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FOREWORD

The High Energy Density Materials Program is administered jointly by
the Air Force Astronautics Laboratory (AFAL), the Aeropropulsion
Laboratory of the Wright Aeronautical Laboratories (AFWAL/PO), and the
Air Force Office of Scientific Research (AFOSR). The program is designed
to search for new molecules and materials which have an energy content
that could result in revolutionary improvements in rocket propulsion, yet
have the stability required to be used as propellants. 1In scientific
terms, it is a search for the "limits of metastability." The program
plan includes periodic Contractors Conferences to share research results
and evaluate the progress of the program.

The second High Energy Density Materials Contractors Conference was
held on 28 February - 2 March 1988 in Newport Beach, California. The
meeting was attended by approximately 150 people, and they heard 40
presentations of research results. These talks were given by both
in-house researchers from the Air Force Astronautics Laboratory and the

Aeropropulsion Laboratory of the Wright Aeronautical Laboratories, and
contractors of AFAL, AFWAL/PO, and AFOSR.

This report represents the official documentation of the second
conference. It includes extended abstracts of the material that was
presented by the researchers at the scientific meetings. The detail
presented in these extended abstracts should be sufficient to allow an
in-depth review of the type of research being conducted in the program.

The third High Energy Density Contractors Conference is scheduled for
New Orleans, Louisiana, on 12-16 March 1989.

P 13 e %g& )%m%

LARRY P. DAVIS, Major, USAF FRANCIS J. WOD YK
Editor Editor
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High Energy Density Materials Contractors Conference

Technical Program
Monday, 29 February 1988

Session Chairman - Larry P. Davis, AFOSR

8:00 - Administrative Announcements

8:05 - Welcome - Richard Weiss, Chief Scientist, AFAL

8:15 - "AFAL Perspective of HEDM Research," Stephen Rogers, AFAL

8:30 - "The AFOSR High Energy Density Materials Program," Larry P. Davis and
Frank J. Wodarczyk, AFOSR

8:45 - "Dissociation and Stabilization Measurements of High-Energy Molecules"
Peter Bletzinger and Michael Ruark, AFWAL/POOC

9:00 - "Synthesis of New Xe and Kr- Compounds Involving Novel Bonding
Situations," A.A.A. Emara and G.J. Schrobilgen, McMaster University

9:25 - "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.0. Christe, Rocketdyne

9:50 - Break

10:15 - "Synthesis of New Polynitropolyhedranes,"” Alan P. Marchand, North
Texas State University

10:40 - "Highly Fluorinated Nitrogen-Containing Compounds," Jean’ne M.
Shreeve, University of Idaho

11:05 - "Synthesis and Properties of Nitrocarbenes," William P. Dailey,
University of Pennsylvania

11:30 - "New High Energy Density Small Ring Systems," Koop Lammertsma and
Osman F. Guner, University of Alabama at Birmingham

12:00 - Lunch
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Session Chairman - Stephen Rodgers, AFAL

1:30 - "Computational Studies of the Properties of Tetrahedrane, Triprismane,
and Their Aza Analogs," Peter Politzer and Jorge Seminario, University of New
Orleans

1:55 - "Energy Storage in Rare Gas Solids Via Charge Separation and
Trapping," Ara V. Apkarian, University of California, Irvine

2:20 - "Energy Transfer Processes in Rare Gas Solids," Henry Helvajian,
Aerospace Corporation

2:45 - "Theoretical Studies of Protons in a Rare Gas Matrix," Marcy E.
Rosenkrantz, AFAL

3:10 - Break

3:35 - "High Energy Density Systems in Cryogenic Media: The Production and
Reaction of Atoms and Radicals," Eric Weitz, Northwestern University

4:00 - "Photoinitiated Chain Reactions in Low Temperature Solids," Charles A.
Wight, University of Utah

4:25 - "Photochemistry in Cryogenic Liquids," A.T. Pritt, Jr, N. Presser, and
R.R. Herm, Aerospace Corporation

Tuesday, 1 March 1988

Session Chairman - Chester J. Dymek, Jr - FJSRL

8:00 - "Theoretical Investigation of Energy Storage in Atomic and Molecular

Systems," H.H. Michels and J.A. Montgomery, Jr, United Technologies Research
Center

8:25 - "Theoretical Studies of Oxygen Rings: Cyclotetraoxygen, 04," Edward T.
Seidl and Henry F. Schaefer III, University of Georgia

8:50 - "Investigations of Hypervalent Compounds as High-Energy Materials,"
Paul  Engelking and Tom Dyke, University of Oregon, and John Farley,
University of Nevada at Las Vegas

9:15 - "Theoretical Studies of Novel Boron Compounds," George F. Adams, U.S.
Army Ballistic Research Laboratory

9:40 - "Theoretical Study of Ion-Pair States," Roberta P. Saxon and Dahbia
Talbi, SRI International

10:05 - Break



10:30 - "Multiresonant Spectroscopy and Dynamics of Molecular Superexcited
States," Edward R. Grant, Purdue University

10:55 - "Laser and Fourier Transform Spectoscopy of Novel Propellant
Molecules," Peter F. Bernath, University of Arizona

11:20 - "Theoretical Investigations of Metastable Molecular Systems," K.P.
Kirby, Harvard-Smithsonian Center for Astrophysics

11:45 - "The Role of Long Range Interactions in the Stabilization of Highly
Energetic Molecules," James E. Bohr, AFAL

12:15 - Lunch

Session Chairman - Frank J. Wodarczyk, AFOSR

1:30 - "Model Studies of CBES Decomposition," D.J. Benard and R.H. Cohn,
Rockwell International Science Center

1:55 - "Theoretical Studies of Highly Energetic CBES Materials," N.E. Brener,
J. Callaway, and N.R. Kestner, Louisiana State University

2:20 - "Collaborative Experimental and Theoretical Study of the
Photodissociation and Reactions of the Azide Radical," Millard H. Alexander,
University of Maryland, and Paul J. Dagdigian, Johns Hopkins University

2:45 - "Energy Flow and Decomposition of Energetic Molecules from Metastable
Vibrational States," D.S. King, M.P. Casassa, and J.C. Stephenson, National
Bureau of Standards

3:10 Break

3:35 - "Potential Energy Surfaces and Stability of High Energy Content
Excited Bound Clusters®™ - C.A. Nicolaides, National Hellenic Research
Institute

4:00 - "Photochemical Preparation and Spectroscopic Detection of Hy," A.H.

Kung, Y.T. Lee, and C.B. Moore, University of California, Berkeley

4:25 - "Characterization of Tetrahydrogen Via State-Selected Excitation of
Hp(B)," William J. Marinelli, Don W. Arnold, and Anne M. Woodward, PSI

4:50 - "Spectroscopy of Polyatomic Hydrogen Ions," Takeshi Oka, University of
Chicago
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Wednesday, 2 March 1988

Session Chairman - Walter J. Lauderdale, AFAL

8:00 - "Investigations of Metastable Hydrogen Molecules" - H. Helm and L.J.
Lembo, SRI International

8:25 - "Ionic Solid Hydrogen Fuel: Production and Properties of Hydrogen Ion
and Energetic Neutral Clusters," Young K. Bae and Philip C. Cosby, SRI
International

8:50 -  "Quantum Monte Carlo Study of Decomposition Pathways of
Tetrahydrogen," William A. Lester, Jr, University of California, Berkeley

9:15 - "Theoretical Studies of the Lifetime of Metastable Trihydrogen," Aron
Kuppermann, California Institute of Technology

9:40 - "Experimental Studies of the Properties of Trihydrogen," Aron
Kuppermann, California Institute of Technology

10:05 - Break

10:30 - "Theoretical Study of the Radiative Lifetime for the Spin-Forbidden
Transition X <- a in He, * Using Ab Initio State Averaged MCSCF + CI
Methods," Cary F. Chabalowski, U.S. Army Ballistic Research Laboratory

10:55 - "The Static and Dynamic Influence of Condensed Phase on
Metastability," P.K. Swaminathan, B.C. Garrett, C.S. Murthy, M.J. Redmon, and
B.M. Rice, Chemical Dynamics Corporation

11:20 - "Theoretical Studies of Spin-Forbidden and Electronically
Nonadiabatic Processes Relevant to the Structure and Stability of Potential
High Energy Density Materials," David R. Yarkony, Johns Hopkins University

11:45 - Concluding Remarks
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Dissociation and Stabilization Experiments of High Energy Molecules

P. Bletzinger and M.E. Ruark

In the study of high energy radicals of interest as storable high energy
compounds the radicals are commonly produced by photolytical dissociation
of the molecular beam during deposition or of the deposited material in the
matrix. Another way of production is collisional dissociation using
metastable gas atoms. This method has the advantage of using a simple
discharge system and, if helium ions are used, can provide energies up to
24.6 eV. Disadvantages are the limited and discrete range of energies and
the possible deposition of the metastable source gas. Also one foregoes
the possibility of reaching higher energies using multiphoton excitation,
Avai1ab1? qetastab]es, their energies and radiative lifetimes are listed in
Table 1 [11.

TABLE 1
RADIATIVE LIFETIMES AND DECAY MECHANISMS FOR A NUMBER OF METASTABLE ATOMS

METASTABLE EXCITATION PRINC IPAL
SPECIES STATE ENERGY_(eV) t(sec) DECAY MECHANISM
He 1s2s %, 19.82 7.9 x 10° "
by 20.61 2.0 x 1072 2-PHOTON
Ne 20°3s 392 16.62 2.4 x 10! )
%9 16.71 0.3 x 102 n
(> 8 x 10°4)(®)
Ar 3p°4s 392 11.88 5.6 x 10 N2
398 u.n 0.5 x 10! Ml
(> 1.3
Kr ap3ss 392 9.913 8.5 x 10} 2
3?8 10.56 .9 x 10! n
(» 1.0)(@)
Xe 5p°6s °P) 8.314 1.5 x 10% N2
0 9.446 7.8 x 1072 M

We previously have conducted several experiments investigating collisional
energy transfer from metastable nitrogen and helium in pulsed and flowing
afterglows using diagnostic methods such as tracer gases and LIF, The
present experiment (Figure 1) uses a flowing afterglow with flow speeds of
about 30 m/sec at up to 1 Torr pressure pumped by a roots blower. The gas
to be dissociated can be injected 8 cm upstream of an orifice which leads
into the high vacuum chamber pumped by a cryopump or, at much lower
pressures, into the sampled gas stream after the orifice. Initial
experiments will analyze the composition of the gas jet coming through the
nozzle with a residual gas analyzer. In later experiments the gas jet will
be directed towards the coldfinger of a helium cryostat and the deposit
will be analyzed by emission or absorption spectroscopy or LIF. Initial
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gases to be investigated will include CH4 and C2H2, the dissociation
products being CH radicals.

Afterglow & Residual Gas Analyzer System

High Vacuum Chamber
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Figure 1

The CH radical has been the subject of many investigations, starting with
its production in the oxyacetylene flame, where its A - X band emission is
a very prominent feature of the flame spectrum. Other methods of
production include dissociation of CH, using very powerful (kdJ) flashlamps
[2], VUV irradiation of C,H, in the gdseous state or in a matrix [3], IR or
UV multiphoton dissociati6n“of compounds such as CHBr [4], pulsed
radiolysis [5], pulsed rf [6] and production of the ign in an ion cyclotron
resonance trap [7]. A1l of these methods produce either only a very small
amount of CH or do it in a pulsed fashion, both not very suitable for
depositing larger amounts in a matrix. Chang, Setser and Taylor [8] have
used a helium flowing afterglow to investigate metastable energy tsansfer
to, among other gases, C2H . Their energy diagram of the helium 2°S
metastable state and the egit channels of N,, CO and C,H, are shown in
Figure 2. Energy levels of metastable neon“and argon aGe been added. In
their spectral measurements they observed that while CH produced the
largest spectral intensity in the CH A-X band, its quenéhing rate for the

H, (Table 2), suggesting

helium metastable was only a fraction of that of C
pgoducing CH.

that C2H2 is the optimum choice for this method of2
It is well known that CH is a very reactive radical; reaction rates with
selected gases are shown in Table 3 [9]. It is therefore essential that
the reaction system be carefully designed and the flow lengths between
metastable generation, injection point of the gas to be dissociated and the
mass analyzer sampling orifice or cold finger be held to a minimum. This
has been successfully accomplished for optical analysis for example in
Yamaguchi's et al experiment [10]. They where able to investigate the
interaction of C H2 with helium ions. One of their optical spectra is
shown in Figure 3; it is typical of excitation spectra produced with
metastable energy transfer,




Relative intensities of Observed Spectra from
Hydrocarbons.

(Chang, Setser & Taylor, Chem.Phys.25,201(1978))
CHs C2Hs4 CoH2
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Table 2 Figure 2
Rate Data for CH(X?IT) at 300 K et RS
(Nokes & Donovan, Chem.Phys. 90,167(1984)) (2,0) (1,0) (0.0) )
Reactant k(em® molecule™ 87') Q)
Hz (1.4£03)x10™" W
1" Cz(d-a)
02 (5.1 £05)X10° )
NO (2.0 £02)X10°"°
co (2.6 +02)x10™"
8 +1.4)x10™" " . . " . R i
He2 @ ) 380 420 460 nm
1.02  0.04)X10°"°
Ot ( ) FIG. 2. Emission spectra obtained from the reactions of (a) He*, He;" , and
CaHe (2.7 £ 0.2)X10" - He® and (b) He® with C;H,. Lines marked * are stray Hel lines.
CaHa (42+0.3)X10™"°
CaHa (42102)x10™"° Figure 3
Table 3

Initial attempts to measure CH radicals in our flow system have not been
successful. This may be due to excessive metastable or radicag losses in
the flow system or to the requirement for pressures in the 107" Torr range
for the RGA and cold finger operation which reduces the metastable density
at the injection point to too Tow a level. We are presently improving the
flow system and analyzing its operation. Also we mesured the yield of CH
produced by the RGA jonizer at 5% of the dissociation products of C.H,.
This yield should make it possible to produce a CH ion beam with regsgnab1e

efficiency. However, it will be necessary to neutralize the ion beam and
reduce its energy before deposition.
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SYNTHESIS OF NEW XENON AND KRYPTON COMPOUNDS INVOLVING NOVEL BONDING
SITUATIONS

A.A.A. Emara and G.J. Schrobilgen

Department of Chemistry, McMaster University, Hamilton, Ontario L8S
4M1, Canada

The chemistry of the noble gases is presently limited to that of
Kry, Xe and Rn. While only the chemistry of Kr and Xe can be dealt with
by conventional physical methods of structural determination, the
chemistries of both gases have been severely limited by the field of
suitable ligating groups. Initially only fluorine and oxygen were found
capable of stabilizing the +2, +4 and +6 oxidation states of xenon
while the only the +2 oxidation state is known for krypton and was
only stabilized by fluorine. Subsequently, a number of highly
electronegative inorganic ligands bonded through oxygen were shown to
be capable of stabilizing xenon(II) and,.in fewer instances, xenon(IV)
and xenon(VI). Until the present works; only two ligands in which xenon
is bonded to nitrogen, namely -N(SO=F)= and -N(SO0zCFax)=, were known.
In order to extend the range of noble-gas compounds in which Xe is
bonded to 1ligating atoms other O and F, and Kr is bonded to an atom
other than F, we have undertaken the investigation of the interactions
of the Lewis acid noble-gas fluorocations with neutral Lewis bases. The
majority of the bases selected for study are oxidatively resistant
perfluoro-organic nitrogen bases with first adiabatic ionization
potentials exceeding 10-11 eV. As a result of these studies it has been
possible to (1) significantly extend the range of known Xe-N bonded
species, (2) demonstrate that a large range of fluoro-organic ligands
are capable of stabilizing Xe(II), (3) produce several examples of the
first componds in which a noble-gas atom serves as an aromatic
substituent; (4) provide new series of model compounds which may aid in
developing synthetic approaches to the formation of the first
xenon-carbon bond, the "holy grail” of the noble-gas chemist; (5)
provide preliminary evidence for the first Kr-N bonded species.

Several of these points are illustrated by the syntheses of the
novel Xe—-N bonded cations: RC=N-XeF* (1,2)y CuwFwN-XeF™ (1,3),
is the counter ionj R = Hy CHsy CeHss CaF»s (CHa)mC, CusFs; R> = CsFsN (
pentafluoropyridine), 4—CF5CmFoN (4-trifluoromethyltetrafluoro-
pyridine); R = CaFalNs (trifluoro-s—-triazine), (CF 3) 5CaF sNa
(tris(trifluoromethyl)-s—-triazine.

The nitrile cations were prepared in HF solvent according to
equation (1)

RC=N + XeF*(or XemFs*)AsF,~ ——-—-—-> RC=N-XeF*AsF,~ (+ XeFga) ¢1)
Owing to the higher basicities of the perfluoropyridines, the pyridine

cations were prepared from the pyridinium salts in the aprotic solvent
BrFS accarding to equation (2)
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4-R’-CuFmNH"ASF,™ + XeFw ———-> 4-R’-C«F uN-XeF *AsF,~ + HF (2)

The triazine cations were prepared by the interaction of the neat
liquid triazines with XeF*AsF.,~ at room temperature (equation (3)) and
were found to be the most stable species encountered thus far in the
present series of studies.

R":;g)CaNa L . XEF'*ASFﬁ—« ————D R":QCQNE:N_XEF*ASF(:,_ (3)

The cations have been characterized by both multinuclear magnetic
resonance spectroscopy (1®%Xe, Ll iH, 1¥C and *“N NMR) and low-
temperature Raman spectroscopy. A particularly novel feature of the the
NMR characterization of these species has been the observation of the

diagnostically important spin-spin coupling *J(*®2®xe-14N), despite the
asymmetry of the electric field gradient about the quadrupolar 14N
nuclei in these cations. The low degree of quadrupole relaxation is

attributed to the low viscosity of HF solvent in which these couplings
were observed, the strong axial symmetries these cations possess as
well as the small quadrupole moment of 14N.

The first example of Kr bonded to an element other than F has been
provided by our synthesis and characterization of the
fluoro(hydrocyano)krypton(II) cation, HC=N-KrF+, as the AsF.~ salt
(1,4). The compound was synthesized in both HF and BrFs solvents at low
temperature according to equation (4)

KrFm + HC=NH*AsF,~ ———=-=> HC=N-KrF*AsF,~ + HF (4)

The solid compounds precipitated from HF solvent, is thermally
unstable above -50 <C. It has, however, been possible to obtain a
vibrational (Raman) spectrum of the solid under frozen HF at -196 <C.
The salt bhas also proven soluble in BrFs at -55 to -58 ©C with only
.slow decomposition permitting the a full characterization of the
HC=N-KrF* cation by *H, *3C (99.2% enrichment), *™N (99.5% enrichment)
and **?F NMR spectroscopy. The observation of the spin—-spin couplings
PJ(AAC-1H) , =J(™N-1H), 2J(19F-1=N), 3J(19F-13C) and “J(*®F-1H) as well
as the ®2Kr, 84Ky and ®2¢Kr isotopic shifts in the 1?F NMR spectrum
provide definitive proof for the cation’s Kr-N bonded structure.

REFERENCES:
1. Chem. and Eng. News, 1988, &&, 16.
2. A.A.A. Emara and G.J. Schrobilgen, J.C.S. Chem. Commun. 1987, 1&44.

3. A.A.A. Emara and G.J. Schrobilgen, J.C.S. Chem. Commun. 1988, 257.

4. G.J. Schrobilgen, J.C.S. Chem. Commun., in press.




EXPERIME TUDIE HE SYNTHESI NEW NOBL
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, CALIFORNIA 91303

The primary objective of this program is the synthesis of new "super oxidizers” based on
hypervalent, high oxidation state fluorides of nitrogen, oxygen, chlorine and the noble gases.

The target compounds include NFg, CIF50, CIFg", CIF; and ArF+ which are among the most

challenging synthetic problems encountered in high energy chemistry.

A concerted effort to obtain experimental evidence for the existence of NF5 failed. This effort
included numerous experiments involving UV-photolysis of either NF3-F, mixtures in
different matrices at 10°K or NF3 solutions in liquid Fp at 77°K, and reaction of NF3 with
microwave generated F atoms in an argon matrix at 10°K. The efficiency of the F atom
generating system was demonstrated for the Op + ?——62F reaction and therefore could not
be blamed for the failure of NF5 formation. This raised the question whether the failure of

NFg formation might be due to nitrogen not being able to coordinate five fluorine ligands.




A conclusive answer to this question was obtained by an 18F radiotracer experiment carried

out in collaboration with Drs. Schrobilgen and Chirakal of McMaster University. 18F labeled
NF4HF, was prepared by the following reactions:

20Ne(d,8) — F,
Fp+Hy, —= 2HE
CsF +HF ——= CsHF,

%*
NF4PFg + CsHFp —HEm CsPFg + NF4HE,

The thermal decomposition of NF4NH§2 involves an attack of the Hi-'z' anion on NF4*. If

nitrogen (+V) can coordinate five fluorine ligands, the 18F should be distributed statistically

over the NF3 Fp and HF products, but if the maximum coordination number of nitrogen

towards fluorine is only four, the 18F should be retained exclusively by Fo and HF.

L] * ]
— - ™ —— Ne® sFlf—F —’“50 2 ® "F

fy. s |
P l" g )/: F B
W % ke & ,’

|//"\F...§-n-r'|—> Ng + &0 HE

F




The observed results, i.e. no 18F activity in the NFj3, conclusively prove that (i) the attack of
# occurs on the fluorine ligand of NF4*, (ii) the maximum coordination number of nitrogen
(+V) toward fluorine is 4, and (iii) covalent NFg cannot exist for steric reasons. A

Y L ]
remaining point of interest in the synthesis of NF4*AsFg- is which radical, i.e. NF4 or AsFg,

is the key intermediate.

The second target compound pursued was CIF5O. This unknown molecule is predicted to be

stable and to deliver a specific impulse which is about ten seconds higher than that of CIFs,

the best presently known earth storable liquid oxidizer. The following approaches and

reaction systems were studied:

() Low temperature glowdischarge in a sapphire reactor
-196°C

%% e ™ 9
-142°C
T > %+ %
-186°C
CIF,0¢F, —qgzwg—> CIf;+ 0,
-126°C
e
CIF, + Q
CIF,+ OF —;-}-:-:-:-g-—b NO REACTION
-142°C
e
ch,. F’
FCIO, o F, -—’;-:-;-;-g—» NO REACTION
(ii) Low temperature UV-photolyses
-186°C
SBEE e
CIF 0+ F, CIF;+ CIE « FCIO,
-45°C
B
CIF'Q Fcao'. FGIO’
\ P L]
CIF ¢ OF, —138:2» N0 REACTION
—=142°C ,
CIF’ . F2
—196°C
CiF,+ OF, L CIF;
Clys Fpe 0 —12EE  cF
Fcio, o F, —128-C 5 No REACTION
CF,0¢ Kre F, —128°C p  cip L kiR,




(i) High temperature fluorination reactions

(CF, ot pNiR2” L12C . 200 « NI, o F

215°C, 2000psi
CIFP * Fz __L’STEEL, CsF CAT. C|F'0°|F’0 %0 Fl:l{)z

220°C, 3800psi
CIF0 ¢ Fy+ O “NicKEL, WF, AT °'fs*1/2 %

(iv) UV-photolysis in matrix at 10°K

c]F’o. Fz 420 nm CUT OFF £ NO REACTION
280nm CUT OFF CIF,* QF + QE+ OF
oz’Fz JZOHMCUTOFF. %F.%F,
Xoo F, —ARDMCUTOFE , xo
(v) Fluorination Reactions of CIF30 with
O F CIF,0 + O,F, _-80°Cc _ CIF, +FCIO,

-80°C
CstCIF,0- , O,F, —— CiF +FCIO,

KrF, or KrF* CIF,0+ KrFf;, ———» NO REACTION
SOLID

Cs*CIF, 0~ + KrF*SbE" T T CsSbF, + CIF, O + KrF,
+ -
NF, NE*HF ,CIF,0 M CIF,OHE &+ N 4 F,
PtFg CIF,0 + Ptf — CIR,0*PIR" + 1/2F,

FSO ,OF CsCIF,O + FOSQF —> CsCIf + O+ SO,F,




Although so far none of these reactions has yielded detectable amounts of CIFsO, the synthesis

of CIF5O will be further pursued.

In collaboration with Drs. Schrobilgen and Chirakal of McMaster Unviersity, a 18F
radiotracer study was carried out to determine the maximum coordination number of

Cl(+V and +VI) towards fluorine. A displacement reaction between CIFg*AsFg" and FNO was
carried out and gave the following result:

* * *
CIFg*AsFg + FNO —= No*AsFg™ + CIFs + Fp

77.0% 23.0%

Since the observed 18F activity was higher than those predicted for either one of the following
two mechanisms,
F 1+
‘q

F\'(F _ _ % %
M F/i -F-F—Nor ASF.~—» NO*ASFE™+CiF,+
IR ASE™s o - 517 2/7
A,
N‘ -1+

71.4% 28.61%
& F
.| F . R :
F/‘i< 2{ sFE"—» NO*ASE ™ +CIF+ F;
- - Fn 0 7
F 0% 10

17
0%

a third possibility, namely scrambling between CIF5 and ﬁNO was suspected to contribute to

the above reactions:
CIFs + FNO—s=—CIF5 + FNO

833% 16.7%

1=




The correctness of this assumption was experimentally verified by studying the CIFs +fNo
system. The observed values, i.e. CII§5 (85%), ;NO (15%), are in reasonable agreement
with the predictions and suggest the existence of an unstable intermediate CIFg" anion. The
structure of the CIFg" anion, i.e. the steric activity of the free valence electron pair on the

chlorine central atom presents an interesting problem which will be further pursued by

NMR studies at McMaster University.
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AFOSR-84-0085: SYNTHESIS OF NEW POLYNITROPOLYHEDRANES
Principal Investigator: Dr. Alan P. Marchand

Department of Chemistry. North Texas State University, Box 5068, Denton, TX 76203

LONG ABSTRACT
I. As part of a program that is involved with the synthesis and chemistry of
polynitropolycyclic systems,1 we recently completed the syntheses of di-, tri-

and tetranitro-2,3,4,8-tetraphenyl-1,3-bishomocubanes, (route shown be]ow).2

H NO2
- Ph Ph,
 pn il . NOe
Ph -—Ph —Ph
Ph Ph
02N" "NO2 02N" "NO2
Ph 0
o NHaOH+HCI, NeOAC. MeOH
—Ph room temp, 24 b
Ph wew
0
.l..
NOH
Ph (CF3CONR0. CHaCN
Ph 90% M0z, NaHCOg3. vree
—Ph refiva 120
Ph 77T%)
NOH
7
NO2
Ph
fractionally
- Ph recrystailize from MeOM
Ph
NO2
(mixture of isomers)
K3Fe(CN)g. NaNO3. NeOM, KgFe(CN)g. NaNO3. NaOM,
3 MeON- g0, Et20 MeOH- 120, Etz0
Ng. stir st roomtemp 8 b Ng. stir at roomtemp 24 h
(06%) (sow

igure 1. Results of the X-ray study on 3. For clarity, the phenyl Figure 2. Results of the X-ray study on 4. For clarity, the phenyl
oups on C-2, C-3, C4, and C-8 ted groups on C-2, C-3, C-4, and C-8 are represented as single atoms
oupe 00, C-2 €3 Ol gy e reprosented s single stoms (.24, C-3a, C-4e, and C-8a).




In addition, we have also completed the synthesis of D3-hexan1trotr1shomocubane

via the route shown be]ow:3

Me O, OMe Me! OMe "
€
Ci ol /
cl 2
! OH --OH fo
¢
\ Vo N MeO_ _OMe
t ] 4
° “*OAc
¢
8
+
~OAc OAc
| Y
? (]
MeO. OMe 'l MeO, Me
-+
SoAe "OAc
\w: Ac
[ ] [ }
/
MeO,

OMe  MeO_ OMe MeO, OMe MeO, Me

Y . +
“OH “OH
%H H
4 ° / 1" 10

)
o]

+ e

B -

2e
193 12

*(a) Li, ¢-BuOH, THF, liquid NH,, -33 °C (92%); (b) excess
10% aqueous HCI, reflux 4 h (100%); (c) PCC, CH,Cl, (100%); (d)
Acs0, pyridine, room temperature, 10 h (87%); (e) glacial HOAc,
concentrated H,SO,, 150 °C (sealed tube), 42 h (55%); () HC-
(OMe),, TsOH (catalytic amount), overnight at room temperature
(91%); (g) LiAlH,, THF-Et,0, room temperature, 6 h (95%): (h)
PDC, CH,Cl,, room temperature, 4 days (90% ); (i) HOCH,CH,0-
H, ToOH (catalytic amount), benzene, refluz 48 h {12 (29%) + 13
(27%)); q) concentrated H;SO,, CH,Cl,, room temperature, 2 days
(69%). °Stereochemical assignments for, e.g., 6, 8, and 9 were
made on the basis of (i) simple mechanistic considerations and (ii)
analysis of the 'H and '*C NMR spectra of these compounds.

4 2=

!1—ﬂouug _.-NOom "
Et

I

14
NOH NO,
HON O,N
o ] g 5l g B
NOH
18

17
NO,
ON..
9
O,N — 2b
0aN"" NO,
18

¢(a) EtCO,H, concentrated H,SO,, 150 °C, 72 h, N, (51%); (b)
Na, dry MeOH, room temperature, 1 h (100%); (c) PCC, CH,Cl,,
room temperature, 2 h (46%); (d) NH,;0H-HCIl, NaOAc, aqueous
MeOH, 0 °C — room temperature, overnight (70%); (e) (CF4C-
0),0, 90% H,0,, NaHCO,, urea, CH,CN, 70-75 °C, overnight
(35%); () NaOH, aqueous MeOH, 3 h; then K,Fe(CN),, aqueous
NaNO,, Et,0, 1 h (65%); (g) NaOH, aqueous MeOH, 24 h; then
K Fe(CN)g, aqueous NaNO,, Et,0, 12 h (62%). *Stereochemical
assignments for 14 and 15 were made on the basis of (i) simple
mechanistic considerations and (ii) analysis of the 'H and “C

NMR spectra of these compounds.
NO,
0N~ 0,
0N
.
o, “No,

D3-Hexan1'trotrishomocubane (2b)
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A study of the shock sensitivity of D3-hexanitrotrishomocubanes reveals
that it is both less shock-sensitive and a substantially more powerful
explosive than is TNT. Pertinent thermodynamic data are given be]ow:4

'1): Exotherm onset occurred at

DSC Thermogram (heating rate 10 Oc-min
272 °C: exotherm maximum occurred at 308 °C, and the exothermic process ended
when the temperature reached 331 Oc. A second smaller exotherm set in at 331
O¢, reached a maximum at 338 °C, and subsided at 355 °C.
II. Thermal reaction of 2-phenyl-3-carboethoxynorbornadiene with iron

pentacarbonyl affords a single dimer ketone and a single cage dimer (a

substituted heptacyclotetradecane) in low yields along with a mixture of

0 H
Ph
£ Ph
+ E
h
E 4
] \
H
E Ph P
(E = CO,Et)
+ | E Fe
2

The structures of the cage dimer and the product of hydrogenation of the dimer

diastereoisomeric substituted ferrocenes:

ketone, above. have been verified via single crystal X-ray structural analysis.
These compounds appear to have been formed via enantioselective (or possibly
enantiospecific) reactions of 2-phenyl-3-carboethoxynorbornadiene with Fe(0).
The results of INDO calculations (MM2-optimized geometry) suggest that
enantiomeric recognition in this reaction is governed by substituent effects
upon the relative magnitudes of the atomic orbital coefficients in the LUMO of

the reacting double bond [C(5)-C(6)] in the substrate.?
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ITI. Ring expansion of pentacyclo[s.4.0.02’6.03’10.05’9]undecane-8.11-dione
(PCuD-8,11-dione, 1) was performed via reaction of 1 with ethyl diazoacetate (2
equivalents) in the presence of boron trifluoride etherate. The reaction
occurred regiospecifically to afford a new ring system, (i.e., a substituted

pentacyc]o[G.5.0.04’12.05’10.09’13]tridecane, 3a, below):6

4 n

Figure 1. Diagram of 3a as determined by X-ray diffraction.
Only one of the two molecules in the asymmetric unit is shown.

Some reactions of 3a are summarized below:

LIS ?

4

"
] &
& e - MeOM, W* o 1% o __sa M50, 4‘ i - .0
a a aJan.o (-2C0q.- 2€10W) o N

MeO2C COzMe COH
14 [ ] ]

1-Substituted PCUD-8,11-diones also have been found to undergo ring expansion
when treated with NZCHCOZEt (1 equivalent) in the presence of F3B:0Et2.
However, these reactions proceed regiospecifically but opposite to the manner

in which the parent PCUD-8,11-dione reacts under these conditions:

=16~




R~

2CHCOzEt (1 eq.)

F,B:0Et,

3

N2CHCO2Et (1 eq.)

Yy 0

NS
~g OEt

(R = CH3, Ph, or

p-cyanopheny1) W

The detailed mechanism of this ring expansion process is currently under investigation.7
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Highly Fluorinated Nitrogen-Containing Compounds
AFOSR 87-0067
Jean'ne M. Shreeve

University of Idaho

Earlier we had reported the reactions of NF,CF,CN (1) with chlorine
fluoride and the subsequent dimerization of the resulting N,N-dichloroamines-
More recently our studies have led to an examination of condensation and
cyclization reactions of 1. In addition, we have examined the reactions of
(difluoroamino)difluoroacetamidoxime, FoNCFo(C=NOH)NH,, with perfluoroacyl
chlorides to form 1,2,4-oxidiazoles.

i) Reaction of F)NCF,CN with NHj.

CF,NF,
NH N2 N
CF-C=N + NHx ——— FoNCF b, 135°C s ¢ ner —l “-’NH
FoNCEoC=N '+ N3 NN NPT 0 2
1 2 3
0°¢C
C=N
|
N2 \N

|+” F~

NF,CFS \\ ~ N caN
N

H
4

Ammonia with 1 gives the volatile, viscous compound (difluoro-amino)difluoro-
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acetamidine, 2. On heating 2 was converted to l1-amino-3,5-bis[(difluoro-
amino)difluoromethyl] triazine (3), which is a white, sublimable solid. At
low temperature a compound, 1,3-dicyano-5-(difluoroamino)difluoro-methyl-
triazonium fluoride, 4, could be isolated.

ii) Reaction of 1 with hydrazine

NH NH
]
FzNCFzCNHNHCCFzNFZ
"””’,57 5
FzNCFzCN + HZNNHZ ‘5.\\~\~i> NH
i
FzCFzCNHNHz
1
6

(Difluoroamino)difluoromonoacetamidine hydrazine, 6 is stable only in solution
with explosive decomposition accompanying removal of the solvent. However,
N,N'-bis(fluoroamino)difluoroacetamidine hydrazine 5 is a stable, sublimable
crystalline solid. The instability of 6 may be attributed to the closing of
the five-membered ring with concomitant loss of two hydrogen fluoride mole-
cules followed by loss of N,.

iii) Reaction of 1 with polyfluorinated alcohols.

NH
Et3N
FyNCF,CN + RfOH —==3= F,NCF,COR¢
Rg = CF3CHp (7), (CF3),CH (8)
2,2,2-Trifluoroethanol and 1,l,l,3,3,3-hexaf1uoro-2-propanol were reacted
with 1 in the presence of triethylamine. Any unconsumed Et3N is removed by
reaction with HCl at reduced temperature. Both 7 and 8 were confirmed by the
usual spectroscopic methods and 7 also was characterized by elemental analy-

sis.
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iv) Reaction of 1 with NH,OH.

NOH

o~ Il
FoNCF,CN + NH,OH<HC1 —K2803.5 ¢, NCF CNH,
THF/H,0/Et0

(Difluoroamino)difluoroacetamidoxine, 9, was prepared by modifying the
earlier methods. Using the latter method, in which hydroxylamine was genera-
ted in situ by the reaction of sodium methoxide with hydroxylamine hydrogen
chloride in CH40H, only a very low yield of 9 was obtained. Therefore, a two-
phase method was developed in which the NH0H was freed from the hydrogen
chloride salt in the aqueous phase by the addition of an equivalent amount of
K,C03. The free NH,OH transferred to the organic phase (diethyl ether and
tetrahydrofuran) where it was reacted with 1. Although it is possible for 9
to exist in two tautomeric forms, the simplicity of the infrared spectrum
supports the existence of only one form, FoNCF,C(=NOH)NH; .

v) Reaction of 9 with perfluoroacyl chlorides.

Further support for the above tautomer is obtained when 9 is reacted with
RgC(0)C1 (Rg = CFj3, CoFs, C3F7) to form the respective difluoroaminodifluoro-
ethylamidoximes that undergo ready cyclization to 3-(difluoroamino)difluoro-
ethyl-S-perfluoroalkyl-l,Z,A-oxadiazoles. Compound 9 was reacted with
RgC(0)C1 as follows:

E-%- CR¢

FZNCFZENHZ + RgC(0)C1 Et20 5 p,ner,OnE

'HC]. 10, 11, 12
»
FzNCFz CR¢
. 1128"’ N Re = CFy (10, 13), CpFs (11, 14) C3F7 (12, 15)

13, 14, 15
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Each of these O-acyldifluoroacetamidoximes is a stable sublimable solid,
but each is highly susceptible to hydrolysis. However, 10 begins to decompose
even at room temperature which made elemental analysis difficult.

3-(Difluoroamino)difluoroethyl-S-perfluoroalkyl-1,2,4-oxadiazoles
13,14,15, are colorless, volatile, stable liquids that have characteristic
infrared absorption bands at 1590-1615 and 1530-1510 em™! due to the stretch-
ing vibrations of the two distinct ;C=N= moieties of the 1,2,4-oxadiazole
ring.

When 9 was heated at 160°C with perfluorosuccinic acid over P4,010 a novel
bis(1,2,4-oxadiazole) resulted. It is likely that the reaction proceeds via
the initial formation of perfluorosuccinic acid anhydride that is then

acylated and subsequently dehydrated to the bis(1,2,4-oxadiazole), i.e.,

0
LRy ¥ NOH
55 I \ Il
2 HOC(O)CF,CF,C(0)OH —=4=10—> ~%0[ + 2 FNCF,C_
-2H,0 CF;— § NH,

~
CF,NF, 2\
—H4210—3 1, c(0)oN=C < —P4910—>‘<CF2C\ __NCF,NF,
-2H,0 NH, 2 -2H,0 0 2
16
Phosgene in large excess was also used successfully as an O-acylating

agent to give 0-chloroformy1(difluoroamino)difluoroacctamidoxime, 17, in

essentially quantitative yield.

OH Noc(o)c1
FZNCFzy + cocl, E295 pcp,l
N S
NHp N
9 17




N__0 N_0
o Il /I
—10C 5 pyNeF,C /\= 0 or F,NCF,C_ /\on
-HC1 N N7
H
18 d e

The structure of 17 was confirmed by infrared, chemical ionization mass,
and NMR spectra, and elemental analysis. On heating 17, HC1l gradually evolved

giving rise to 18. Infrared spectra of 18 supported the lactone structure d

rather than the alcohol structure e.

Reactions of Na+[NF7CF7§§§§§]° and Na+[CF16NNNN1'

Sodium azide reacts easily with NF,CF,CN, 1, to form sodium 5-difluoro-
aminodifluoromethyltetrazoate, 19. Not unexpectedly the reaction of NaNj with
CF4CN proceeds in an analogous manner.*

*Norris, W.P.; J. Org. Chem. 1962, 27 3248.

R¢C = N R¢C 5 N4 RgC = C
K ﬂ3§N_> l(j = _— ' l
G Ny N N@)«
N=N=N NN ™N
.‘.

R¢ = NF,CF, (19), CF3 (20)

Just as for the previously prepared compound, 20, the new compound 19 is
a highly hygroscopic crystalline compound that is highly soluble in THF,
CH3CN, C,HgOH, DMF and H30.

Each of the four nitrogen atoms of the tetrazole ring is, in principal,
capable of acting as a coordination site. Variable kinds of coordination for
tetrazoles have been observed - monodentate, e.g., Cuz(CF3CN4)2
{[CHZP(C6H5)2]2}3 at N-2 or N-4; and 2,3 and 3,4 bidentate, e.g.,
Ag,(P®3),(CF4CN,),. There is no evidence that suggests any type of bonding
other than by donation from one or two nitrogen atoms in the tetrazole ring to

the acceptor moiety.
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SYNTHESIS AND PROPERTIES OF NITROCARBENES

William P. Dailey
Department of Chemistry
University of Pennsylvania
Philadelphia, PA 19104-6323

There has been a recent interest in the synthesis of
strained ring nitro compounds as high energy density materials.!?
Several methods are described in the literature for the prepara-
tion of nitro substituted cyclopropanes,? but the successful
addition of nitrocarbene to alkenes has not been reported. An
ideal precursor, nitrodiazomethane (1), was prepared by Scholl-
kopf and Markusch3, but they found that it failed to add nitro-
carbene to olefins under either thermal or photochemical condi-
tions. Instead they found evidence that nitrocarbene fragments
to formyl radical and nitric oxide. Possible pathways for this

reaction are shown below.

N
"

~

N
— W no,
H” "NO; 3
1 \\‘H"un "

Transition metal mediated cyclopropanation of olefins using

diazo compounds is a valuable synthetic reaction.® For instance,

formylcarbene undergoes Wolff rearrangement to ketene rather than
addition to olefins, but the copper catalyzed decomposition of
formyldiazomethane in the presence of olefins yields cyclopro-
panes.% We wish to report that nitrodiazomethane in the presence
of rhodium(II) acetate will form nitrocyclopropanes with electron
rich olefins. As an example, the dropwise addition of an ether
solution of nitrodiazomethane to a solution of 2,3-dimethyl-2-
butene containing 1 mole X of rhodium(II) acetate cleanly

produced l1-nitro-2,2,3,3-tetramethylcyclopropane (2), m.p. 48-




=499, in 15% yield after Preparative glc. Ir (CDCls): 1535,
1360, 1110 cm-!; 'H nmr (CdCla): 3.77 (s, 1H), 1.34 (s, 6H),
1.20 ppm (s, 6H); 13C nmr : 74.3, 32.8, 22.3, 16.0 PpPm.

N
"

)Nk RA"
H” “NO,
.
Likewise, the use of isobutylene as the trapping olefin
produced the known 1,l—dimethyl--Z—nitrocyclopropane3 (3) in 4%
vield while the use of cyclohexene produced a 2:1 mixture of
isomeric nitrocyclopropanes 4 in 14X combined yield. The use of
a more electron rich olefin, vinyl acetate, produced a 60:40

mixture of isomeric l—acetoxy—z—nitrocyclopropanes 5 in 1low

yield. The use of an electron poor olefin, e.g. vinylidene
chloride or ethyl acrylate, produced no trace of cyclopropane.
Similar results have been observed in other transition metal
catalyzed cyclopropanations.*

N N
> O P
| o
H CH’)—O
3 4 5

While the yields of nitrocyclopropanes are generally low
with the present method, it offers the advantage of a simple
one-step synthesis of novel nitrocyclopropanes. We attempted to
extend the scope of this reaction to include other nitrodiazo-

methanes.® However we have found no evidence for the formation
of any cyclopropanes using the corresponding trifluoromethyl or
carboethoxy diazomethanes. This result is rather surprising

since both ethyl diazoacetate and diethyl diazomalonate both

give good yields of cyclopropanes using a transition metal
catalyst.

Rh"

\
CF,y NO, >=< \ \
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We desired to learn why nitrocarbene should be so unstable.
Therefore we have carried out ab initio calculations? on nitro-
carbene and some of its isomers using the 3-21G basis set with
complete geometry optimization using the Gaussian 82 program.®
Single point energy calculations partially corrected for electron
correlation were performed using third order Moller-Plesset
perturbation theory (MP3) and the 6-31Gx basis set. The total
and relative energies are shown below for singlet nitrocarbene,
singlet nitritocarbene, nitrosocarbaldehyde, and free nitric

oxide and formyl radical.

- jL o
H  NO, H " oNO H SN N
W\ W\
o)
£ 24298024  243.03113 24314164  242.98523 hartrees
rel.E 101.3 69.3 0.0 98.1 keaVmol

We were unable to find a local minimum corresponding to
oxazirine-N-oxide (6) but we did locate a transition structure

(see below) in this area of the potential surface.

[e}
\
=N,

6

The calculations reveal that the rearrangement of singlet
nitrocarbene is highly favored on thermodynamic grounds. However
there may still be a substantial barrier to the rearrangement.
Further calculations using the 6-31G* basis set and complete
geometry optimization were performed on singlet nitrocarbene and
the transition structure for oxygen migration. The nature of
both of these stationary points (minimum and transition struc-
ture) was confirmed by analytical frequency calculations. These
were followed by single point energy calculations at the MP3
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level in addition to multiconfigurational SCF (MCSCF) calcula-
tions using three configurations. Partial geometries and the HF,
MP3, and MCHF total energies for the singlet ground state of
nitrocarbene and the transition structure for oxygen migration
are shown below.

1.18A

(o}
% / 1.38A / \‘-53 A
1‘°9A/ A N\ 1.18A A C———N 1.17A
1.42 1.07 o
H o HI 1.24A o

minimum transition structure

-E (HF) 242,35404 242.33370 hartrees
(MP3) 24298024 242.99360 hartrees
(MCHF) 242.37453 242.37396 hartrees

If one takes zero-point energies into account, then the
barrier to rearrangement at the HF/6-31G* level is calculated to
be 12.4 kcal/mol while at the MP3/6-31G* level, the barrier is
calculated to be much less than zero ( -16.8 kcal/mol). The MP3
method, a non-variational procedure, appears to greatly overesti-
mate the stability of the transition structure relative to the
ground state. On the other hand, the MCSCF method, a variational
procedure, predicts that the barrier is very close to zero.
Further calculations at the HF/3-21G 1level reveal that this
transition structure leads to nitrosocarbaldehyde. These results
agree with the experimental observation that nitrocarbene is a
very labile species.

Acyl nitroso compounds are well known in organic synthesis
and have been used as dienophiles in hetero Diels-Alder reac-
tions.® Thermolysis of nitrodiazomethane in the presence of
several different 1,3-dienes produced no detectable amount of
Diels-Alder adduct. However, we have also been unable to prepare

and trap authentic nitrosocarbaldehyde from the corresponding
hydroxylamine.

N

N i oo o / \ ?

S 'S T i
i \ cHO

A

o
;‘g
2

OH % ‘cHo



We are attempting to prepare and spectroscopically charac-
terize these novel acyl nitroso compounds using the dimethylanth-
racene Diels-Alder adducts shown below. The adducts will be
treated under flash vacuum pyrolysis conditions and the volatiles

will be deposited onto a cold window.

PN 0
é:;;jffZ:j> SE——— + r/l\u
A I

R=H, CH, ,CF3
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2nd HIGH ENERGY DENSITY MATERIALS CONFERENCE
28 February — 2 March 1988 — Newport Beach, CA

NEW HIGH ENERGY DENSITY SMALL RING SYSTEMS*

Koop Lammertsma and Osman F. Guner

Department of Chemistry, University of Alabama at Birmingham
Birmingham, Alabama 35294

Theoretical ab initio MO calculations have been performed on small molecular
clusters to identify candidates for advanced chemical propulsion systems. In the
search for high energy density systems we concentrate on new classes of tetraatomic
compounds. In our studies the planar rhombic structure has a central place. These
rhombic molecules are highly strained, have no hydrogens, and consequently are of
high energy. Because of their structural properties these binary or ternary systems
may result in densely packed solid materials.

Our calculations concern isolated tetraatomic systems consisting of the “light”
elements of the periodic table. An evaluation of 53 tetraatomic dicarbides and
diborides, with ligands ranging from the first row element Li to the second row Si,
shows 47 rhombic structures as minima on the HF /6-31G* potential energy surface.

The rhombic structure appears to be common to most tetraatomics. Even geo-
metrical parameters seem similar for different molecules. Illustrative is the average
C—C distance in 26 dicarbides of 1.449 A(SD 0.060) and the average B-B distance
in 27 diborides of 1.763 A(SD 0.111). These bridgehead C-C and B-B separations
are remarkably short. Despite the apparent geometrical similarity, these structures
have very different bonding modes. For example, rhombic C4 is considered a 27
aromatic species with two inverted tricoordinate carbons whereas rhombic CzBe;
is viewed as highly ionic.

To establish the scope and limitations of rhombic structures and to evaluate
the general bonding principles and in particular the high_eng:gigslof these high
density tetraatomic clusters, we have performed full singlet and triplet potential

* Supported under Contract F0461 1-86-K-0073
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energy surface surveys of C,Si,, B2Be;, and B, Li;, with vibrational analysis of all
‘stationary points. These calculations show a high energetic sensitivity to the effect
of electron correlations and a delicate balance between the dense tetrahedral and
rhomboidal structures for the lightest compounds.

The ab initio molecular orbital calculations were carried out by utilizing the
GAUSSIAN-82 and -86 series of programs with georhetry optimizations and char-
acterizations performed at both HF/3-21G and HF/6- 31G*. Final energy compar-
isons between isomers include the effects of valence electron correlation at the full
fourth order with Mgller-Plesset perturbation theory, donated as MP4(SDTQ)/6-
31G*.

To test the applicablity of inverted tricoordinated atoms to other systems,
we first explored extensively the singlet and triplet potential energy surface of
the binary disilicon dicarbide C;Si;. Fourteen species were investigated. There
are similarities with the well studied C4. The global C,Si; energy minimum is
the rhombic structure 1. Interestingly, rhomboidal structure 2, which contains
an inverted tricoordinate carbon as well as an inverted tricoordinate silicon, is
only slightly less stable. Both are favored over the triplet linear isomer 3. The
relative energies of these three equilibrium structures are listed in Table 1. Whereas
the relative energies are very sensitive to electron correlation effects, addition of
diffuse functions at the Hartree-Fock level (HF/6-314+-G*) has little influence on
the geometries and relative energies. The HF/3-21G level is inadequate for this
system.

Cw

1 2

1.723 1.269

@0
o
0
Y

3

Subsequently we focussed our attention to tetraatomics of\ lower molecular
weight and studied the singlet and triplet potential energy surface of diberyllium
diboride, Be;B;. For comparison, the rhombic diberyllium dicarbide C;Be; is a
high energy isomer with the linear triplet form as global energy minimum. We
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emphasize that of the many binary beryllium-boron solid state materials there is
currently no molecular composition known with a Be:B ratio of 1:1. Investigation of
thirteen Be;B, species showed the singlet tetrahedral 4 as global minimum which
has an energy difference with structural isomers of 30 kcal/mol and more. This
tetrahedral species 4 has a barrier of 19 kcal/mol for a through-plane inversion (5)
and an energy difference with the rhombic structure 6 of 61 kcal/mol. Structure 4
is favored at all theoretical levels employed. Some triplet isomeric structures proved
of high energy after elimination of spin contamination. A tetrahedral structure is
of course also a good candidate for a densely packed high energy material. Cluster
calculations on the Be;B2 tetrahedron are currently conducted by Brenner, Call-
away, and Kestner at Louisiana State University to evaluate solid state packing

arrangements.
B 1676 B
I/ > 1547 1.543\ B——pBe /: \780
1772 L. 1
B Be 42013 Be
33/_—-\33 Be—0 i \ ' /
o 8 \
1967 B
4 L é
c<4116 === = =>7
. ‘1.548
. B : B.
L'. / 15%\ i s / '\
i S, Li Li — —/ Li
2197 2252
8 N B” s 3504

7

Concurrently, we investigated the singlet and triplet potential energy surface
of dilithium diboride, B2Li;. For comparison, the dilithium dicarbide C;Li; has
a singlet rhombic and linear structure of nearly the same energy. In contrast,
B;Li, strongly favors the singlet rhombic 7 and tetrahedral 8 forms, with the
rhombic isomer as global minimum at MP4/6- 31G* (see Table 1). The small energy
difference between the two densely packed rhombic and tetrahedral structures may
suggest fluctional behavior. The relative energies between the 10 studied species are
very dependent on the calculational levels and in particular on correlation effects.

This is illustrated in.Table 1 and Figure 1.
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Table 1. Relative Energies of C;Si;, Be; Bz, and ByLiy Isomers.

Structure ~ HF/3-21G  HF/6-31G* MP4/6-31G*
C2Si, 1 0 0 0
2 -8 9 9
3 =51 0 11
Be;B, 4 0 0 0
5 11 14 19
6 17 27 61
B,Lia 7 0 0 0
8 = = 9
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COMPUTATIONAL STUDIES OF THE PROPERTIES OF TETRAHEDRANE, TRIPRISMANE
AND THEIR AZA ANALOGS.

Peter Politzer and Jorge Seminario
Department of Chemistry
University of New Orleans

New Orleans, Louisiana, 70148

INTRODUCTION

The work being reported is the initial phase of a computational study
and evaluation of a group of strained nitro and nitro/methyl derivatives of
tetrahedrane (I), triprismane (II), and their aza analogs (III - X), in which
one or more C-H units have been replaced by nitrogens. The estimated detona-
tion velocities, detonation pressures and specific impulses of some of these
derivatives show them to be potentially important high-energy systems. Our
study shall assess the anticipated chemical, thermal and shock/impact sensi-
tivities of these compounds, the difficulties involved in their syntheses,
and the combinations of substituents that are likely to provide optimum
overall performance. The general objective is to identify the most promising
candidates for designation as high-energy target systems in a program of
synthesis and testing. The primary focus of this project will be on the nitro
and nitro/methyl derivatives shown below. The present report, however, deals
with the first phase of the project, which is an analysis of the parent

molecules, I - X.
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COMPUTATIONAL APPROACH

We use an ab initio self-consistent-field molecular orbital procedure
(GAUSSIAN 82) to compute optimized structures and key properties for the
molecules of interest. The structures are optimized at the 3-21G level, which
we have found to be satisfactorily close to the results obtained with larger
basis sets, including 6-31G*. These geometries are then used to calculate the
molecular electrostatic potentials and bond deviation indices at minimum basis
set levels, which past experience has shown to give goad resulte for these
properties.

The electrostatic potential V(f) that is created in the space around a -

molecule by its nuclei and electrons is given rigorously by eq. (1):

Z 21y 320
V(E) = Z“—A—— e w (1)
|RA--I":I r'-i'

ZA is the charge on nucleus A, located at ﬁA’ and p(Tf) is the electronic density
function. V(Tf) is well-established as an effective tool for interpreting and
predicting molecular reactivity [1-3]; for example, an approaching electrophile
tendsto go to those regions in which V() is negative, where the effects of the
molecule's electrons predominate. The electrostatic potential is a real physical
property, which can be determined experimentally as well as computationally [3].
We have introduced the bond deviation index as a quantitative means for
characterizing chemical bonds and measuring their degrees of strain. It repre-
sents the extent to which the actual path of maximum electronic density in a
bond deviates from a reference path defined in terms of the superposed elec-
tronic densities of the undistorted free atoms placed at the same positions as

they occupy in the molecule. We defined the bond deviation index, A, by eq. (2):

N 1/2

i 2
N ¥

A - i=1 (2)
R

The ry are the lengths of N equally-spaced lines drawn between the actual and
the reference bond paths. N is taken to be 320, which is well beyond the point
at which further increases in N would change A. We divide by the bond length R
in order to be able to compare bonds of different lengths.
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RESULTS AND DISCUSSION

1. Structures:

The calculated C-C bond lengths in tetrahedrane are 1.489 A, which is
shorter than both the typical C-C single bond (1.54 A) and also that in cyclo-
propane (1.512 A). The introduction of nitrogens, in going to III and 1V,
shortens the C-C bonds yet further, to 1.452 and 1.410 A. The C-N bonds in III,
on the other hand, are longer, at 1.540 A, than the typical 1.47 Aj; they
decrease to 1.503 A in IV. The N-N bond in IV is remarkably long, 1.589 A,
approximately 0.14 A longer than in hydrazine.

Triprismane has two different types of C-C bonds; both are longer than -
those in tetrahedrane. The ones in the three-sided faces are found to be 1.534 A
in length, while the others are 1.570 A. The introduction of nitrogens decreases
these values by 0.02 to 0.04 A. The C-N distances follow the same pattern as in
the azatetrahedranes, generally being in the neighborhood of 1.54 A but decreasing
to approximately 1.50 A in VII, IX and X. Finally, the N-N bonds are again long,
roughly 1.58 A.

2. Bond Deviation Indices:

The C-C bond deviation index in tetrahedrane is 0.113, which is greater than
we have found for any other molecule. For comparison, the C-C A values in cyclo-
propane and cubane are 0.080 and 0.029, respectively [4,5]. Upon proceeding to
III and IV, the C-C A diminishes to 0.101 and 0.087. For the C-N bonds, A also
decreases with the introduction of nitrogens, from 0.105 in III to 0.091 in IV.
Thus, the effect of the nitrogens is clearly to diminish the strain in the mole-
cule. For the N-N bond in IV, A = 0.109.

In triprismane, the bond deviation indices for the two types of C-C bonds
are 0.077 (three-sided faces) and 0.032. This suggests that these bonds are
similar, in their strain, to those in cyclopropane and cubane (see above). In
the azatriprismanes, these values are again smaller, e.g. 0.069 and 0.026 in IX.
The C-N bonds are considerably less strained than in the azatetrahedranes; thus
A = 0.064 (three-sided face) and 0.016 in V, and decreases to 0.052 - 0.066
(three-sided faces) and 0.012 in IX. For the N-N bonds, A is 0.6 - 0.7 in the
three-sided faces, and approximately 0.10 in the others.
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3. Electrostatic Potentials:

The electrostatic potentials of tetrahedrane and triprismane (Figure 1)
show the interesting and important features of negative regions near the mid-
points of the C-C bonds. While this is not typical of bonds in general, we
have found it to be characteristic of the C-C bonds in strained hydrocarbons
[4-6]. These bonds can accordingly serve as initial sites for electrophilic
attack, as has indeed been observed in the cases of cyclopropane [4] and
cubane [5]. It is notable that the most negative values for the two types of
C-C bonds in triprismane, -4.9 and -13.2 kcal/mole, are very similar to those
found for cubane, -4.6 [5], and cyclopropane, -13.0 [4]. This supports the
earlier suggestion, based upon the calculated bond deviation indices, that there
should be similarities between these respective bonds.

Due to the presence of the electron-withdrawing nitrogen, the negative C-C
bond potentials are eliminated in III and greatly weakened in V. However there
are now strong and extensive negative regions associated with the nitrogens,
which can be attributed to their lone pairs (Figure 2). These negative poten-
tials become weaker as the number of nitrogens in the molecule increases, since
they are competing for the same polarizable electronic charge; thus the most
negative values change from -87 to -75 to -66 kcal/mole in going from V to VI
to X. The nitrogens are consistently more negative in the azatriprismanes than

in the corresponding azatetrahedranes.

SUMMARY AND CONCLUSIONS

(1) In both the tetrahedrane and the triprismane systems, there is a relaxation
of bond strain as the number of nitrogens is increased.

(2) The negative electrostatic potentials associated with strained C-C bonds
are greatly weakened or eliminated as nitrogens are introduced, making
these bonds less susceptible to electrophilic attack.

(3) The nitrogens in the azatriprismanes are more negative and accordingly more
basic than those in the azatetrahedranes. In both types of systems, these
basicities decrease as the number of nitrogens increases.

(4) In the triprismanes, the bonds can be separated into cyclopropane-like and
cubane-like.

(5) The N-N bonds in both the azatetrahedranes and the azatriprismanes are

abnormally long.
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Solid xenon doped with atomic halogens, X, where X = (F, Cl, Br, I) have been used
as prototypical media for optical energy storage via charge separation and self-trapping.
The principles and experimental results are summarized in this report.

A. Preparation of Atomic Solids:

A prerequisite to these studies is the preparation of the atomic solids -- atomic rare
gases doped with atomic halogens. This is achieved by the in situ photoproduction of
halogen atoms in solids originally doped with hydrogen halides or molecular halogens,
The permanent photodissociation of molecular dopants in rare gas solids is in general an
inefficient process due to a strong cage effect. This effect is less severe in the case of
hydrogen halides which at finite temperatures have finite cross sections for permanent
dissociation. As an example, a permanent cage exit probability of ~10% is observed for H
atoms produced by photodissociation of HI in crystalline xenon at 17 K -- 90% will
geminately recombine within the cage. The H atoms that exit the cage are trapped at
neighboring interstitial sites and cause large lattice deformations. The details can be found
in recent reports of the photodissociation dynamics of HI in crystalline xenon which has
been studied both theoretically! and experimentally2. Molecular halogens are known to be
prevented from photodissociation by a nearly perfect cage effect when the molecular
repulsive surfaces are accessed optically. This can be verified by monitoring the
recombinant emissions which remain constant with irradiation time. As an example, when
Cl, is promoted to its dissociative 1TT, 31T surfaces by excitation at 308 nm, emission is
observed from the recombinant Clp (A =5 X)) transition:

Clz (X) + hv (308) — Cl (111, 31T) — [CI(P3/p) + C1 (P3/2)]
followed by in-cage recombination
[C1 (P32) + Cl(P3p2)] = Clp (X)
- Cl (A)
and monitored by the radiative relaxation of the A’ state
Cly (A") - Cla (X) + hv

il s




an example is shown from a Cly/Kr sample in figure 1. The constancy of the observed
A' — X emission intensity with irradiation time verifies the absence of any permanent
dissociation. A permanent dissociation quantum yield of less than 10-3 can be verified.

Molecular halogens dissociate with great efficiency in solids by the photoinduced
harpoon reaction vis:

X7 +Rg +2hv = (Rg*X3) - Rg*X" +X
the diatomic exciplex will further react to form the most stable molecular charge transfer
complex, namely the triatomic exciplex
Rg*X- +Rg - Rg3X-
and the process can be followed by monitoring the radiative dissociation of the exciplex
RgiX- — 2Rg+X +hv.

The emission spectra of all triatomic xenon halides are illustrated in figure 2. The growth
of exciplexic emission with irradiation time is shown in figure 3. The principles of this
process were first established in Cl3 and HCI doped solid xenon.3 The generalization of
the principles to all halogens in solid and liquid rare gases has been demonstrated and
recently reported.#5 The inordinate efficiency of the harpoon reaction in producing
permanent dissociation, has lead to the concept of a "negative" cage effect: the polarizable
cage intimately participates in ejecting the neutral halogen atom by collapsing around the
jonic charge transfer complex.4>

In short, rare gas solids (RGS) doped with atomic halogens can be prepared by
photodissociation via ionic potentials. The description of the charge transfer states of such
solids which is essential for the understanding of the principles of energy storage is taken
up in the next section.
B. Charge Transfer States of X/RGS

It has been well established that the emission spectra from the charge transfer (CT)
states of X/RGS correspond to vibrationally relaxed triatomic molecular exciplexes. This
was first demonstrated by spectral simulations? and subsequently by following the
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exciplexic emission continuously as a function of density of the medium, and across phase
transitions: gas-liquid-solid. Therefore the relaxed charge transfer states of halogen doped
rare gas solids are the lowest energy localized molecular CT complexes -- the triatomic

exciplexes. Note that relaxation in this case implies a severe lattice contraction. The

nearest neighbor distance in solid xenon is 4.34 A, while the inter-xenon distance in

Xe;X-is ~3.2 A. This is the key to the stability of localized CT states.
The localized description is inadequate for the vertically accessed CT states of X/Xe

solids. An electron transfer from xenon to an atomic halogen creates a hole in the valence
band of the solid and an electron localized on the halogen atom due to the large electron
affinity of the latter. The ion-hole pair are coupled via a screened Coulombic potential,
therefore the hole is not a truly free valence band state, but more appropriately described as
a mobile polaron. The pair form eigenstates of the extended solid and therefore an
excitonic CT state. Based on the mobility and extent of delocalization of the hole several
limiting behaviors and therefore descriptions are possible.

In the case of strong localization, a molecular approach is possible. The formalism of
Diatomics in Ionic Systems (DIIS) is appropriate in this limit.7 In this approach the
impurity atom and its nearest neighbors (12 in substitutional site and 6 in interstitital site)
are considered explicitly. The charge transfer states of the cluster Xe i"ZX' (or XeéX') are
then treated as linear combinations of the valence atomic orbitals and the effect of the
extended solid as a perturbation -- a dielectric continuum that solvates the dipole of the
cluster. The Franck-Condon accessed charge transfer states of the complex are found to be
delocalized -- a halide ion with a positive charge delocalized over the nearest neighbors as
illustrated in fig 4. The minimum energy configuration of the system closely resembles the
gas phase triatomic Xesz' geometry, therefore the model correctly predicts the relaxation
to the localized molecular configuration.8

It is worth considering the limit of fully delocalized mobile holes. This limit is

appropriate for the case of solids with large valence bands. As before, the electron is
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assumed to be strongly localized in the halogen atom and therefore of infinite effective
mass. The CT exciton in this limit would correspond to the Wannier description, electron-
hole pairs separated by many lattice sites, and a Rydbergian series of states in which the
hole orbits around the negative ion is to be expected (illustrated in fig 4). The valence
bands of rare gas solids under normal conditions are narrow, and the effective mass of
holes is large; mp ~ 10 me. Further localization due to the Coulombic field of the negative
jon is to be expected to produce even heavier holes and therefore localization on the lattice
points of the solid. An intermediate description between the molecular and fully delocalized
excitonic limits is necessary.

The intermediate excitonic description is achieved by treating the hole wavefunction

as a packet created by integration over Bloch states of the solid

Wy (r-1) = E kT @, (r-1)) dk

In which @y represent the tight-binding Bloch functions. The resulting
wavefunctions have extended spatial extent however are centered on individual xenon
atoms, as illustrated in figure 4. Therefore ion-hole pairs separated by several lattice sites
are possible to create by optical excitations. In the resultant excitonic state the hole has
limited mobility. The optically accessed charge transfer states of such a system are dictated
by: the ground state configuration of the solid; the extent of overlap between electron and
hole wavefunctions; and the screened Coulombic potential between the charge pair. The
optical transition probability can be cast into a modified reflection approximation:

P(w) = ;41-:2 | Ho |2_[ dre ™ g12 (©) 8 (ho - Vg (1)
in which g1 () is the halogen-xenon radial distribution function, a transition dipole which
decays exponentially with the separation between electron and hole is assumed and VT is
the hole transport potential -- a screened Coulomb potential, adiabatic with respect to
nuclear coordinates and fully diabatic with respect to electronic coordinates.
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Excitation spectra of Cl, Br and I doped solid xenon at two different temperatures is
collected in fig 5. The theoretically predicted spectra are also shown. The coarse
agreement between the two is taken as justification of the intermediate excitonic treatment.
We note that F atoms are bound to xenon in the ground state, and in contrast with the
heavier halogens, which isolate as atoms, the spectra are treated as that of XeF isolated in
solid Xe. Since the XeF internuclear distance is shorter in the ground state than in the ionic
Xe*F- state, the excitation spectra only sample the repulsive wall of the ionic upper state.
Therefore the excitation spectra can be adequately treated as that of the gas phase X -B
and X — D absorptions, and little can be learned in this case about long range interactions.
The spectra and theoretical fits are shown in fig 6.

In short, the optically accessed CT states of X/Xe are excitonic in nature. However
these states are unstable with respect to localization, or equivalently self-trapping, to form
the molecular exciplexic states. Emission is exclusively observed from the localized states.
C. Charge Separation and Energy Storage:

An alternate channel for the relaxation of the excitonic CT state is the self-trapping of
the hole at a lattice site well separated from the negative ion. This expectation is based on
the fact that valence band holes are known to self-trap in all RGS. Given the fact that the
holes in the excitonic state are even heavier than those in the valence band of the pure solid,
self-trapping of the hole by coupling to phonons and local lattice deformation is to be
expected. The result is a pair of oppositely charged polarons separated by a lattice
deformation barrier that cannot be overcome at low temperatures. The most likely structure
for the self-trapped hole is that of Rg}' .9 This process is schematically illustrated in fig 7.

This indeed is observed and monitored by phosphorescence and thermoluminescence
spectroscopy.10 UV irradiated X/RGS show a persistent afterglow and thermo-
luminescence. The afterglow has been followed over ten decades in time (see fig 8). Its
decay is temperature independent and hyperbolic in time. This is the expected behavior for

tunneling recombination between ion-STH pairs with a uniform distribution of separations.

-46-



Thermoluminescence in these solids has been induced as long as 35 hrs after the initial

irradiation. The emission spectra in the three modes of radiation, fluorescence, afterglow
(phosphorescence) and thermoluminescence are identical: all assigned to the radiative
relaxation of the exciplex Xo{X‘. It is then clear that the optical energy is stored in these
solids via charge separation and that thermoluminescence corresponds to thermally
activated detrapping of the self-trapped hole. Thermoluminescence curves, intensity versus
temperature plots, have been obtained from Cl, Br and I doped xenon (see fig 9). Inall
cases a main peak at 48 K can be seen which can be assigned to the intrinsic hole trap.
Kinetic analysis of these curves yields 800 200 cm-! as the depth of the STH. Finally,
comparison of fluorescence and thermoluminescence intensities indicate that charge
densities of ~1017 cm-3 are stored routinely in these systems. The storage density limits
are not yet known.

The main ingredients that lead to energy storage in these solids are: the coexistence of
both delocalized and localized CT states, the unstable nature of delocalized states, and large
lattice deformation barriers associated with self-trapped states. A general prescription that
leads to these conditions is: a dielectric solid of large band-gap, doped with an impurity of
large electron affinity (to create localized in-gap electrons), a valence band broad enough to
create ion-hole pairs at large separation, yet narrow enough such that the lattice relaxation
energy for self-trapping of the hole is larger than the excitonic band and hence localization
by the creation of a pair of oppositely charged polarons is efficient.
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Fig. 1.

aptions:

Emission spectrum of Cly isolated in solid Kr. The excitation is to the repulsive
111, 311, molecular potentials. The observed progression is due to the

recombinant A' — X emission.

Emission spectra of the triatomic xenon halides in solid xenon.

Emission spectrum of KrECl' in solid Kr. In the inset the growth of the

emission with irradiation time is shown. Excitation at 225 nm.

Schematic representation of the excitonic charge transfer states of Cl doped solid
xenon. In the molecular limit, an electron transfer from xenon to Cl corresponds
to the creation of Cl-Xe*. Linear combination of the p-holes on xenon atoms,
summed over nearest neighbors yeilds a positive charge delocalized over the cage
surrounding the negatively charged halogen. If fully delocalized, the hole would
orbit the negative ion producing a Rydberg series of states. However, holes are
heavy and more appropriately described as polaronic functions, centered on xenon

atoms yet with a large spatial extent.

Charge transfer excitation spectra of X/Xe and their simulations by the reflection
approximation. The spectra are for I (a,b), B(c,d) and Cl (e,f) doped solid xenon.
In each pair of spectra, the lower trace is recorded at 12 K while the upper at

50 K.
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Excitation spectrum of XeF/Xe. The top trace is experimental. The stick
spectrum is obtained by numerical evaluation of Franck-Condon factors for XeF
(B « X) and (D « X) transitions. The envelop fit is obtained by reflection of the
ground state diatomic wavefunction from the repulsive wall of the upper state. All
parameters are taken from the known gas phase potentials.

Schematic representation of self-trapping of the hole and charge separation. An
ion-hole pair separated by several lattice sites is created by the optical excitation.
The hole may self-trap as Xe/'_;" and lose all mobility. The trapped polaron

may recombine with the negative ion by trapping, tunneling or thermally activated

detrapping.

Radiation subsequent to photo-induced charge transfer in Cl/Xe. The
phosphorescence and afterglow are hyperbolic.

Thermoluminescence curves, intensity versus temperature, for solid xenon doped
with halogen atoms. In all cases a well defined peak at 48 K is observed and
assigned to the detrapping of the hole. First order kinetic analysis of the curves

yields frequency factors and activation energies for detrapping.
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ENERGY TRANSFER PROCESSES IN RARE GAS SoLIDS"
H. HELVAJIAN, J. B. KOFFEND, AND L. WIEDEMAN
AEROSPACE CORPORATION

LASER KINETICS & SPECTROSCOPY DEPARTMENT
LOS ANGELES, CA. 90009

ABSTRACT

We are preparing an experiment which will measure product energy disposal following pulsed

electron charge neutralization within a rare gas solid (RGS).

Our experiment is designed to trap protons (H*) in a RGS via formation of stable Arnl-l+ species.

The trapped rare gas hydride ions have the potential for releasing large energies (>8 eV/molecule) fol-
lowing charge neutralization. In our experiment the molecular ions will be trapped either by co-
condensing a mass selected ion beam with the matrix host (Ar), or prepared in situ by VUV photolysis
of a suitable precursor. The "charged” RGS is neutralized by a laser initiated pulsed electron gun (20
nsec). For monitoring product state distributions, our diagnostics include both emission and LIF spec-
troscopy, and resonant MPI time-of-flight (TOF) mass spectroscopy.

We have designed and built an experimental chamber which incorporates an ion source with mass
selector, a multichannel quadrupole mass detector, a rotatable cryogenic surface (10K), pulsed electron
gun, and various optical ports and extensions for monitoring deposited impurity levels (FTIR), thick-

ness (HeNe interferometry), and means for laser VUV generation.

* Project Funded by AFAL (Project Order # AFAL 70018)
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INTRODUCTION

There is a need to make advanced propellants for rocket propulsion. The new propellants must
achieve a specific impulse (I'p) which is greater than that provided by current fuel-oxidizer combina-
tions. To achieve the necessary increase in I.p, research in new propulsion concepts must be done. In
the interim, the use additives with existing propellants may increase the I'p above what is available
today. In this framework, our proposal considers the concept where the stored "fuel” or additive is pre-
energized prior to lift-off. A number of chemical reactions, ion/molecule, Rydberg atom/molecule,
and high energy metastable/molecule which when conducted in a laboratory produce very large I'p
species; However means for storing large densities of energized reactants is currently limited.

In the past half century, there have been significant advances in understanding rare gas solids
(RGS)!. A neon RGS can be grown to macroscopic size and will exist at the cryogenic temperatures
found in the liquid Oz/H2 propellant tanks. Experiments have shown that RGS can trap and store both
cations/anions, and radicals. Furthermore, these condensed rare gases will self trap localized excitation
(excitons; 99% of excitation to form diatomic excimers). Excitons can have excitation energies in ex-
cess of 10 eV, and depending on the exciton, binding energies of 1 eV or more. They also have been
prepared with molar concentration fractions in excess of 0.1 (102! energized species/cm®). In the case
of cation/anion trapping, experiments show that charge separation can be maintained as long as the
RGS is kept at cryogenic temperatures?. Upon "warm-up", charge neutralization can release for a reac-
tion such as ArH* + e” --> Ar + H + AE >10eV/reaction.

The rare gas hydride ions (XH*, where X = He, Ne, Ar, Kr, and Xe) offer some of
the features necessary for building an "energized” RGS. The neutral diatomic species are bound only
by van der Walls forces ( 30 - 60 meV), while the ions in the ground state are strongly bound ( 2 - 4

eV)3-5. Earlier studies with electron impact ionization observed the following reactions.

H,* + He ---> HeH* + H (1)
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H,* + Ne ---> NeH* + H )

Hz+ + Ar ---> ArH* + H 3)

Ar* + H, ---> ArH* + H (4)

Reactions (1) and (2) are exothermic if there is vibrational excitation in H," (v= 2 or 3). How-
ever reactions (3) and (4) are exothermic and do not have an energy barrier. The rate constant for
reaction (3)+(4) has been measured and is 1.6 x 10" cm® molecule™* sec™* ( k(3)/k(4) = 0.2) 58, This
rate is greater than the gas kinetic rate and reflects the very large cross sections which are typically ob-
served in ion/molecule reactions. We will use either reaction (3) or (4) to prepare rare gas hydride
jons. The prepared ions will be mass selected and co-deposited with Ar on a substrate held at 10 K.
The Coulombic repulsion will limit the density of positive ions deposited, unless co-deposited are nega-
tively charged ions. If the ions can be trapped in the rare gas matrix, then 13.6 eV minus the proton
binding energy can be released on demand by charge neutralizing the trapped H* proton(Ar H*). Of
interest to propulsion is the channel for dissociative energy release in ArnH' converting the energy to
relative translational motion.

The results of two earlier experiments provide the foundation necessary to this proposal. First,
experiments on the gas phase dissociative charge exchange of HeH* have shown that the majority of
the dissociated species have 8-9 eV of translational kinetic energy’, and second, experiments have spec-
troscopically identified protons trapped in the RGS (ArzH“' at 905 cm™1)®. Our proposal is to study the
"energized RGS" concept as a possible rocket fuel” additive or source. Our experiment is to measure

the energy release to products following prompt "de-energizing" of trapped (Ar")H"* species in the RGS.
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EXPERIMENTAL

Our experimental chamber schematically shown in Figure 1, is designed whereby both the prepa-
ration cycle ("building" the RGS ) and the experiment are done in situ and under carefully controlled
conditions. The reactive agents are introduced either via laser photochemical process or by an ion
source which can deliver to the experiment a mass selected (magnetic sector) ion beam with near un-
iform energy. The experimental chamber is designed to house two ion sources to allow the future pos-
sibility of "sandwiching” in alternate layers species having opposite charges. The chamber also contains
a rotatable target which is kept at cryogenic temperatures (lOK). Two types of diagnostics are available
for monitoring. In the "RGS building" stage, continuous monitoring (FTIR) of the "sample" is done to
insure "sample" purity. During the experiment.' the energy disposition will be measured simultaneousiy
by emission spectroscopy (electronically excited species), laser spectroscopy (ground state species),
quadrupole/ time-of-flight mass spectrometry (ejected mass and velocity distributions). The energy
stored in the "pre-energized" RGS will be released either by pulsed laser heating, or in the case of
trapped ions, pulsed electron gun neutralization.

The experiment is conducted by first depositing on a 10 K target either the proton precursor
species or cocondensing ArH* species with the Ar buffer gas. The sample thickness is measured by
monitoring the HeNe laser multiple reflection interference fringes generated from the thin RGS. Si-
multaneously with the deposition phase, an FTIR will be used to monitor both the deposited impurities
and the expected 905 cm™'n absorption in Ar,H*. Following deposition, the sample is rotated to face
the quadrupole mass spectrometer. A laser initiated pulsed electron gun delivers a dose of moderate
energy electrons (50 -150 eV) to the surface. Two photomultipliers are used to monitor any emission
(visible and VUYV) following charge neutralization. A pulsed laser, delayed relative to the electron gun,
and tuned to H Lyman-a is used to multiphoton ionize hydrogen atoms ejected from the sample target.
The quadrupole detects ions generated by the MPI laser or by turning on its ion source, all other
species. By using this technique we can ineasure the velocity of selected ejected species (laser

MPI/quadrupole detection), or its mass composition (quadrupole ionization and detection).
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THEORETICAL STUDIES OF PROTONS IN A RARE GAS MATRIX
Marcy E. Rosenkrantz, Air Force Astronautics Laboratory

If protons are to be stored in a rare gas matrixl, it is
necessary to determine mechanisms which could cause ArH* to
capture an electron prematurely. It is also vitally important to
know if protons can indeed be stored in a rare gas matrix for an
appreciable amount of time. There hasg been some discussion in
the literature concerning this point <€

Milligan and Jacox?2 (MJ) and Bondybey and pPimentel3 (BP)
have investigated the photolysis of hydrogen and deuterium
containing molecules in argon matrices at 14K. Both groups
observed absorgtions at 905 cm~l for hydrogen containing systems
and at 644 cm™+. Milligan and Jacox attribute these absorptions
to the presence of ArpH"™ and ArnD+ species, with n equal to
2,4,.... Bondybey and Pimentel attribute the peaks to the
presence of a neutral H (or D) atom in a octahedral site of argon
atoms. The crux of the argument by BP against the absorber being
ArH is that this is too unstable. Furthermore, since no counter
ions were observed, the absorbing specie cannot be an ion. They
conclude that because of the magnitude of the D-H isotope shift
the absorber must find itself in an octahedral site. MJ argued
that there is a large body of evidence indicating that molecular
ions can indeed be trapped in_argon matrices. Furthermore, the
peaks at 905 cm~! and 644 cm~l are especially prominent in
systems with known electron acceptors, and that coulombic
stabilization of ion pairs in Ar lattices is appreciable. There
is also mass spectrometric evidence, by Chupka and Russell
that ArpHt is stable. More recent work by Jacox® on HCClj3 in Ar
and Er Substantiates her arguments in favor of the presence of
AroH

. There have been several theoretical investigations of Arg6-10
and ArHt 6,11, However, to our knowledge, there has been no
recent single study of the ground and low-lying excited states of
ArH and the ground state of ArHt. If we are to understand the
electron attachment mechanisms and possible dissociative
recombination channels of ArH' we must be able to investigate all
of the states at the same level of approximation. The MESAlL
codes with their ability to do complete active space self
consistent field (CASSCF) and multireference determinant
configuration interaction calculations (MRDCI) based on the
CASSCF wavefunctions are uniquely suited to such a study.

We have performed some preliminary investigations of the
ground states of ArH and ArHt. These calculations have indicated
what basis sets for Ar and H are necessary to obtain reasonable
results. Our first calculations emploxed a very large basis for
Ar, developed by Stark and Pexerimhoff 3 and a very small basis
for H, developed by Huzinaga1 . Our results, which are included
in tables 1 for ArH and 2 for ArH' are unsatisfactory for ArH.
This is probably due to a very large amount of basis set
superposition error since the basis set for hydrogen is so much
smaller than that for argon. We also investigated the efficacy
of the use of the compact effective core potential and shared
exponent basis sets for argon developed by Stevens, Basch, and
Kraussld. The latter basis sets will have to be augmented with
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several polarization functions in order to give us a nearly
correct binding energy of ArH.

The key in choosing the best basis set is to have sufficient
polarization functions on argon and hydrogen to give the best
description of the van der Waals interaction which governs the
existence of the long range potential well in ArH. These
interactions are a direct result of the induced dipole-induced
dipole interactions in argon and hydrogen and higher order
dispersion interactions like the induced quadrupole-induced quad-
rupole, etc.

We have investigated a third basis set which seems to meet
our criteria of being small enough to be tractable but large
enough to include polarization functions necessary for a correct
description of the interactions. That basis set is given in
tablelg and employs basis sets by McLean and Chandler,16 and by
Meyer-/,

Our results thus far are quite rudimentary. We have
performed first order configuration interaction calculations of
ArH and ArH' using a wavefunction obtained from a Hartree-Fock
single configuration self consistent field calculation. Our re-
sults employing the third basis set are in quite good agreement
with results from other calculations and from experimentl”. The
earliest calculations®:/7 were performed at a rather high level of
approximation with relatively small basis sets. Those results
are subject to basis set superposition errors which may offset
the opposite effects of the high level of approximations made;
thus the rather excellent agreement between those results and
experiment. It is however clear from our results that the specie
whose absorption was observed in the argon matrix studies is
neither ArH nor ArH?t.
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Table 1. Characteristic constants of ArH.

Source Re (ag) De(cm™l) we(cm™l) wexe (cm~1)
Presentl 6.94 216.5 107.5 13.3
Present? 115 4.8 - -
Present3 6.77 67.9 - -

Das, et al4 6.59 38.7 - -

Welz 6.82 331 - _

1

2
3

4
5

The basis set of ref. 13 for Ar; H basis the double zeta
polarization basis of ref. 14.

The basis set of ref. 15 for Ar; H basis the double zeta
plus polarization basis of ref. 14.

The basis set of ref. 16 for Ar with polarization functions
of ref. 20. The H basis is from ref. 17.

ref. 6.

Welz, W., Ph.D. Dissertation, Max-Planck-Institute fur

Stromungsforschung, Gottingen, Federal Republic of Germany,
1976.

Table 2. Characteristic constants of ArH'.

Source Re (o) De(em™l) we(cm™l) wexe (cm™1)
Presentl 2.44 32 828 2736 57.0
Present? 2.51 29 925 2736 62.5
Present3 2.44 33 216 2728 56.0
Matcha and

Milleur4 2.57 21 940 2771 -
Chupka and

Russell?d 2.53 33 635 - -

1 The basis set of ref. 13 for Ar; H basis the double zeta

polarization basis of ref. 14.

2 The basis set of ref. 15 for Ar; H basis the double zeta

plus polarization basis of ref. 14.

3 The basis set of ref. 16 for Ar with polarization functions

of ref. 20. The H basis is from ref. 17.

4 Ref. 7.
Ref. 4.
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Table 3. The "best"
have used thus far. see
discussion.

Argon

Type Zeta
s 118022.4
17683.5
4027.8
1145.40
377:16
138.160

138.160
54.989
23.171

T«3779
2.9237

p 663.06
.09
w3l
« 635
.4465
.0957

[
(6]
~

.1065
.4156
.1454
.0500
.000000
.3

= O
o o [ o o o ol wJoo

|

combination of basis sets for Ar and H we

Contraction
Coefficient
.000747
.005790
.029919
.119196
.369096
.576399

+283926
.622980
.283926

- OO0 OoO [efoNoloNo o)

.000000

[

.000000

-

.000000

[

.000000
.000000

.003042
.023949
.107088
.291873
.452621
.308483

[eNoNololo o) -

—

.000000
.000000
.000000
.000000

N T

.000000
1.000000
1.000000
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17 and |20 fori| a
Hydrogen

Contraction
Type Zeta Coefficient
s 68.1600 0.00255
10.2465 0.01938
2.34648 0.09280
0.673320 1.00000
0.224660 1.00000
0.082217 1.00000
P 0.70000 1.00000
0.20000 1.00000
0.07000 1.00000
d 0.20000 1.00000
0.07000 1.00000







High Energy Density Systems in Cryogenic Media:
The Production and Reaction of Atoms and Radicals

Eric Weitz
Department of Chemistry
Northwestern University

Evanston, IL 60208

The major areas of investigation in our AFOSR supported work will center
on:

« The effect of low temperature condensed phase media on the rates and
pathways of chemical reactions.

« Measurements of diffusion coefficients in low temperature condensed phase
media.

« Investigations of the influence of low temperature condensed phase media on
dynamical processes including photodissociation and energy transfer.

This report will present results in the latter two areas.

Diffusion

We have devised an experimental procedure to measure diffusion coefficients
of species in low temperature condensed phase systems. The procedure involves
the photolytic production of the species of interest and the measurement of the
diffusion coefficient of the species by monitoring the rate of a diffusion
controlled reaction of the species under study. One of the first systems we
are exploring is the diffusion of H atoms. This is particularly interesting
since H atoms become quantum mechanical particles at low temperatures in rare
gas matrices: The de Broglie wavelength becomes larger than the interstitial
spacing between the rare gas atoms. As this occurs diffusion would be expected
to be dominated by tunneling. Thus a change in the diffusive behavior and the
diffusion coefficient of H atoms would be expected as a function of
temperature.

We are generating H atoms via photolysis of HI. The reaction we are
monitoring involves the reaction of H atoms with 07 to form HOp. This reaction
is reported to have a negative activation energy1 and thus would be expected to
be diffusion controlled in a low temperature condensed phase system. That HOjp
has been produced via KrF laser irradiation of a matrix of composition
HI:09:Kr in ratios of 1:2:150 can be seen in figure 1. The bands shown in this
figgre correlate well with the absorptions assigned by Milligan and Jacox to
HOo<.

We have been able to monitor the formation of HOp with a diode laser tuned

to 1386 cm-l but consider the date on the resulting diffusion coefficient too
preliminary to report without further study.
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Ene ansfe

We have been able to produce vibrationally excited species in condensed
media via any of the following three processes. They are:

1) Photodissociation and recombination of a diatomic. This has been applied
with success to HCl photolyzed by ArF radiation.3

2) Direct excitation of the desired species with a pulsed tunable infrared
laser. This has also been applied with success to HCl.

3) Photoelimination of a vibrationally excited species from an appropriate
precursor. This has also been successfully applied to HC13 and will be
the method of choice for the subsequent discussion.

HF* (vibrationally excited HF) can be produced via ArF photolysis of CyHF3. We
have measured the vibrational relaxation of HF (v=1) in the gas phase with Kr
or Xe collision partners and in liquid Kr and liquid Xe. Comparisons of the
gas phase rate and the liquid phase rate, both measured at the same
temperature, are made in the context of an isolated binary collision (IBC)
model of vibrational relaxation to determine the effect of the liquid rare gas
environment of the dynamics of vibrational relaxation. Vibrational relaxation
is monitored by following the infrared emission of HF (v=1) with an InSb
detector. The HF(v=1l) emission is isolated from emission from higher
vibrational states using an interference filter which primarily views the R
branch of the v=1 + v=0 transition. The signal from the InSb detector is
digitized and averaged with a LeCroy digital oscilloscope. The averaged signal
is fed to a computer for analysis. Data for the relaxation of HF by Kr at 193
K in both the gas phase and in liquid Kr are shown in figures 2 & 3. Similar
data has been taken for HF relaxation by Xe at 204 K in both the gas phase and
in liquid Xe.

An expectation for the rate of relaxation of a molecule in the liquid
phase can be obtained from an IBC model for relaxation. In the context of this
model, it is assumed that vibrational energy relaxation is due to binary
interactions which are separated in time (time between encounters that leads to
energy transfer >> vibrational period) and the probability of relaxation per
encounter (P) is independent of phase and r is the lifetime of the excited
species. Then,

-
To

S e

. P (1)
where P can be determined from the gas phase rate constant.

A variety of approaches have been used to calculate 1/ro. The simplest
is the cell model® where
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where ¥, p and ¢ have their usual meaning. Current treatments generally employ
radial pair distribution functions and derive formulas of the type

L 1 Pl g2 (R*)

rp " 7g rg Bg(RY) -

where various methods are used to obtain gg(R*), the radial distribution
function at R*, the effective distance for vibrational energy transfer. We
have used a treatment by Chesnoy.7 For HF in liquid Xe and liquid Kr this
predicts that,

PR
Tg P

||—‘

(4)
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We measure that the ratio for the rate of relaxation of HF in liquid Xe ,scaled
for the density of liquid Xe, versus gas phase Xe at 204 K

Tglg
Tglg

(3)

{s 0.1 rather than 1 which would be predicted by equation (4). Similarly, the
rate of relation of HF by liquid Kr, scaled for the density of liquid Kr,
versus gas phase Kr at 193 K is .15 rather than the predicted 1.0! Thus HF
relaxes significantly more slowly in liquid Kr or liquid Xe than expected based
on gas phase relaxation probabilities.

Two possible related explanations for this behavior involve: 1) formation
of a transient HF-M complex which increases the effective moment of inertia of
the HF which would lead to a decrease in the rotational velocity in an HF -
rare gas collision and thus a decrease in the probability of vibration-rotation
energy transfer; the process by which HF is known to relax in the gas phase or;
2) formation of a transient HF-M complex which may be a multicentered complex
where the complexed rare gas atoms shield the HF from impulsive collisions with
the remainder of the rare gas atoms thus also decreasing the probability of
vibration-rotation energy transfer.

Both the measurement of transport properties in condensed phase and an
understanding of the change in the dynamics of energy transfer processes will
affect the conceptualization and design of energy storage schemes in condensed
phase.
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Figure Captions

Figure 1. FTIR spectrum of HOy absorptions in the region around 1387 cm-l,

Details regarding matrix composition and method of preparation are
in the text.

Figure 2. Plot of the rate of relaxation of HF (v=1) as a function of Kr

pressure at 193 K. The slope yields a rate constant for the rate of
relaxation of HF (v=1) of 8.8 x 10-17 cc/molec/s.

Figure 3. Plot of the rate of relaxation of HF(v=1) versus CoHF3 (parent)
pressure in liquid Kr at 193 K. The intercept is the rate of
relaxation of HF(v=1) by liquid Kr.
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PHOTOINITIATED CHAIN REACTIONS IN LOW TEMPERATURE SOLIDS
Charles A. Wight

Department of Chemistry
University of Utah
Salt Lake City, UT 84112

ABSTRACT

A fundamental understanding of free radical chemistry in low temperature
solids is desirable from the standpoint of stabilizing and storing high energy
density materials. We have been investigating a series of halogen/hydrocarbon
free radical chain reactions with chlorime in thin amorphous films as model
systems to characterize reaction mechanisms under these conditions. The
radicals are generated by UV laser photolysis of the films. Straight chain
hydrocarbons studied thus far appear to react via a simple radical
recombination mechanism. However, cyclopropane and cyclobutane react by chain
mechanisms which generate up to 30 product molecules per UV photon absorbed by
the sample.

EXPERIMENTAL DETAILS

The experiments are conducted by depositing a binary mixture of chlorine
and a small hydrocarbon onto a CsI optical window at 10-77 K. The window is
mounted at the cold tip of a liquid nitrogen dewar vessel or a closed cycle
helium refrigerator. Typical sample thickness is 2-10 um. Reactions within
the thin films are initiated by irradiation with a nitrogen laser (337 nm) or
excimer laser (308 nm) to dissociate some of the chlorine molecules into Cl
atoms. Reaction product quantum yields and branching ratios are determined by
obtaining transmission infrared or Raman spectra of the films before and after
irradiation.

The quantum yields are determined by a series of measurements. The
absorbance of the samples at 308 and 337 nm is measured directly with a Cary
17 spectrometer, and the incident laser fluence is measured with an absorbing
disc calorimeter. The integrated intensities of several IR absorption bands
are measured before and after irradiation. Separate yields are calculated for
disappearance of reactants and appearance of products to check the consistency
of the results.

Work sponsored by AFAL Contract # F04611-87-K-0023

<79-




RESULTS AND DISCUSSION

Photochlorination of straight chain hydrocarbons occurs via initial H
atom abstraction to form HCl and an alkyl radical. In the gas phase and in
solution, the alkyl radical may then react with Cly to form the corresponding
alkyl chloride, regenerating another Cl atom in the process. This general
type of chain propagation mechanism is illustrated by Reactions (1) and (2).

Cle + RH -+ HCl + Re (1)
Re + Clp = RCl + Cle (2)

In our solid state experiments, we observe the formation of HCl and alkyl
halides, but the quantum yields for product formation are too low to be
attributable to a chain reaction mechanism. The yield in the propane system,
for example is 0.12 * 0.01 for formation of l-chloropropane and
2-chloropropane from an equimolar mixture of propane and chlorine. Although
the participation of chain reaction processes cannot be definitively ruled
out, the low quantum yield strongly suggests that radical recombination
processes dominate the reaction mechanism. One way to visualize this is
depicted in the upper panel of Figure 1.

Proposed reaction mechanism for low product yields: Cl, + C;H,

hv
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recombination
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. =
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Proposed reaction mechanism for high product yields: Cl, + cyclo-C H,

addition and
|
Cle

ring opening

propagation cl
B e 2
of chain ‘Ia



Reaction is initiated by photodissociation of molecular chlorine to two
Cl atoms. The solid environment confines the atoms to a local cage which
allows them to recombine to molecular chlorine. In a small fraction of these
events, one of the Cl atoms may abstract an H atom from a nearby propane
molecule forming HCl. The propyl radical generated by this reaction may then
recombine with the partner chlorine atom (which was trapped in the same cage)
to form l-chloropropane or 2-chloropropane, depending on whether the initial H
atom abstraction occurred at a primary or secondary position on the
hydrocarbon. The two chloropropanes and HCl are observed in the infrared
spectra of irradiated samples of chlorine and propane and are the only
reaction products observed.

An interesting aspect of the propane reaction system involves the
selectivity of H atom abstraction by a chlorine atom at secondary vs. primary
positions on the hydrocarbon. At 77 K, we observed that the product branching
ratio (2-chloropropane:l-chloropropane) is 5.6:1. When corrected for the fact
that propane contains only one third as many secondary H atoms as primary,. the
relative reactivity is 17:1. The selectivity presumably arises from the lower
activation energy for abstraction at the secondary site (in turn, reflecting
the greater stability of the secondary radical). Interestingly, this ratio of
products is exactly that which one would expect at 77 K based on the gas phase
Arrhenius parameters determined by Knox and Nelson. The agreement may be
fortuitous, but the Cl atoms nevertheless exhibit a remarkable degree of
selectivity for attack at the secondary position of propane.

When experiments are conducted at lower temperatures, the selectivity
for formation of the lower energy product actually decreases. Below about
50 K, the relative reactivity is approximately 2.5:1. The Arrhenius
parameters predict the relative reactivity to be 2.3:1 in the limit of high
temperature. We have therefore interpreted this observation in terms of
reaction of hyperthermal Cl atoms with propane molecules. The energy of each
308 nm photon exceeds the bond dissociation energy of Cl; by about
150 kJ/mole, so each Cl atom is born with a significant amount of excess
translational energy. To the extent that this energy can be used to surmount
the barrier to H atom abstraction, the selectivity for formation of
2-chloropropane should be diminished. Although the exact reasons for the
onset of hot atom reactions below 50-70 K are unclear, we note that propane
has a relatively low melting point (85 K). It is possible that thermalization
of Cl atoms is more efficient in the slushy environment near the melting point
compared to the more rigid solid below 50 K.

Recent experiments conducted with n-butane and isobutane show similar
behavior to propane. In each case the quantum yields are less than unity,
making the participation of chain reaction steps unlikely. Also, the butane
reactions exhibit a marked preference for formation of the lower energy
reaction product when the sample is near its melting point. As in the case of
propane, reducing the photolysis temperature reduces this selectivity,
consistent with the onset of hot Cl atom reactions.

In contrast to straight chain hydrocarbons, photochlorination of
cyclopropane occurs by an addition mechanism forming chloropropyl radical,
which subsequently reacts with Cly to form 1,3-dichloropropane.

Cle + c-C3Hg - C1CH9CH9CHp (3)
ClCH9CHgCHp+ + Clp -~ C1CHCHpCHCl + Cle (4)

The best evidence that the reaction proceeds via a true chain reaction
mechanism is the observation of quantum yields greater than unity. In fact,

-81-




the yield for an equimolar mixture of chlorine and cyclopropane is measured to
be 30 + 6 for consumption of cyclopropane and 26 + 6 for production of
1,3-dichloropropane. Two important observations have been made from these
experiments. The first is that although the yields are much greater than 1.0,
they are small in comparison with typical chain lengths measured in the gas
phase and in solution (104-107). The second observation is that the largest
yields are obtained for samples in which the relative concentrations of the
two reagents are equal. Yields drop monotonically to zero as the samples are
made progressively richer or leaner in the hydrocarbon component.

For the purposes of comparison, Figure 1 also depicts a proposed
mechanism for the chain reaction of chlorine with cyclopropane. 1In this case,
the ring opening step forms a chloropropyl radical in which the unpaired
electron is spatially removed from the partner chlorine atom. We believe that
the ring opening is therefore crucial to the separation of radical pairs and
is largely responsible for the observation of chain reactions in the
cyclopropane system. The infrared spectra of the products show conclusively
that only the anti-anti conformer of 1,3-dichloropropane is formed in the
chain reaction. This provides detailed information about the spatial
relationships of the molecules during the course of reaction, as previously
discussed. 2 Although the role of radical recombination in the cyclopropane
system cannot be ruled out, chain reactiens obviously play a major role in the
reaction mechanism as this is the only reasonable way in which quantum yields
greater than 1.0 can be rationalized.

Termination of the reaction likely occurs by trapping of free radicals in
unreactive sites within the solid. In the absence of diffusion, each radical
may react only with neighboring molecules. A Cl atom, for instance, may be
generated by Reaction (4) in a site where it is completely surrounded by Clp
molecules. This would represent a trapped configuration. Similarly, the
chloropropyl radical produced by Reaction (3) may be surrounded by
hydrocarbon. The trapping probabilities may be easily predicted on the basis
of a simple statistical model which is quantitatively consistent with the
concentration dependence of the photochemical quantum yield measurements.

Similar experiments involving photochlorination of cyclobutane also offer
interesting observations concerning the reaction mechanism in the solid state.
This reaction occurs exclusively by an H atom abstraction mechanism depicted
by Reactions (1) and (2). The only observed products are cyclobutyl chloride
and HC1.

A somewhat curious observation in the cyclobutane system is that the
quantum yield for formation of the chlorocyclobutane product is a maximum in
samples which are rich in the hydrocarbon component. For chlorine/cyclobutane
experiments in which the chlorine mole fraction is 0.08, the probability that
any cyclobutyl radical formed in Reaction (8) has a chlorine molecule as one
of its six nearest neighbors is only 0.34. The quantum yield predicted using
a statistical model of this sort? is only 0.52 and should increase with
increasing chlorine concentration. The experimentally determined quantum
yield is 7.4 + 0.8 and has the opposite concentration dependence.3 Even if
each radical could interact with 12 of its nearest neighbors (a practical
upper limit), the predicted quantum yield is only 1.7.

The high yields and concentration dependence therefore suggest that
cyclobutyl radicals are able to migrate over substantial distances in the
solid in order to seek out molecular chlorine with which to react. Physical
diffusion is out of the question since the temperature of the experiments
(77 K) is far below the melting point of cyclobutane (223 K). A more likely
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explanation involves symmetric H atom transfer reactions between cyclobutane
and cyclobutyl radicals, Reaction (5).

H . . H
+ - + (5)

The idea that the mobility of a radical in solids involves, in some
cases, the successive transfer (hopping) of a hydrogen atom was proposed by
Dole and co-workers® who observed the elimination of vinylidene groups in ,
polyethylene following gamma irradiation. Additional evidence for a hydrogen
hopping mechanism has recently been provided by Clough5 who observed H/D
exchange in gamma irradiated tetracosane (hgp/dsp) crystals. A drawback of
the studies involving gamma radiolysis is that details of the initiation
process are often not well understood. In our studies, photolysis at low
fluence in the near ultraviolet virtually eliminates the possibility of
forming ions or other high energy species in the solid which might complicate

the analysis.

CONCLUSIONS

Our investigations of free radical chain reactions have provided insight
to mechanistic details of chemistry which occurs in amorphous solids. We have
noted that in many cases, the classical cage effect results in efficient
recombination of radical pairs produced by laser photolysis. However, this is
not always the case. For example, ring opening of cyclopropane provides a
mechanism for separating radicals. This inhibits recombination and promotes
the onset of true free radical reactions in the solid.

Reactions of chlorine with acyclic hydrocarbons provides the opportunity
to study the selectivity of H atom abstraction from primary, secondary, and
tertiary sites. In all cases studied so far, we have observed that near the
melting point of the solid, selectivity of attack can be very high and is
generally in agreement wi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>