State designations
for CS symmetry are indicated in parentheses. The lack of coincidence
of the degenerate E curves reflects their calculation in lower symmetry
and provides an indication of MCSCF convergence.

Figure 4. Geometries used to calculate an approach of HZ(B) to HZ(X)'

Figure 5. Plot of total energies corresponding to the pathway presented in
Figure 4.

Figure 6. Change of charge distribution between Ha and Hb as a function
of d, the displacement of the midpoint of HZ(B) above the plane of HZ(X).

Figure 7. Potential energy of trigonal pyramidal H4 versus R. The A (varia-
tional) results were determined using a new optimization method for QMC
trial functions.

Figure 8. MIES coordinate system used for geometry variation. d is the
magnitude of the displacement of Ha along the bisector of the HcHd
side of length b.

Figure 9. Potential energy surfaces for the ground- and excited-state sepa-
rately for easy visualization and in computed relative positioning. Note

the minimum of the excited state and saddle point of the ground state.
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Figure 10. Potential energy contour map for R = 4.0 a.u. as a function of a
and b; see Fig. 8.

Y Figure 11. Same as Fig. 10 for R = 3.8 a.u.

I Figure 12. Potential energy curves for selected R (in a.u.) vs d; see Fig. 8.

Figure 13. Normal mode displacments of H4 in C3v symmetry.

A Figure 14. CI contribution to coupling matrix elements for normal mode

2

' .

% displacement, see Fig. 13.
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MWNWWJ‘J‘JV'JV AL ST o ) g T S
(B) to Hy(X)

- Geometries and energies for the approach of H,
step R L, L, Ly+) Lo(-) D energy lowing
I 2.2 1.40 2.43 1.215 1.215 0.0 -0.91
1 2.2 1.40 2.43 1.215-1.93 1.215-0.5 0.715 -0.20
1\ 2.2 1.60 2.63 1.93-2.13 05 0.865 -0.20

. I\ 2.2-1.75 1.60 2.63 2.14 0.5 0.865 -0.20

o V  1.75-1.55 1.60 2.73 2.23 0.5 0.915 -0.46
Vi 1.55 1.60 3.13 2.23-2.63 05 L1115 -0.69
Vi 1.50 1.70 3.23 2.63-2.73 05 1.165 -0.11

TOTAL ENERGY LOWERING FOR THE SEVEN STEPS IS 3.75
ev.

* Distances in a.u.; energies in ev.

R’ - distance between the midpoint of Hy(X) and the point where Hy(B) meets
the Hy(X) plane.

-l L, - length of Hy(X).
iy L, - length of Hy(B).
B L,(+) - length of Hy(B) above Hy(X) plane.

L,(-) - length of Hy(B) below H,(X) plane.
D - magnitude of shift of H,(B) midpoint ( above (+)/below(-) ) plane of Hy(X).

Fig. 4
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NTIAL ENERGY SURFACE (R=3.8 a.u.)
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Fig. 1 excited state

Fig. 2 ground state
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Coupling matrix elements D¢l by
a finite difference method ( extrapolated from
§Q=0.002, 0.001, and 0.0005 ).

<E; A" > <E, |A’ >
Q; -2.0112{64) 0.0015(0)
Qo 0.0017(0) 2.0127(98)
Q3 0.0000 0.0000
Q4 -0.3904(389) -0.0010(3)
Qs -0.0039(13) -0.3113(196)
Qg 0.0000 0.0000

1. E, and E, are doubly degenerate states where E, is
symmetric and E, is antisymmetric.

Fig. 14
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Abstract for HEDM Conference

Spectroscopy of Polyatomic Hydrogen lons

Takeshi Oka

Infrared laser spectroscopy of the vz-fundamental band of H3+ and the
extension of work towards higher energy state and isotoplc species will be
reported. The chemical and physical dynamics of this ion in gaseous discharge
will be discussed. Our plan to observe spectra of H3T and 1ts cluster 1ons 1n

condensed phase plasma will be discussed.
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MO ASURCMEMNT OF THit CHARGE TRAMSFER RATE COMNSTANT FFOR D3+ Sit iy .
L)
P. D. tlaaland and A. Garscadden .
.
Air Force Wright Aeronautical Laboratories -
Wright-Patterson Air Force Base
4
-]
Studies of dissociative charge transfer in silane collisions with SiH2* and SiH2* ‘4
ions have indicated that ti- is transferred. In silane deposition reactor plas:nas, H+ ‘
and H2+ also are formed and are expected to rapidly form I-3*. The reaction of 13+ :
A
on silane is therefore of interest. In order to resolve ambiguities in the reaction, the >
measurements were made using D3*. The experiment utilized a modified Nicolet )
Fourier Transform Mass Spectrometer. A mixture of deuterium and silane was jonized
by an electron beam. The silane ions were then ejected from the trap. The deuterium -
molecular ions react rapidly with background deuterium to form D3+*. The D3+ reacts ¢
with the background silane to give SiH3* and neutral products. This rate constant is q
estimated as approximately 2x10-9%em3s- 1.
.
A
Y
~
A
. .
L
n
rl
c
F
’
»
.
185 N
-

o

- \“f‘ - \‘.\

A ‘ APl P . 3 o B o Lo AP B AL O P E  L HN OTl
RO ROUOIOC A NS4 T .l, 2 (oA T ,.; ,.,» W ) R AR A LS LN T h



7/

LY¥UHNYHE WIL °*¥W A8 O031SISSH ANad

OIHO ‘d4H NOSN3ILIHA-LHDIAM

N3dAYOS¥HD NUY
ONYTIHHH 313d 1d4d

*His + f0 304 LNBLISNOD 31U
NI ISNHYL 3DAHHD 3HL 40 LN3W3INNSHIW




AD-A187 278  PROCEEDINGS OF Tl‘ HIOH E‘NV DEIS"V MTTER (i‘bﬂ)
CWEIERE HELD IN R.. (U RIR FORCE STROMU S LAB
® CA W J LAUDERDALE ET AL. SEP
UNCLASSIFIED ”&-CP—O?—..




A

.m
:' N
a
Ty
!

-t
1)
\
J
I
o,
R
Bk

EEEE
3

FEEEE

—-—
.
—
[ 4
r
(1]

Q
-
__.}

-———
N
J—
:
}
-
- - -
s
e %0
-
:vl&
e
-y -
-.-n’l\-
~

- . - y e
,aq!,g'n‘t ’a,.,, 5‘ t,.‘,,‘o; " KRNI Hond b, 1‘ ,< " 1 ..'_ ; ‘il|l‘;'|.
. ,‘.'» 4‘ ‘l! S R 0; ‘ i.¢|§ ; ,,“i,‘l. ..‘!“‘.‘" W, ‘t 'l"'tl" l.. .l‘ \ } LAV, ‘;’, , .
. L

o . ,. . , o .e_.

D"' DN p N 'l q ,n,rl, n-. » . -
W :"lt \Xs ‘.:‘..»‘ i::.b:: k |:: .l :. I:’. Xd ,%’ $f &w 3 s
¥ ‘ ‘

u‘ “::5.? ":’N' i‘v"ti k"'t *“



T T e ———— v L U T W T TN,

Rt el o 2 R -
- " P R R

(ZL61) B8E ‘LG "SAHd "WIH T ‘'YVdSYD ONV IG0RIL ‘LYVM3LS ‘SINIH

B8 W 0L X [0 =Y
(CHIS) + FHIS <—'HS + ZHS

B8N 0L X GEL =)
WS, + [HS, <—"HS, + [HS,,

SININIIdX3
JINVNOS3Y 378000 NI G3AY3SH0 YI4SNVHL _H

ey - — - P Y .

Y .

187

et -

.
.
-

“?'..P‘-'! -

T

N

Y ]

NP

>

n
)

L 4 -
DSOAPAS

OSSN .5
RO e e

o «. 7. .C
e T

A



AE=amC?

Am

MASS SPECTRUM

+
2

He /D

604.6166 Hz

608.4856 Hz




13INI SV8

SIAWA
03sind

NAS

NOYULIIT3

G0INYN SYO

1INV Sdind
ONLLINANOJYIANS
13N
$anos
NOLYLI0X3
Q3ZISIHINAS
P o SN 20
>
S 310dN0)
- J—— 144 0L
_ _ Guise
39nv9 390v9 40104
NOI ININNIdS

AU13NC4LI3dS SSYIN INHOJSNVYL ¥3Nnod

189

"ATATtar eaw

-

T TN L DN N e




1 Aba ks dh RSl

e i e

NOILVZINOI NOULI3T ‘SYINSYd YISV
'S30UN0S NOI 0L T1avidvav NOLLV4N9IINGD TINIWAAAE 9

(,01< /W) NOLTIOS3Y SSYA HOIH AM3A 'S
(SN0t 001 2 'N) ALINLISAS INITIEOG Y

SMOL9Y4 INAANd3d
ADYING/SSYW ON Y3GWON NOL NI VNI SI TUN3IS 03103130 €

SILNDIBNY NOILIWELA ON
NOIOTY TWILYAS JWVS NI (3103130 ONV 03WN04 YV SNOI 2

SNOLLOVIY ONIGUNI¥Id 40 3SOHL OL
QIUVAINDD LHOHS STVIS JNIL NO G3AY3SE0 ONV GIWHO04 3Yv SNOI 1

STNLV4 INDIND \41INOYLIAdS SSVIN INYO4SNVYL Y3NNGd

e e - —

19¢

]
£
)
oA
>
o
%
X
2
’
Qnu.
]
.8
m
v
%
M)
3
e
o
]
A ]




3INGIIS HLIM 1OW3d oL $a MO U

$q 1d35X3 SNOI 17H LNO d33MSk

131

20 WLIM L1OW3¥ OL 70 MOT U«

2q 1d39X3 SNOI T7H LNO d33MS#

4NEIS ONH WNIN¥3LN3d 40 3dNLXIW 3ZINOI*

INGWIH3IAX3 SWLA




i &
Ty
o™
P
m L )
=)
™
}
§ L)
) - 2 "’uN,
| S =
— =
E” <
: (T2
f g: Q‘E
: O =) Ng
— 0.
= =
=
: &5 2
-
LAl
‘ [ o= )
b o
t L el
w0

100
80
60
40
20

0

RELATIVE
INTENSITY

e e g

IO NN IAIA LR LW A A A Wt et




. —— —

N C . &
PNIRE R " v Bt 2.3 4’ Aet Al

=
L
(p ]
P
™
[ o]
(2]
(Te)
(o]
= =
e, <L <
o> v o =
§5 (= - Ng
o = (%) X2
g g ' =
s £ N
=23 @ = 0
o o o
+ W
= <3
Tl +on
= = o
#
(4 ]
(Vo)
"'—IIYVTU"—"jVYTTTTvTIl"f';
= 2
L=
h
SS
& =

da 5555

"".’t
AP

X

e &



e

31

DEUTERIUM TRIMER ION

15 20 25 30
MASS IN AM.U.

PLUS SILANE

D3+ + S|H4
410 MSECS DELAY

10

""'Vﬂ'rrlv""'rr’]'lll"l"q'VTﬁ'l"'ﬁ'I!l't‘

g—

MOS0 vy ¢ Q A R WS K
. '-"f' oG ‘J”m"‘u"‘\‘f t.‘!'-.'!‘k" Al .'nk'\"‘l't v‘!‘n A ‘! W LEEAN,

INTENSITY

RELATIVE

t

" > ~ ~
SO0 SO0 TSN SR X F b TR NI



TTTTESwWYewwew

ov

Ge

ot

14

SAN0J3S NI 3WIL

0z Gl

1]9

SO

\—P-.-L -.PLPP—CC-T- .--—-—-P—brr—-h -»»bfr- -»P-LLP—-—.-\—b-h-b—b—bnbn—P»PP-L-»»

0

T IW T wYew

[ .

¢

HIS

0
- 01

— 0

b=

— 0L
- 08
— 06

e -y

.

-~

oot

ST T M R et G . e A wee e aa

ALISNIINI
INIVIRY %

A )

NI

A

R SR

A
-

3
4

195




g

n.

SQN0J3S NI NI
¥ Y

..»p-—._-—p..-—-.v..

A \

--p—b—P-b-—.»r—--

1 8 44

r-—p-Pp——r’-P-bp-—.

'Y

P e

- 03 ALISNIING

-

g 3NV %
08

- 08
L oot

196

RO PRSP LI L FLEL L L

v e

(92

el



23S nzu

ﬁl

5-01 §'23 SNOL TYW3HL (SY1d ONIddV¥L AZ) ¥04 INVLSNOD 31vY
WIJSNYNL _H LOTMIQ:QH + Ca + JSHIS &= g « ,2a *30N3H

13A43590 SI

ENEw ON 1039400 JyY 3dWY1 ONY oNIHD NIV 40 SLINSIY 3HL

LEHIS ATNO S3AID J£0 40 NOLLOVIY 3HL JEHIS ONY JHIS ¢ HIS
15 JAIO OL YIS HLIM LY ,20 QY SNOULIAN3 ,3H HONOHLTY .

SNOTSMTINDD

.

197/198

vl

ALY

«
-

'-'..:!

N

3

.
TNy

Y
wl

2t
£

P




5:
EXPLOSIVE DECOMPOSITION OF FLUORINE AZIDE FILMS ,
. ;7‘
D.J. Benard -z’
Y,
, Rockwell Science Center poe
1049 Camino dos Rios -
Thousand Oaks, CA 91360 M
A
)
N
!
ABSTRACT F
o
The molecule FN3, known as fluorine azide, can be viewed as the :i
L%
metastable species NF(alA) bound with N2. The nature of the binding :;
will be discussed in terms of the potential surfaces and their N
"o
)
correlations to the various excited electronic states of N2 and NF. >
~)
Experimental data will also be presented in the form of emission spectra N

obtained from the laser initiated detonation of thin FN, films. These

3 Bty

- <q s . )
data are expected to shed some new light on methods to stabilize high ‘e
L]
concentrations of metastable molecules which may be useful as high impulse W
\
rocket propellants. The use of FN3 as a starting material for the A
[ l ‘i“i
generation of high concentrations of NF(a"a), to power short wavelength v
e
laser systems, will also be discussed. ,
s W,
i
Ny
B
U
3
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EVERYTHING YOU EVER WANTED
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TO KNOW ABOUT FLUORINE AZIDE *

D.J. BENARD
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v i =8

No(A) + NF(b)

N>(A) + NF(a)

N5(B) + NF(X)

N(A) + NF(X)

N5 (X) + NF(b)

No(X) + NF(a)

No(X) + NF(X)

‘l‘ Rockwell International

Science Center
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DISTORTED MOLECULE CALCULATION

$C39126

¢ FN-N, BOND SPECIFIED (GROUND STATE)
® F-N3, FNo-N BONDS OPTIMIZED (3-D)
® LOWEST CHANNEL (CONSERVED SPIN)

0.5 T I T T | I
0.4 -
Nz + NF*
0.3 -
EQUILIBRIUM 0.472 eV
0-1 = —

-0.1 1 1 | | | |
1.1 12 13 14 15 16 1.7 18
FN-N, DISTANCE (A)

‘x Rockwell International
Scence ( enter
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, CHEMILUMINESCENCE
i
iw l ‘ |SC39122
f. NF (a — X)
F + HN3
1
F+ DZ + HN3
F+ DZ + FN3
H | | d_
f 850 875 900

l\‘i‘t'l‘c'.“"\" .t.i. \

ad i,

WAVELENGTH (nm)

’l' Rockwell International

Science Center
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Electronic Structure and Stability of Energetic Chemical Species

H. H. Michels and J. A. Montgomery, Jr.
United Technologies Research Center
East Hartford, CT 06108

ABSTRACT

Theoretical quantum mechanical calculations have been carried out for
several potentially high energy chemical species. Our research objectives
are to identify those light element molecular species that have sufficient
internal energy to be useful in advanced chemical propulsion systems. A
parametric study of the deliverable specific impulse as a function of
available reaction energy and propellant weight indicates that primary
consideration should be given to molecular structures that can be formed from

hydrogen through boron and that have a molecular weight of 40 or less.

Calculations to date have been performed on three classes of light
element compounds: C3v structures such as H4 and LiBH, azide structures
such as N3F and aN202 and cyclic boron structures such as B3H3 and
B H,NH. Ve find that the ground state potential energy minimum found for
Ha in C3V symmetry corresponds to a saddle region rather than a stable
bound state and that distortion via vibrational or rotational modes leads
monotonically to dissociation into two H2 molecules. In contrast, Li3H
appears to be chemically stable in C3v symmetry. Our studies of asymmetric
dinitrogen dioxide ( GNZOZ) indicate a stable azide-like structure in
Cs symmetry for the ground "A’ state, with an indicated heat of formation

. of +430 kjoule/mol. This molecule is a very attractive candidate as an

advanced oxidizer. Our preliminary calculations for boron compounds indicate

that B3H3 is unstable in D3h symmetry but that iminodiborane

. (BZHZNH) is stable in sz symmetry. The electronic structure,
vibrational analysis and thermodynamic stability of these compounds will be
described.
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SPECIFIC IMPULSE OBTAINABLE FROM FUEL/OXIDANT ENERGY RELEASE WITH
HYDROGEN AS A WORKING FLUID
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b 1800 -
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IDENTIFICATION OF MOLECULAR FUEL SPECIES ]
1
600 NUMBERS INDICATE POSITION ON DIAGRAM
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CATEGORIES OF ENERGETIC SPECIES

1) Ordered (or metailic) forms of matter which at conventional
temperatures and pressures are molecular solids. Metallic
hydrogen and ammonium are examples.

2) Free radicals, either atomic or molecular in nature, that
are stabilized against recombination by condensation and
immobilization on noble gas matrices held at very low (4 K)
temperatures. Atomic hydrogen, beryllium monohydride (BeH)
and the hydroxyl (OH) radical are examples in this category.

3) Electronically excited metastable atoms or molecules that
are stabilized against radiative decay by externally applied
electric, magnetic or radiation fields, or by an intrinsic
field within a condensed phase of such material which acts
as a barrier to their decay. Metastable atoms, such as
He™( S) or N (2D) and metastable molecules, such
as He, (a3£ *or 55t HeH, (A I and

2 (B 2 ) are exanci]ples in thIS category that would
constitute sugnmcant energy scurces (> 1000 kjoule/mo!).
Other energetic metastable species such as O (adg), NF
(a A) and Mg~ ( P), with Iang radiative Iafetlmes may
also be useful as temporary energy storage media.

4) Strained molecules with high positive heats of formation.
This is an important class of molecules which are really
isomeric forms of conventional chemical species but are
structurally prevented from relaxation to their lowest
energy staie by significant activation barriers on their
potential energy surface. Examples in this category include

cycloproplyene (C3H4). aziridine (CZH?_NH), azetidine (C3H3NH).

hydrogen azide (HN3) and fluorine azide (FN3).
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B. AZIDE-TYPE STRUCTURES

Difluoroaminoborane

Hydrogen azide

N

N

F

H

I I

-,

R )

N\

de

Asymmetric
dinitrogen dioxi

de

e
\N/

ine isocyana

ine azi
F
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OPTIMIZED GEOMETRIES
OF AZIDES

Compound Theory R, (A) R,(A) R;(A) o (deg) B (deg)

HN, SCF  1.0055 1.2381 1.0987 108.181 173.815
FN, SCF  1.3820 1.2536 1.6995 104.315 174.108

MP2  1.4309 1.2799 1.1521 103.765 171.803
FNCO SCF  1.3737 1.2387 1.1354 109.846 173.235

MP2 1.4185 1.2622 1.1765 110.717 168.914

a-N,0, SCF 1.7574 1.2024 1.0844 103.966 179.506
MP2  1.5305 1.2272 1.1548 103.591 179.488
CISD 1.5815 1.2238 1.1072 102.840 179.360

FNBF SCF  1.2993 1.2068 1.2871 180.000 180.000
MP2  1.3394 1.2491 1.3069 154.650 169.291

Experimental bond length (R)

N-N 1.098 H-N 1.041 F-N 1.308 B-N 1.281
C-0 1.128 0-0 1.216 N-O 1.151 B-F 1.262
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C. HIGH ENERGY BORON
STRUCTURES

ANV

a) ByH; (D) b) B,H,0 (C,,) |
cyclotriborane 1, 2 epoxydiborane/diborylene oxide |
c: ethylene oxide !

H
|
N
H / \
| H—B B—H
/ N\ \ /
B B
; H/ \H B -
4 |
: H
! c) B,H,NH (C,,) d) B3H;NH (C,,)
: iminodiborane triboryleneimine
c: aziridine/ethyleneimine c: azetidine/trimethyleneimine

87-4-76-%
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CYCLIC BORON COMPOUNDS

Cyclotriborane (B;H;)

ey

TR

Ll P

AR

I = A
B\ B8
B B B B
~
H/ H H/ \H
- -
) [
RBB = 1.626 A RBB = 1.734 ﬁ

[ AN

E = -75.038853, stable

Iminodiborane (B,H,NH)

H
|

E = -75.174458, unstable (2)

PRI AR R

55 Y

PN

Rgg=1.621 3 { HBN=136.2°
RBH = 1174A { BNH=1453°
RnH =0-989 A E=-104.981636
Rgy = 1.423 A

1

Frequencies (cm ™ ')

By Ay A B, B By A B A B Ay A

700 818 921 923 989 1000 1110 1268 1423 2878 2916 3965

B .a-76-4
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CONCLUSIONS

. Tetrahydrogen (H,). LiH4 and Li, are not stable molecules in their

ground state in C; symmetry.

. Li5H is stable in its ground state in C,;, symmetry. Additional

caiculations of the energetics of Li;H are in progress.

. All of the azide-like structures: FNg, FNCO, a N202, and

FNBF, are vibrationally stable in the lowest A" state with
predicted high positive heats ot formation. FN, also has
a stable low-lying 3A” state.

. B3H3 has no stability as a D), structure. The anion, B3H,~

is stable as predicted by anscomb s rules. B,H,NH is stable
as a C,, structure with symmetry A Preliminary thermo-
dynamics indicate, however, that B, H NH is not very energetic.

. Best systems studied to date: a-N,0, and FNBF

. Areas for futher study- H_. LiH_ structures, azides and

further simple boron compounds

-~
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METASTABLE MOLECULAR FUELS:
THEORETICAL STUDY OF ION-PAIR STATES

LOW-LYING SURFACES OF H30

Roberta P. Saxon
Dahbia Talbi

SRI International
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OBJECTIVE

Predict new energetic metastable molecular
species that do not decay by radiation,
tunneling, or other means when isolated in
vacuum.

PROPOSAL

lon-pair bonding between stable negative ions
may lead to high-energy (locally) bound states
that have not been studied previously.

Example: Hy

BAMDIN3L D




METASTABLE MOLECULAR FUELS:
THEORETICAL STUDY OF ION-PAIR STATES - LOW-LYING SURFACES OF H307

Roberta P. Saxon and Dahbia Talbi
SRI International
Menlo Park, California 94025

Metastable molecular fuels, long-lived molecular species that do
not decay by radiation, tunneling, or other means, when isolzated in
vacuum, have been proposed as the basis for possible new propulsion
schemes. The recent prediction of an energetic excimer state of H,
suggests the possibility of a whole series of molecules bound by the
Coulomb attraction between a stable positive ion and a stable negative
ion. The fate of an ion-pair species, once formed, will depend
sensitively on the details of the potential surfaces that govern decay
processes such as optical transitions, predissociation, and internal
conversion. This theoretical program is devoted to examining ion-pair
species composed of first-row atoms that could serve as candidate
fuels. 1In this paper, CASSCF-FOCI calculations on the low-lying
doublet and quartet potential surfaces of the H,0 system are reported.

Consistent with our model of an ion-pair state as an H3
equilateral triangle with an O located above the center of the
triangle, our calculations to date have concentrated on Cs,
geometries. A DZP basis set augmented by diffuse s and p functions
on O was used. The correlation diagram linking the H,0 states studied
here to states of the separated fragments has been established. The
connection between this work and the portions of the ground state
(doublet) potential surface considered by previous workersl'2 i.e. the
H30 local minimum and the Hy + OH - H,0 + H transition state has also
been explored. While portions of the lowest potential surface
corresponding to the ion-pair H3 -0 can be identhied at the minimunm
energy, the lowest state may be described as H3O with an elgctron in
an oxygen Rydberg orbital, in agreement with the previous report
This conformation is known to dissociate to H,0 + H. There is no
barrier inhibiting conversion of the ion-pair geometry to the Rydberg
geometry. Within the restricted C,,, geometry, however, a stable jon-
pair state with H-H distance very similar to that in the H3 ion is
observed on the first excited doublet potential surface. Investigation
of this surface in unrestricted geometries is underway.

tuork supported by Air Force Flight Test Center uncer contract
FO4611-86-C-0070

IS. P. Walch and T. H. Dunning, J Chem. Phys. 72, .03 “1980).

2x. s. E. Niblaeus, B. O. Roos, and P. E. M. Sicgbahr Chem. Phys.
25, 207 (1977).
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ION- PAIR STATES IN O,

-149.0 T 1 T T T T T )
3y -
19 0(5p1 + 03P
0*(2p) + 07:7p;
-149 2 00 - - -l —mm =t
- ? N \.*j// =
=1
.2 ‘Il 2
: 0*'(?D) + O7¢?pP) e
> 1
O 1404 \ \ /_/ B
@ . = i
z \ 0°1*s) + 0°(?p)
- N e
z s \\\ 0%pi + Ot's)
= 013p) + 0’0}
03Py + 03P
-1498 - _
[\ U U RS VR U GH S |
2 4 6 8 10
LITAY

R.P.Saxon and B. Liu
.Chem. Phys. 73 (670 1940
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SELECTION OF SPECIES

Maximum specific impulse

heat of reaction
I.. o<
sp mass of products

» low molecular weight

H3+ positive ion - 1st row negative ion

- optimal electron affinity - a tradeoff

large EA = stable negative ion

small EA = high-energy minimum

\\ V=-1/R
\ A"+ B
\
Y
~
\~
R
A+B
RA-M-2531-3
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ELECTRON AFFINITIES

Neutral EA (eV)
H 0.75
0] 1.46
F 3.40
02 0.43

Li 0.62

RA-M-2531-4
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CALCULATIONS ON H,0

BASIS SETS:
4-31G (preliminary survey)
DZP + diffusesandponO
CASSCF (Complete Active Space)

9 active electrons (include O (2s) )
250 configurations C, symmetry

converge on 1 2A° state
solution totally symmetric

FOCI (First Order ClI)

Single excitations with respect to CAS
DZP: 14902 configurations 2A’

SOCI (Second Order Cl)

DZP: 370330 configurations

Calculations to date:

H H
]
\//\ molecule in C;, symmetry

calculations in Cg symmetry
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INDICATIONS FROM PRELIMINARY
4-31G RESULTS

1) Can locate attractive region of potential ]
surface due to ion-pair bonding

2) Asymptotes can be interpreted
(FOCI - a=1.65a,, d=10.0a,)

H; + O (2P)

|

H; +0('D)

2.25 eV (spec 1.97)

H; + 0 (3P) .

RA-M-2531-6
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DZP/FOCI RESULTS AT FIXED H-H DISTANCE Do
AS A FUNCTION OF VERTICAL DISTANCE -':::

-76.35 .

a=1.65 2,°
H30 (12A)

-76.40 —

A+ L
-

o)

-76.45 —

Q.
v W -"-,-
2

I
I u—
[+}]
T
XX,

-76.50 —

!

(C4, symmetry)

e T

-76.55 —

PEI L

-76.60 —

N ."."\.'\ “r
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-76.65 | 1 | | 1 | | 1 d
0 2 4 6 8 10

!'-"
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DZP/FOCI RESULTS AT FIXED H-H DISTANCE
AS FUNCTION OF VERTICAL DISTANCE

76.30 |- H30 2

-76.40

-76.50

Total Energy (hartrees)

76.60
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H3O CORRELATION DIAGRAM
(2A° Symmetry)

—  OH + H2 H30 H20 + H H3 + O
| 7 H3 + 0 -(2P) _
300 }- -
pamad — -
200 - —
- 7H3 +0(3pP)
p— —

ENERGY (kcal/m)

HoO(A'B1) + H

(22A)

OH(AE*) + H2 Ha + H + O(3P)
100 |~ H30(22A") -
-— —
_/ .
— H30(12A") —
OH(XIT) + Ho
0 - -
HO(X1A¢) + H
RA-2531.7
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Notes on Correlation Diagram

- H30, H,, and H; calculated at C;, pgeometries
Energies determined at equilibrium geometries
Ground state surface of Hy is repulsive; energy independent of
H-H distance, a, for a > 1.65a
Energies from DZP/FOCI calculations except:
a. 0H(A22+) and HZO(KIBI) spectroscopic excitation energy
b. H, experimental binding energy used to place H, + H +

0 with respect to Hy + O




H30 LOWEST POTENTIAL SURFACE
RELATIONSHIP TO OTHER STUDIES

(WD) S. P. Waich and T. H. Dunning
J. Chem, Phys. 72, 1303 (1980)
POL-CI

E. Kraka and T. H. Dunning, unpublished ¢

(NRS) K. S. E. Niblaeus, B. O. Roos, and P. E. M. Siegbahn
Chem. Phys. 25, 207 (1977)

UHF-SDCI N
barrier to
dissociation
to H20 +H
{ 3.4 L
‘ H,0 "~ fpresent
T H(NRS) work
planar
transition
’ OHHat  state 26.9 29.1
OH+H, 16.0

HzO#H
Energies (kcal'm)

GEOMETRY DETERMINATION -

UHF EOCI

a= 3.05ao ata= 3.053o
d= 0.62a° d= 0.92a°

H,0 wave funclion qualitatively same
H,0* + diffuse son O

RA M 263112
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o
C;3y Restricted Geometries d
DZP/FOCI 3
K
P
12A° 3
. Large portions of potential surface may be characterized :
as ion-pair 2
Lowest energy (in C3,, geometry) corresponds to 0(3s) '
Rydberg and dissociates to H,O + H with small barrier -
“-f
22p° 7
lon-pair minimum (in C3,, geometry ) at ~a = 3.05 a,,, 3
d=1.0a, 106.5 kcal/m above HyO +H )
No adiabatic correlation with ground state s
OH+H20I’H20+H E
Bound with respect to OH(A2s*)+ Hy >
and H,0(A1B4) + H
Second ion-pair local minimum ata = 1.65 a5, d = 3.5 a, A
143.9 kcal/m above H,O + H
. iy
3
Higher in energy than OH(A22+) +Hp f
Barrier to 22A° lower minimum
‘e
%
S
3
RA-m-2531-13 " ;
&
9
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H30 WORK IN PROGRESS

SOCI for better determination of absolute energies

Characterization of surfaces

At most C4,, geometries, 12a"

equivalent to 22"

127" correlates to ground state OH + H2,

QUARTETS

Characterization of surfaces

Much higher in energy - small binding, if
any, with respect to Hg + O (3P)

No correlations with lowest OH + H20 +H
asymptotes

RA-M-2531-14
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High Spin States of CO and CH
by
Daniel D. Konowalow and Marcy E. Roseankrantz
State University of New York at Binghamton
Binghamton, N.Y. 13901
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Ab Initio Calculations On High Spin States of CO and CH

by

DANIEL D. KONOWALOW
Department of Chemistry
SUNY-Binghamton, Binghamton, NY 13901

ABSTRACT

<

As part of our current interest in potential hovel energy
- ~5EOTEEE devices—we have investigated several high spin states of CO
and CH. The results of our calculations on the 5:* and °n states of
CO and the NZ' state of CH will be discussed. The possibilities for
spin~orbit interactions involving these high-spin states will also

be considered.

258 '

DA OGN0 ] 0 ¥ WY " W
R *\9f*i\! X “!.‘.\t."!~‘!’.,I_"b‘..l!‘\le"|{‘|l:‘|0m‘.l!';|_ FOMA RN LI O XA e M NN M RN AL S A e A 0

Yy DA eV S SN

R N T TR . e W
“5 [N '. ALK WA g Ly




The basic idea behind this phase of our research is to investigate the
properties of pairs or aggregates of high spin atoms which may combine to form
a deeply bound low spin molecule. The binding energy of the ground state
molecule may in principle be stored as suitably protected atoms or else as
high-spin van der Waals molecules. Examples of the latter are the 32: state
of H2 which could release about 4.5 eV on a spin flip and formation of the IZ;
state or the 7[3 state of N

2
12; state with the release of about 9.7 eV. Figure | compares

which could undergo a series of spin flips co
form the ground

our 1 >t van der Waals curve of CO together with the ground Ix+ state
potential curve to emphasize the tremendous energy storage poteantial of such a
high-spin van der Waals molecule.

The 72: state of N, has been examined from this point of view by Ferrante

and Stwalley [J. Chem. ghys. 78, 3107 (1983)] who estimated its potential
curve by adding an estimate of the dispersion attractive energy to their
calculated repulsive self coasistent field (SCF) energy. Their SCF plus
dispersion potential had a De of just over 40 cm—l. Later, Partridge,
Langhoff, and Bauschlicher [J. Chem. Phys. 84, 6901 (1986)] found from an
exhaustive set of configuratioa interaction (CI) computations in terms of a
substantial basis set and careful estimates of basis set superpositioa errors
that the De value was in fact only about 21 cm—l.

In view of these new results Ferrante and Stwalley [J. Chem. Phys. 85,
1201 (1986)] showed that their earlier values of critical temperature and
triple poiat temperature, for example, had to be revised downward by about a
factor of two. The point of this recitation is to note that extreme care must
be taken to assure the highest possible accuracy in the calculation of such
weakly bound van der Waals potential curves if they are to provide useful
estimates of thermal properties, for example.

We are currently investigating high spin states of CO which promise to
give greater specific fmpulse than high spia N2- The bulk of the experimental
and theoretical information available on CO treats mainly spin singlets and to
a much lesser extent spin triplets. The only published information on

quintets we found is the pioneering work of 0'Neil and Schaefer (ONS) [J.
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N
7.353
(7.36)

25.673

(25.66)

Polarizabilities
0
5.005
(5.14)
4.54
(4.58)
20.32
(20.61)
14.74
(15.05)
141.5
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Chem. Phys. 53, 3994 (1970)]). Figure 2 displays all their calculated bound Y,
22 . o
states correspoading to the C(iP) + O(3P) interaction except for the grouad N
state. Their minimal basis set, full valence configuration interaction .~
* calculation is subject to very substantial basis set superpositioa error (we -
- +
estimate an error of about 2500 cm ! at R=4 a for the ! SX state) and, thus, }
¢ .
can provide only a qualitative guide to our own work. We show in Fig. 3 that ;
the ONS curves for the lowest SX+ and o states are substaﬂtially deeper than b,
our own (primarily due to their BSSE).
Let us describe our own calculations, 1t is performed with the apparatus j:
o™
shown schematically ia Fig. 4, which ably is operated by Marcy Rosenkrantz and K3
~
Jim Francis-Bohr, among others. We augmented the bhasis set of Liu and Mclean :
{unpublished] with two s-, two p-, and one each of d-,f- and g- functions #
needed to optimize the dipole, quadrupole and octupole polarizabilites of the :i
ground state atoms C and 0. Our polarizability results are given in Fig. 5 'i
and are compared with availahle literature values (in pareatheses) [H.J. f;
Werner and W. Meyer Phys. Rev. Al3, 13 (1976); E.A. Reinsch and W. Meyer Phys.
- ¢
Rev. Al8, 1973 (1978)]. The atomic polarization basis is needed in order to ::
insure an adequate description of the long-range interactlon energies commonly :*
-
approximated by the familiar multipole series: N
-6 -8 -10 *
EDisp = —C6R -CSR —CIOR cee -
Note that we do not use perturbation theory to calculate the long-ranye .:
interactions, we merely use its familiar language in this discussion. ~:
We have found that there is a substantial amount of configuration mixing :f
+
betweea the two lowest SX states of CO, especialy in the region of 5-8 . .
Unless we were extremely careful with our choice of reference state(s) and :
input vectors on which to base the multireference second order Cl (S0CI) Iy,
calculation, we ohtained potential curves that appeared to be nonsense. We '*
shall oot regale you with the details of our early computations, but rather i
describe the approach we have taken to obtain our curreat bhest results, &i
First we performed SOCI calculations on the 1,2 Sz+ states where the ?~
’
excitations were performed from the seven configurations that arise from I
)
allowing the six p electroas to occupy any of two ¢ and two m orbitals .
consistent. with SX+ symmetry., These calculations employed the molecular ;;
-
N
»
\
“
S
208 ‘
~
F
&
. v oW 'p Tt ™ 4™ -~.
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orbitals obtained from an SCF computation on the 5x+ state with the

coafiguration [ ]506cln32n we then analyzed the natural orbitals as shown in

Figs 6 and 7 which suggested that a good multireference SOCI base would obtain
from a CASMCSCF in which the six "p" electrons were allowed to occupy any of
the three 0 and two 7 orbitals consistent with 52+ symmetry. The
corresponding SOCI comprised about 119,000 configuration state functions
(CSF).

The resulting binding energies for the 1,2 St and 1 states are shown ia
Fig. 8. As shown in Fig. 8, we obtain slightly different results depending on
whether our input vectors for the multireference (119,000 CSF) 6/3 +2
computation came from the SCF computation for SX+ [ ]50601ﬂ32ﬂ or from a state
averaged (1 and 2 SX+) 6/30+427 MCSCF calculation., We presume that the latter
computation is the more reliable.

Figure 9 shows that the | oyt state has anine or more bound, J=0
vibratonal levels and that it {s expected to be relatively stable thermaily at
or bhelow room temperature. FEven the 2 SX+ and | Sﬂ states are seen to be at
least weakly bound (the former has at least two bound vibrational levels), so
they too could be potential energy storage states at sufficiently low
temperatures. However, it remains to bhe seen what the radiative lifetimes of
these states are.

We have started on calculations of other high spin quintet and triplet
states of CO which correspoad to the C(3P) + 0(3P) asymptote, When those
calculations are complete we shall be ahle to consider various decay

mechanisms of the potential energy s orape states.
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Theoretical Studies of Spin-Forbidden Radiative
Processes and Electronically Nonadiabatic Processes
Using ab initio Electronic Structure Methods

James 0. Jensen and Byron H. Lengsfield
Ballistic Research Laboratory
Aberdeen, MD

and

David R. Yarkony
Department of Chemistry
The Johns Hopkins University
Baltimore, MD 21218

Applications of a recently developed methodologyl for treating spin-

forbidden radiative processes within the Breit-Pauli approximation will be

reported. Briefly the electronic wavefunctions (WI) are determined through

first order in perturbation theory, WI= W? + Wi , with W? and W%

configuration state function (CSF) basis

w0 = ¢ ol
T 5k % % o
and
S ¢
= ¥
Y17 Y % .
¢l satisfies the secular equation
o_ 0, .1
(H_LI)—(J =9

while Xl satisfies

N i
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where HS9 s the full microscopic spin-orbit hamiitonian. The CSF
basis, ¥, 1s develuped tron orthonormal molecular orbitals determined withia
the state average MUSCF approximation.
; . A . i, : . .
The determination of “1 asing 1b and 3 s preferted computationally over

s . . . . . 1
the traditional eigenfunction expansion method which gives Vo as

. ChT ﬁsocl .
Vo o= t\ -—~-(r)--~l--0—r C . 4
\LI - LK)

In particular use of eq. 3 permits treatment of spin-forbidden radiative
processes originating in coupling to bound states in the continuum
('resonances'). The usc of eq. 4 in this instance would be difficult if not
impossibl ..

The situation is illustrated with the determination of the radiative

1

lifetime for the a"A ~» X3I_ transition in CH . Okamura et al.2 have reported

the lifetime for this transition as 9.9 + 0.8, -U.6s. This transition
3

. s . . 1 - .
acquires oscillator strenpth by coupling of the A and 5 states respectively

3 1 . . . - . . .
to "1 and 1 states embedded in the CH + e continuum. The solution of eq. 3

> terms) and analyzed using a

will be obtained in a large CSF basis (~10
natural orbital procedurc. The possibility of optimizing molecular orbitals
. L, ' . : . ce -
to describe the 7 'resonances' using an iterative natural orbitai procedure
will be discussed.
Recent ly the radiative Tifetime () of the alA state in NCl has been

measured by two ditterent experimental techniques with significantly different
results, T=1440ms and T=dms.  To address this discrepancy calculations of the

. Ce - S d 23— - . -
radiative lifetimes for the gbln R JLA) > XBL transitions in NC] have been
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performed.3 Our results support the longer lifetime measurement.

If time permits we will discuss the application of recently developed

computational techniques for the evaluation of first derivative nonadiabatic X
]

coupling matrix elements -
- R |2 . )

g(J,1,R ,R) = <wJ(£,1§>|3Ra v(LR)> %

using analytic gradient methods to discuss nonadiabatic chemical reactions.

-

In particular we will consider the charge exchange reaction .
W+ No > H + NOT. y,

1

L]

References: ;
1.(a) S. J. Havriliak and D. R. Yarkony, J. Chem. Phys. 83, 1168 (1985). :

(b) D. R. Yarkony, J. Chem. Phys. 84, 2075 (1986).

2. M. Okamura, L. I. Yeh, D. Normand and Y. T. Lee, J. Chem. Phys. 85, 1971 A
(1986). 3
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Spin Forbidden Radiative Processes

1. Change total spin angular momentum
Breit-Pauli Approximation

2. HS9 spin orbit hamiltonian

HSO = hSO + hSOO

h>% 1e~ spin orbit interaction

h300 2e~ spin other orbit interaction
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TODAY:

STATES

ELECTRONIC STATES ORIGINATING FROM

ELECTRON OCCUPATION

62 42

ZS+1A

Q

'best’' quantum number

3.
X Iy

point group: C

>y
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See "Spectra, lifetimes, and kinetics of matrix-isolated NI blli+ and alb ", .
J Chem Phys, 84, 2907(1986).

------------------------------- NEXT SLIDE oo omoemm e

See "The lifetimes for spontaneous emission from the X?’E‘(v=1) and alA

states of CH ", J Chem Phys, 85, 1971(1986) -
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States [Spectral Representation - Conventional]

oleo ]
< >
1 *K ’I o
’:
I Z o o ’K
(E -E)
I K

ADVANTAGES

1. Facilitates incorporation of experimental data
2. Mixed representations

Spaces [SJH & DRY, J. Chem. Phys. 83, 1168 (1985)]

(H° - E) 9y = - H5%]

Advantages

1. AVOIDS (IMPOSSIBLE) TASK OF OBTAINING ALL
ZEROTH ORDER EIGENSTATES

2. PERMITS TREATMENT OF PROCESSES ORIGINATING
IN COUPLING TO STATES EMBEDDED IN A CONTINUUM

3. ORBITAL OPTIMIZATION!
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IN GENERAL

BV X X 4

1. TRANSITION MOMENTS ARE SENSITIVE
to the QUALITY OF THE
WAVEFUNCTION '

AL L
A ALK

2. SPACE approach permits use of
a large CSF space

[ N Y

oy,

To exploit (2) with an eye to (1) we have
implemented

SYMBOLIC MATRIX METHOD for HB8°? °
DRY, J. Chem. Phys. 84, 2075 (1986) ]

e T By 2 e Su ]

P I I o ot PR,

g A 1 4,

CONCEPT:

Representative MATRIX Elements

o] @

DIRECT PRODUCT SPACES
LIU & YOSHIMINE, J. Chem. Phys. 74, 612 (1981

'»".‘
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Benefits

2GS AN S,

1. AVOIDS SIZE LIMITATION OF CONVENTIONAL CI 3
10° - 109 CSF's ‘routine’

2. PERMITS MAXIMAL EXPLOITATION of SPACE METHOD R
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CABLE I. Spin-forbidden transition moments® Tor b— 1 anc a—X transitton in NCl.

Rzrerence ] Lo{a's (X i g0 X YET) g (BT, XET)
@ CVB [Ref. 4(2) ] } EXP D.1740 1) | 0.153( = 1)° |
4 Becker ef al. (Ref. £) 5659( -3 | l
::‘ wayne-Colbourn (Ref. 6) SQF' 5‘ ! 0.270( —2) 0.132( =2) (
2Y This work FO° £000 €3¢ TSR RS B X RN O 0.407( =3y |
" SO 80aese e3F AS0Tn b g9 =) 0.441( ~3) | |
A ;
oA‘ tml rd.qhu rate veasured

a“ » o
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- 1 1 3,-

CH Az —p Zl :
Lengsfield Jensen Yarkony ?

it 2, 2, 2 ;.2 :
1 10°20°30° 1=« VALENCE States A
A '
:

n ng* = 1622023013 VALENCE .
ln x * g 1022023024a11 :
n,=30 o =40 ! .:

3,1 . 1 -

GOAL: Construct I space appropriate for ¢ N
STEP 1: VARIATIONAL PRINCIPLE :
3g-, la, 3315 into State averaged MCSCF
RESULT: 4c is very diffuse f
CH(zn) te i

as expected ﬁ
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Step 2: (a) Construct *1(33 aIA)

| in flexible "2nd order space"
| 80,000 & 130,000 terms

(b) Analyze the solutions using

NATURAL ORBITALS

QUALITATIVELY:

1@2202301"3 is correct
but
1022023024oln
should be valence orbital
Step 3: Using 40 NATURAL CORBITAL redo Step 2.
Conclusion: Now possihle to optimize the space

used to describe the perturbation
in a marnn~>r analogous to that used
to optimize space for the zerotn
order wavefunction!
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EXPERIMENTAL STUDIES ON THE SYNTHESIS OF NEW NOBLE GAS FLUORIDES AND HIGH
OXIDATION STATE ENERGETIC FLUORINE COMPOUNDS INVOLVING UNUSUAL BONDING
SITUATIONS

W. W. WILSON AND K. O. CHRISTE

ROCKETDYNE DIVISION OF ROCKWELL INTERNATIONAL, CANOGA PARK, CA 91303

The primary objective of this program is to demonstrate the feasibility
of synthesizing hypervalent, high oxidation state fluorides of nitrogen,
oxygen and noble gases. Typical target compounds are NF4, OF4 and Aer.

Our initial efforts are concentrated on the synthesis of NF A sapphire

5°
reactor was set up for uv-photolysis in liquid F2 at -196°. The efficiency

of the apparatus was demonstrated by preparing NF4+BF4- from NF3 + F2 + BF3.

but photolysis of NF_, + Fz alone did not produce detectable amounts of NF5

or NF4+F—. A matrix3isolation apparatus was built and the NF3—F2-BF3
system was studied in Ar matrix at 5°K using uv-photolysis. Since no
evidence for the formation of either any new species or NF4+BF4— was
obtainable under these conditions, the apparatus was modified to use
microwave discharge instead of uv-photolysis for the generation of F atoms.
This method has the advantages of producing much higher F atom concentrations
without photolytically destroying the desired products. The efficiency of
the system was demonsirated for the OZ—F2 system producing the known OZF
radical in good yields. The reactions of microwave discharged generated

F atoms with either NF3 or BF3 alone in Ar matrix so far have not

generated detectable amounts of any new species,

Preliminary experiments using 18F radio tracer studies were carried out to
determine whether nitrogen can exhibit a coordination number of five with
fluorine. Unfortunately, the facilities available (at the University of
Glasgow) did not permit the generation of sufficiently large amounts of

1
the 8F2 required for our experiments.
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'Z 15t HIGH ENERGY DENSITY MATTER CONFERENCE
3 ) Department of the Air Force - AF Rocket Propulsion
May 12 and 13 1987, Arlington, Virginia
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NEW HIGH ENERGY DENSITY SMALL RING SYSTEMS

i Presentation
THE PREVALENCE OF RHOMBIC STRUCTURES IN Asz TETRAATOMICS
‘ by KOOP LAMMERTSMA AND OSMAN F. GUNER

o Dept. of Chemistry, University of Alabama at Birmingham,
University Station 219 PHS, Birmingham, AL 35294.
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ISt HIGH ENERGY DENSITY MATTER CONFERENCR
Department of the Air Force - AF Rocket Propulsion
May 12 and 13 1987, Arlington, Virginia

THE PREVALENCE OF RHOMBIC STRUCTURES IN A,B, TETRAATOMICS

by KOOP LAMMERTSMA AND OSMAN P. GUNER, Dept. of Chemistry, University of
Alabama at Birmingham, University Station 219 PHS, Birmingham, AL 35294,

A variety of reactive solid state materials contain rhombic building blocks
as important structural ingredients. Illustrative are the formel Alzsizz-
and Lizxz_ (X = N, P, As) fragments in the Zintl' complexes CaA12812 and
ML5.2X2 (M = Ce, 2r, Pr), respectively, whereas the formel BezGezz' part in
CaBe2Ge2 can be viewed as a square network. These building blocks are
tetraatomic structures of the A,B,-type. We have studied by ab initio MO
theory a variety of 10, 12, 14, and 16 valence electron A282 species to
determine whether high energy density rhombic structures are prefered at the
molecular level.

For the 16 el. species Cyr C3HB, C2“282' and related cations, the rhombic
structures are indeed minima on the potential energy surface. This is also
the case for the 14 el. C4Be, C3HBBe, and related cations. However, for the
12 el. C,Be, the linear form (triplet) is more stable than the rhombic
isomer, which is a minimum energy structure.

In our full potential energy search on the limiting 12 el, CzLizz- and 10
el. 828 9 species we focus on the prevalence of the highly energetic rhombic
structures and their unique bonding properties. Similarly, preliminary data
on the 16 el. disilicondicarbide C2512 will be presented.
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6-31G* Geometry
3 C)-C, 1.543 £
c,-C, 1.502 &
1 2
H
2 llz

No electron density between Cl and C3
The HOMO (I) is a non-bonding G-orbital
The short distance between Cl and c3 results

from two O-bridged-fl-bonding orbitals (II)
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Table 1. 6-31G* energies (in au), heats of formation (Aﬂt, in
kcal/mol), and strain energies (SE, in kcal/mol) for four-wembered

ring structures.

compound formula enerqgy AHg SE
2129 c, -151.14598 228
2329 CH,2t  -151.53998 726
Cyclobutadiene dication (26)35 cm,2*  -152.91650 623
Bicyclo{1.1.0}butene (8)14 C H, -153.58016 142 127 .
1,3-Cyclobutadiene (15)23 C H, -153.6412 103 65
Bicyclo[1.1.0]butane (2314 C4Hg -154.87176  51.9 65
Cyclobutene (27099 C,Hg -154.89962  37.5 29 »
Cyclobutane (28)°%9 C Mg -156.09703 6.8 26
Hydroqenl4 H, -1.12683

Enthalpies given to the nearest tenth are experimental data,
integer values are based on calculated energies. The strain energy,
SE, are derived from Pranklin group equivalents: C52=-—4.93,
CH=0.80, cis~-CH=CH=18.88, and C=C=24.57 kcal/mol.

2+ 24
[ ]
B O
U
23
H, H 5]
<
H 15 H \
H
ri Hx '
H H
1 H Hl 1
27 28
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Relative (in kcal/mol) Energies of c‘nzz*, c4n*,
and C4 Isomers.

; AP/ MP2/ MP3/
- Structures 6-31G* 6-31G* 6-31G*

. " 1 D.h o.o 0.0 o.o

2 Dop 48.1 -1.5 13.3

102 C,, 0.0 0.0 0.0

i ' o 11 Coy 36.3 -13.0 0.2

: 12 D 0.0 0.0 0.0
?

‘ 13 Doy, 23.7 -14.6 -2.7

. a HF/3-21G geometry
U

&f,
- c—C~—C—¢C
g - 12 13
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X=Y=C
x=CHY; y=C
X=yY=CcH*
X=BH; Y=C
X=BH; Y=CH'
X=Y=BH

[
—

[riNtiel
(VA1 P VR [ N

X=Be:
X=Be;
X=Be;
X=Y=Be
X=Y=BH:;

Table 1. 6-31G* Energies, Structural Parameters, and Mulliken
Overlap Population Analysis for the Four-Membered Structures S5-1S.

compound energy geometry overlap
r(C,-Cq’ r(C-X),r(C-Y) population
s.*c, -151.14598  1.457  1.425 -0.063
6.* c.8* -151.45693  1.520  1.352, 1.472 -0.013
2% c8,2*  -151.s3998  1.593  1.386 -0.236
8, C,BH -138.65329  1.462 1.479, 1.418  0.138
9, CyBH," -139.01220  1.529 1.526, 1.345 0.060
10, C,B,H,  -126.15541  1.470 1.470 0.330
11, CyBe -127.98366  1.418 1.563, 1.421  0.219
12, cyse®  -128.39388  1.484 1.619, 1.345  0.107
13, C,BBeE  -115.47831  1.44S 1.558, 1.473  0.389
14, c,Be, -104.79129  1.458 1.564 0.495
15, &8, -99.72164  1.690° 1.604° 0.306

% Refence 8.

b

The respective r(B-B) bonds are given.
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Y=C +
Y=CH
=BH
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See "Site Preferences and Bond Length Differences in CaAIZSiz-Type Zintl

See reference from previous slide, but page 1884.
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Y X3

i
1
i
+

C._ 1.818

‘1.M5
Si + (2.083) Si

C
1s 0.00 (0.00) (Q)
1t -- (86.06) (0)*

Si

1.869
1.854)
2.375

(2.333)

C
1.279
/ (1.306)

3s 41.42 (29.82) (2)
3t -- (30.43) (0)*

Si

1.
(1.

C

2.027
(1.798)

5s
5t

DSAOULO DA AN : ’ s
et i"".h “"0"’ “‘..'s..:i'tiﬁ'?"'«" AL % c.. y'._ \ '!Q .‘

Wl €28 9o ad raQ saf <ad ol

1.270 1.719
(1.267) (1.721)

2s 23.67 (22.33) (0)
2t 15.87 ( 0.02) (0)

C C
1.233
(1.233) '\, 596
(1.909)
Si > 380 Si
(2.402)

4s  51.14 (94.71) (2)
bt - (48.58) (1)

3
29
———C. 1.775
\].802)
1.939 ]
(1.98s) _Si
//”/’?’ifz;é
. 2.971
Si 97
--  (9.45) (0)=*
-- (12.95) (0)*
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(1:507)
1.76a -
B. (1.752) B—B
2.0 .785
Be<£u@ Be / \(1 756)
B Be-;?s-g———Be
(1.974)

1s 33.48 (20.80) (0)
2s 27.36 (11.75) (0)

1t 0.00 ( 0.00) (1)
2t 11.69 ( 4.34) (2)
Be: } .702 )
2.380 \1 .820
Be B B Be (2.490) L? 678
Be (1.567)

3s bi.45 (59.80) (2)
bs 47.93 (48.22) (2)

4t 58.89 (-1.48) (1)

797
o l\Q .755)
.51
(1.601) €. 2.289 7785 B€
(2.118)

5s 37.31  (43.28) (o)
S5t 70.12 (30.65) (1)

Be
B ; l.7V
/5\752) B 1.53 B
+(1.656) 1.819
\\\\\\\\\\ ' 1.704
B
Be

6t 1.39 (-0.06) (0)
7s 11.09 (24.56) (1)
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K 2.108
e C . (2.138)
g Li/3d'?'s’§>\u

X s 13.62 (46.15) (0)
It 0.24 ( 0.21) (1)

1.242 1.975
. (1.243) (1.983)

(2 Li—C—¢ Li

‘}g:l 3 S

— 3t

9.42 (k4.59) (0)
0.04 (-2.66) (0)

Li
, Ysu
”.

2.711 (:-—--

. zs
“.

! Li

) ’ 5s 29.79 (39.92) (2)

¥
"b“"“s"l’ g QL

.....

C

1.250
.C%
‘l
2.06\\ g 2.092 Li

2s 20.60 (33.54) (0)

1.247

/

‘\{;973

Li

2,848

4s 24 kb (37.46) (2)

2.135
(2.108

Li SeeeeLi

RN

6s 20.18 (35.97) (0)
6t 0.00 ( 0.00) (0)
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PHOTOEXCITATION OF TRIATOMIC HYDROGEN
H. Helm and L. J. Lembo

Molecular Physics Department
SRI International, Menlo Park, Ca 94025

Emission Spectra (Herzberg)

2. Formation of H3 in Charge Transfer

Photoionization Spectra

Two - Photon lonization

Excited - State Charge Transfer

Future Work

-—"

Supported by the Air Force Office of Scientific Research
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ABSTRACT

Submitted to
The First Annual High Energy Density Matter Conference
(12-13 May) 1987, Rosslyn Virginia

PHOTOEXCITATION OF TRIATOMIC HYDROGEN™

H. Helm, and L. J. Lembo
Molecular Physics Department
SRI International Menlo Park, Ca 94025.

' We have used a coaxial laser fast-neutral-beam spectrometer to
study photoabsorption of long-lived species of Hy. The Hj molecules are
formed by electron transfer from cesium to mass-selected H3+. The
neutral molecules are detected by photoionization several microseconds
i after their formation. Single-photon ionization of Hy has been observed
in the near UV (3620 to 3380 A) via autoionizing Rydberg states. In
addition one-photon resonant two-photon ionization has been observed via
the 3d2A1‘ state at 5781 A. The photoionization d;ta suggest that the
long lived Hy species are molecules in the previously known 2p2A2"
state. We will discuss these results and our current understanding of

the structure of this triatomic hydrogen species.

* Work supported by the Air Force Office of Scientific Research.

MP No. 87-085
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12 H(n=3] + H,
B H(n=2’ + H2 1 J'
o A H +e -
3p 2py
8 2 2 N —‘ =
eV 3s <A =
B 3p 2¢’ i "
6 - B2p 2A; - I
= 2 2Ai - b
4 - — ¥
— @ X2p 2€ ]
2 & s . 9
— —
/ H(n=1] + H,
0 2
ot
!
¢
Three of the Emission bands observed by Herzberg and coworkers are A
(X
shown by the full arrows. (Ref. 1-5) "
]
t
VU
The photoionization step from the metastable H 4 state is shown by the ‘j
open arrow. (Ref. 6). ‘
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Predissociation of n=2 states

2s A, vibrational coupling
a
A
o"
4
' &
PR,
N
H + H2
H2 + H(2p) H, + H
) O
o" 4
’
-, 4
~-% /
’
> /
2p A", \(/
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2p A,

states

Predissociation of n=2

Rotational coupling
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Metastable triatomic hydrogen

Lifetime of 2pA; state depends on the degree of rotation of the molecule

(Herzberg, Hougen and Watson, Ref.5)
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The residual width of the lowest level (N=0, K=0)

is attributed to Doppler Broadening

Radiative lifetime for 2pA” ,- 2sA’ qtransition (1090 cm '1)
has been calculated to be u7 us (Gellene and Porter, Ref.7)
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Rad ol ol 2 o8 1.4

Formation of H 3 by Charge Transfer

Cs (6s)

lonization Potential of Cs : 3.89 eV

Binding Energy of n=2 Electron to H3+ ~ Ry/4

References 7-13
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Photoionlzation spectrum at high n-values
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X
; Assignment of Rydberg Series
)
L]
3 .
g The lowest n member observed in each series is
" indicated along the series ladders
Lr
K
)
: 10,000 -
i (vy, vy)
(2,0)
; (1,0 ==REI
# (0, 1) | .| !!!!! — ‘
0 }0,0) = N—t—
. BT
i _ —1—33 7_1_7
. T e
b\ > -10,000 - — T
K o -
5 w T
w gl
‘; 5H® @ ©
) I
Y -20,000 £, B
(1,0)_| Hy 20 24,
(0, 1)
-30,000 (0, 0)—s ’
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Autoionization of n=7 states

160

120 -

H3 1ONS IN 640 LASERSHOTS

0 1 1 ] 1 d 1 1 1 1
27160 27180 27200 27220 27240 27260

PHOTON ENERGY (cm™)

Autoionization Mechanism:
vibrationally excited core and bound Rydberg electron
exchange energy.

The peaks B and D (B' and D') are identified as transitions

to the 7d (7s) Rydberg states of vibrationally excited Ha'
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Two-Photon lonization of H 4
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ELECTRON TRANSFER FROM EXCITED TARGET

ground state target 00

Cs(6s)+H; —— Cs'+H, (n=2) - 228 meV

excitation

Cs(6s) + hv (3401 A) — Cs(11p)

example of transfer from excited target

Cs(11p)+H, —®  Cs"+H, (n=26) - 228 meV

detect Rydberg molecule by field ionization .

Hy(n=26)+ E ——» H;w
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Timing

to select excitation process in charge exchange cell

v

weak field strong field
: charge transfer /
Y \\ ’
' ( + I
H + ———
: 3 \./ S|
* < 4 Ps

laser arrival of ions

” I l time v

I—

10ns ~ 100 ns
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Excitation Spectrum of Cs
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Future work

- identify lowest autoionizing levels in the Rydberg series
to support assignment of vibrational states of the

metastable molecule

- Measure the linewidth of the transitions to determine the
autoionization lifetimes.

- Two-Color lonization experiments using as intermediate
‘ the n=3 levels observed by Herzberg to determine
‘ the quantum defects of the np and nf Rydberg series.

| - Search for metastable species of the Hs molecule for which
a number of metastable states have been predicted
theoretically (Ref. 14).
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