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ABSTRACT

This report summatizes progress during the second quarterly
period of the subject contract. The methods available for the production
of excited electronic states following azide decomposition are summarized,
It is concluded that an experiment designed to study the kinetics of and
branching rat1os for electronically excited products from az1de radical
reactions will be most productive in eluc1dat1ng excitation mechanisms for
potent1a1 chemlcal lasers. A flow reactor is described in which these studies‘
may be undertaken. The ma_]or feature of this apparatus is a clean. azide
radical source based upon the ‘the rmal decomp051t10n of solid, ionic amdes.

The construction of the experimental apparatus hzs been started.
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. Summa ry

During this second'quarterly period of C\oﬁtract No., EY-76-C-02-2920.%000,
the design of an experiment was completed, the relevant equipment 6rdered,

and the apparatus is now uncier construction. An experiment was se'iected. which

permits (i) the production pf N3 radicals in a clean flow environment, (ii) the

q'uantitat‘ive measurement‘ of various kinetic rate constants of direct Vsignifi-cance

: to the overall goai of this pfogram, and (iii) the liinifed study 'c'>f"t.he spectroscopy
of excited elect-ronic _‘s‘tates produce.d_. iﬁ the reéctipns.
This expex;imeri_t Waé des-ig'ﬁed after careful consic-ler‘aﬁéh- of the many
kinetic andééectroscopic issues concerning azide chemistry which were .
._'elgcidated'dugi_n‘g t'he'- ihyestigatio_n_ of Task 1,  .Lite_'ra'.tu re Sul;yey §f _AziAdgsao;'_
‘ The‘ éxpérimgét”s.eﬂle"ctéd_ is f:z%ix;ly general in néﬂlre. and should pr'ovidé»'aL :

qonsiderable.amount of data on is sués of direct impc;rtance to the aﬁplication of

S az1decherrustrytothe product1on of an ef.ﬁciAénAt,'_sv(.:ale-xblAé :.s;ho.r“'tuwé.'v'eie'r-l‘gi:.l; -

: lasei:.. Al.ss,. t.he‘:'e):z.l:;e;imént éah be >'re.adi‘1y> fnbdified, €. 8. ,. with photoiysis
ipi.tiét-:_-idnqu As;léc;.ted gésgous_.azide coméounds, at a later stage ofthls .A
inve'éi:igati.onz.

By 'During the nexﬁfféPorting pei}iod} the expefiiﬁeht Vsho‘ulld }?e'cpfpe '
c;pé'fa;?t’iohai and1n1t1a1datawx11be &:ig.:qu;i‘re_d; In »aéill_ditib'n, .'t'pe laser rﬁodeling‘

task ﬁvi]l be started.
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Introduction

The following report summarizes technical progress during the
second quarterly period of ERDA Contract No. EY-76-C-02-2920. *000, ""Investi-
gation of Induced Molecular: Decorniposition for Development of Visible Chemical
Lasers'. It has been clearly established that a long term need exists for
efficient, short wavelength laser devices J‘W%It is
the goal_ of the research program described herein to investigate a class of
compounds ,. azides, Which in principle, could provide a source of excitati_on
for a short wavelength :chern_ical laser. Azides are a cla.ss of energy—rich
molecules which can -be‘d‘e"cohmposed- via a variety of means, i. e. , thermally,

photolyt1cally, and chemically, into a number of possible exotherrrnc reaction

A channels. There is substant1al ev1dence that for many azides certain react1on
: channels lead to exc1ted electronic state products However, much of the 4

- state spec1f1c k1net1cs, branch1ng ratlos, spectroscopy, energet1cs, etc

are not known in sufficient deta1l It is the 1n1t1al goal of this program to

- investigate enough of the fundamental issues to prov1de the data necessary

to evaluate the ut111zat1on of a21des in a v151ble cherrucal laser. vA .

Th1s research effort is d1v1ded -into several tasks. Task 1 1nvolved a

: thorough review of the exten31ve techmcal l1terature concermng az1des,_

empha51z1ng reaction mechanisms and kinetics. This first task was rev1ewed

in detailin the first Quarterly Progress Report.‘lb The results of Task 1 are

.. a necessary foundation for Task 2 “the planning and executlon of an exper1-'

mental program to study decomp051t1on channels of selected az1des. The

. major act1v1ty of the second quarterly period has been to plan the experl-"

mental program and to des1gn and construct an experimental apparatus. The
results of this experimental program together w1th all other available 1nfor-
mation will be evaluated to determine the possible utilization of azides or
azide-like molecules in a short wavelength chemical laser (Task 3). Finally,
since the fundamental data obtained in this study can provide more complete
understanding of reaction mechanisms for induced decomposition, it is

planned to interact with theoretical efforts in this area (Task 4).



In the First Quarterly Progress Report,-1 we reviewed the technical
literature relating to the physics and chemistry of azides, with particular '
emphasis upon the mechanisms of decomposition of azides. The effort
during this past reporting period has been aimed at the development of an
experimental program which will give detailed information on the energy
carrying products of azide decomposition necessary for use in a potential
laser device. The initial experiments have been designed, and an apparatus
is being assembled. In this report, we shall outline briefly the important
features relating to azide decomposition which have been selected for study

in the exper1mental phase of the program. Lastly, we shall describe the

- apparatus which we have des1gned for these preliminary exper1ments. 4

Summary of Task 1

The class of compounds known as aZ1des may be subd1v1ded into two
groups, covalent and ionic. The covalent azides compr1s_e_the organic and
organometallic compounds and the inorganic azides of non-rnetals -such.as
hydrazo1c acid and the halogen az1des.“ The 1on1c azides are salts of the '
alkah and alkaline earth elements and a. few heavy metals such as lead ‘
thalhum, and s1lver These two groups have different decornpos1t1on

mechan1sms which will affect the form in which electronic excitation may be

, produced follow1ng decomp051t1on. ’

" The covalent azldes decompose to glve a mtrene (an RN 'x;.adical) and
molecular mtrogen (see ‘Table I, cases Al and AZ) Much of the evidence -
ava1lable indicates that for 51mple azides both photolyt1c and thermal |
decomp031t10n give almost exclu51vely a n1trene in the f1r st exc1ted singlet |

state (Table I, AZ) Thus, the induced decompos1t1on of covalently bonded

orgamc az1des contains the potentlal for rapid production of large concentrat1ons

of electronlcally exc1ted products. The practical utilization of these systems
in laser devices depends primarily upon the reactivity of the excited nitrenes
as well as upon their spectroscopy.'

The ionic azides decompose to give the azide radical. This occurs
because the primary step in the decomposition involves the dissociation of the
azide ion in the crystal lattice into a free electron and the azide radical (see
Table II). The azide radicalis a highly encloergic species (A H, = 4.4 eV)Z,

f
many of whose reactions have been shown to be chemiluminescent2 (Table III).
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TABLE I

Decomposition Mechanism of Covalent Azides

General Case:: RN

1.

2.

3.

. a -] ) hv A
Forblﬁden RN3 (A-l) o—r—A> RN ( A ) + N (X Zg
Allowed | RN. (*A.) —= RN*(IA VAN (X'
owe B R | 1’72 g

3

)

")

a 1 ' 2 | 2
— +
Allowed”  RN; ((4)) - R ( Al) N, (X))

Speciﬁc E;Acar.n.ple:‘

1.

u2.

a.

A

NCN

hv

fap 2 ety e oz
(el o 05
H (?si /2 +'N3' (Xzﬂg)

‘(I,Al)c ﬂ» l_l\iCN (a IA_‘)4+ N, (xlz'g+),

Enthalpy
Change

0.4 =1.3 eV
1.5 - 2.0 eV

~ 3.5 eV

If this pé.fhwe;y occurs, it will be of minor significance
- compared to pathway 2.

‘This channel accounts for at most 10% of the total decomposition.
No experiment has presented unequivocal evidence either for or

against this pathway.

Kroto et al

photolys1s is the result of secondary processes
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TABLE II

The decomposition Mechanism of Ionic Azides

+ -
(M N 3)
N Y N 4 e - ()

n+1 ) (2)

T2N, - 3N, + 8.8V’ R )



TABLE III

ChemiluminesAcent Reactions of N3

X+N, — XN + N

2
Reactant Species X Observed Products (XNq:) ~ Excitation Energy
. (eV) .
| 3+ 3 # '
N3 NZ. (A'Z'ub)or N2 (B ﬂg) 4 .6.(3, 7.4
' - 1_+b '
| e NCl (b Z) _ ' : 1. 86
1_+P
; Br ~ NBr (A %) 1.83
| | 20t o2 P
®) ..~ ..NO(ATZ), NO(B- W - 5.45, 5.7
B 1.
N L N BT o e

‘a. K. H. Welge, J. Chem. Phys. 45, 166 (1966) and Ref. 1.

b. T. C. Clark and M. A. A. Clyne, Trans. Faraday Soc. 66, 877
(1970). : : L - - -



Thus, the production of electrohically excited species in the decomposition
of ionic azides will be determined by rea.ctions of the azide ra.dical subsequent
to its liberation from the parent a21de in the primary decomp051t10n step. |

In a few covalently bonded azides, the primary decomp031t1on may
involve the production of the azide radical (Table I, A3). This class includes
certain of the organometallic azides and perhaps tertiary organic é.zides.
In addition, secondary reactions between nitrenes and the parent azide have
been shown to produceAthe azide radical. 3,4 Thus the study of azide radical
kinetics is also relevant to the production of electronicall.y excited species in
the decomposition of covalent azides. 1

Summary of Task 2

The brief discussioh above shows that eiectronically excited species
may be produced in the induced decomposition of azides in essentially two
ways, either in the direct decompos1t10n of covalently bonded compounds |
to produce excited singlet nitrenes, or inthe reactions of the azide radlca.l
which has been produced either in the prlmary decompos1t10n step of ionié .

azides or in secondary reactions following decomposition of covalent azides.

In order to evaluate the first reaction scheme, in terms of pofential laser devices, "+ -

we need to understand the spectroscopy and kinetics of singlet nitrenes. For
the second method of excited-state production, a detailed knowledge of the '
products and kinetics of azide radical reactions is required.

We have concluded that the expenrnental study of azide rad1ca1 reactlons '

is a rho_re fruitful avenue to follow in the initial experlments. The study of

azide radical kinetics is more general in nature,v since the azide radical is
the important species from the standpoint of extracting chemical energy in

all of the ionic decompositiéns. Secéndly, the azide radical could be an .
important energy carrying species in the covalent decbmpositions due to rapid
react.ion between the electronically excited singlet nitrene and the |

parent azide. Finally, a number of simple nitrenes may be formed

in reactions between atoms or free radicals and the azide radical, thus .

giving a source of nitrenes for spectroscopic or kinetic studies. Thus, most
of the major kinetic and spectroscopic aspects of azide decomposition for
laser utilization are amenable to investigation in é system based on azide
radical reactions.
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Accepting this decision to study the reactions of the azide radical,
it is necessary to develop a system in which the relevant spec.ies and kinetics
may be observed. There are four methods by which the azide radical may be
formed: (see Table IV): (i) as a secondary product in the photolysis of covalent
azides; (ii) direct photolysis of certain covalent azides such as tertiary organic
azldes; (iii) chemical production, such as in the reaction between chlorine atoms
and chlorine azide; and (iv) the thermal or photolytic decomp031t10n of inorganic
azides. The first two methods contain the drawback that reactive species in addition
to the azide radical will be present in the system, which will complicate the kinetics.
Azide radicals produced by method(i),however, have been observed in absorption.'s’ 6.
In order to produce azide radicals via chemical methods, a rapid
reaction is required but rea.ctants and products from the primary reaction
must not react rapidly with azide radical. Table V summarizes the known
reactions which will produce the azide radical and of the azide radical with
the pr1mary reactants. Of the reactlons hsted only that between Cl atoms .
- and ClN3 appears to be’ suff1c1ent1y fast to be potentlally useful for Nj

production. The utility of this reaction depends upon whether the subsequent
reactlon between Cl and N3 is slow as has been 1nd1cated by Clark and Clyne, 2.7
or fast as it is thought to be by Combourieu a.nd co-workers. 8 Other react1ons
not listed may work, but no other quantat1ve information exists so that f1nd1ng
a suitable chemical source for az1de radlcals could become a lengthy trial-
and—error procedure. However, chem1ca1 methods have been shown to produce
N3, so they may not be dlsmlssed completely from further con51derat10n.
The fourth possibility listed above, i.e., the thermal or photolytic
decornposition of ionic azides is.abr'nethod on which direct information is sparce,
but ‘it ‘i's' also the rnethod which affords the best opportunity to deVelop a
completely clean system in' which to study azide radical kinetics. There are
potentially no other reactive species in the reactor. It is known that large
quantities of nitrogen gas are evolved when the ionic azides are decomposed.
~This has always been assumed to arise fromthe bimolecular recombination of

the azide radical which is the primary species assumed to result from the

decomposition; however, little direct evidence exists to support this view.



A.

TABLE 1V

Methods of N3 Production

Asa secondary product in covalent azide decorhposition ‘

' x 1
1. General: RN ( Al) + RN3—>R2N + N3

' ‘ -11 3
2. Specific: - NH (alA) + HN3—> NH2 + N3 K ~9x10 cm molec

b. NCN (alA‘) 3 NCN3—> N3 + ""other products"b

' * ' C
. v 1
c NCl,.+C1N3N . — NC2+N3

, Dlrect Decompos1t10n of tertlary covalent azides

R, e o : .sz
. ! - hy : ’ : o .
- - N _ — ‘ - R + N
Ry Ry Ny or A - B35 '3
R, o ‘ " R,

A o Ta

Chemical Productmn ‘

1. General: X + RN3 — RX + N3

2. Specific: - see'"Table‘.V

. .. e
Ionic Decomposition

a. R. J. Paur and E. J Bair, Int. J. Chem Kinet.8, 139 (1976).

b. H. W. Kroto, T. F. Morgan and H. H, Sheena, Trans. Faraday
Soc. 66, 2237 (1970). _

c. Inferred from th¢ observation of N3 in photolyzed C1N3.
A. E. Douglas and W. J.. Jones, Can. J. Phys. 43, 221 (1965),

d. The evidence for this process is indirect. R. A. Abramovitch
and E. P. Kyba inThe Chemistry of the Azido Group, S. Pa.ta.l,
ed., New York: John Wlley, 221-329 (1971),

e. See Table 11,
-8-
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TABLE V

Chemical Production of N3 and

Competing Destruction Reactions .

Reaction

Rate Constant

-1 -
(cm3molec s 1)

. . a
Formation Reactions

+ 1
ClN3 C

H

@)
N

Br N3+ Br

.HN3 + H

- N

"Destruction Reactions

"N. + -Cl-

'3
Ccl, CIN_
Cl,» CIN,

a. J. Combourieu, G. Le Bras, G. Poulet, and J. L. Jourdain,

) a
3.7x 10 _12
_ b
'>2x'10"13
c
C
c o
L 4
1.1 x 107‘14_
Sl T
5x10~15
‘>4x10'1214e
2.2x 10
"slow! a,c .
.
. C
o N
22 x 10'11
108
P~
-'5xlo’12

h
XVIt Int, Comb, Symp. Boston (1976).

b. The rate constant given is for reaction to form vibrational levels

V =1and 2 of HCI{X) W. W. Rice and R. J. Jensen, J. Phys.Chem.:

76, 805 (1972).




TABLE V (Con't)

c. T. C. Clark and M. A. A. Clyne, Trans. Fara;da.y Soc. 66

877 (1970). Because these authors could not observe N3 in the
O,N.+ C1N3 Systems in contrast to the situation in the C1(Br)

i . >
+ Cl (Br) N3 vsys.t‘:ems,they infer t;hat kX + N kx + CIN

3 3

for X = Cl, Br. Based upon their observations, we estimate that
12

- 3 -1 -1
- >1 - o .
'kX + CIN x 10 . cm molec s | for all X

3

G. Le Bras and J Combourieu,int. J. Chem. Kinet, 5, 559(1973).

T. C. Clark, Ph.D. Thesis, Queen Mary College (Univ. of London),
London, U. K. (1969). '

R. J. Paur and E. J. Bair, Int. J. Chem. Kinet. 8, 139 (1976).

R. J. Paur, Ph. D. Thesis, Indiana Uni{rersity; Bloom‘ington, '
Indiana (1973). ‘ "
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It is also known that fhe decomposition of alkali azides in a flowing system

is a good method for the production of alkali atoms. 10 By analogy, one would
expect that the other decomposition product, i.e. N3, would also be formed
readily. Small quantities of the azide radical have been observed mass
spectrometrically in the thermal decomposition of potassium azide, 1 but

no quantative estimates of the yield have been made. Finally, in a series

of experiments encompassing several decades, Audubertzshowed that several
ultraviolet bands between 190 and 260 nm could be observed in the thermal
decomposition of a number of ionic azides. The crude spectrum which he
was able t6 me.asure (his resolution was no better than about 5 nni) was
independent of the cation in the azide salt. The most logical candidates for
t,l'.lis emission are species produced' either directly from the recombination

of azide radicals (e. g. N2 (A 3Zu+)) or indirectly in reactions of the various
species present in air with the azide radical or with metastable nitrogen formed
in the recombination of the azide radical. Thus, although there is very little

direct evidence that the thermal or photolytic decomposition of ionic azides

does indeed produce significant concentrations of azide radicals, the indirect

evidence indicates that this approach should work; and, furthermore, there

should be no other reactive species in the reactor. The alkali atoms formed
in the decomposition will be rapidly pumped by the vessel walls. In any case
alkali atoms should not be reactive towards the azide radical since the more
easily handled ionic azides 'a‘re composed of metals which do not form stable
nitrides. Thus, we have decided to try to produce azide radicals for subseqﬁent
study by the decomposition of ionic azides. An additional advantage arising .
from the study of ionic decomposition is the potential benefit for eventual laser
aéplication which may bé derived from the understanding of condenséd—phase
decomposition. .

Azide radical kinetics may be studied most conveniently in a flow

system which provides a more efficient evolution of N into the gas

' 3
phase because the azide radicals may be swept away from the sur-
face of the decomposing salt by a flow of gas. This permits a separation

of the azide radical source from the observation region, which,

~11-



in turn, eliminates mechanistic complications occuring in a system in which
all reagents are rnixed in the same region. Furthermore, a flow system
simplifies the analysis with respect to time fesolution and gaseous reagent
_mixing, and, in addition, offers the opportunity to determine absolute
‘azide radical concentrations by chemical titration techniques.
The flow system which we have designed for our initial experiments
is shown in Fig. 1. The azide radicals are to be liberated in the thermal |

decomposition of sodium azide at temperatures between 300 and 400°C. The

sodium azide rests upon a pyrex fritted disk which has been blown into a

section of pyrex tubing wfapp'ed with heating wires. A small flow of inert
gaspassesthrough the fritted disk and sweeps the azide radicals out of the

oven and into the main flow tube. Spectroscopic observations may be made
either along the axis of the horizontal flow tube in order to enhance light
collection efficiency, or 'at a number of windows normal to the axis of the
horizontal tube. This latter configuration allows temporal resolution, as

the spectrometer used for detection may be moved readily from one observa-
tion window to another. The azide-oven tube enters the vertical section of

the flow tube through a sting.o -ring seal.. Therefore, time resolution also rﬁay
be achieved by changing the poéition of the azide oven relative to a fixed
observation position. Reagents to be used in studying reactions of azide
radicals with other species may be introduced eithér with the bulk gas flow
which enters near the bottom of the vertical tube, or through the reagent
inlet centered along the axis of the vertical section at its top. The system
is pumped by a 500 1 min"1 mechanical pump (PrecisionD500) which, after
allowing for conductance losses, will givé a bulk flow velocity of about 10
cm s'-l in the 25 mm i.d. flow tube. Thus the timé resolution will be on
the order of a millisecond which i-s suitable for measuring rate constants

- -11 -1 -1
between 10 14 and 10 11 cm3 molec 5 .
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Our spectroscopic system consists of a 0.25 m Jarrell-Ash mono-

chromator which has been equipped with a scanning drive, and an HTV. R955
photom.ultiplier (multiakali photocathode with extended red sensitivity and
quartz envelope for extended ultraviolet transmission; useful range 170- 900nm).'
Output from the pho’comultlpher will be read by a Kiethly 417S picoammeter
which has provision for suppressing the PMT dark current. The picoammeter
ouvtput will be recorded by a Heath SR205 strip-chart recorder.

| The initial experiments will be aimed at determining some of the

excited-state products resulting from the interaction of N3 with itself

and with other species. In addition to seeking unequivocal confirmation of

earlier results, 2 we shall be able for the first time to determine .the excited
products from the bimolecular azide-‘-radica.‘l recombination, and shall look
for new chemilumineseent excitations, such as the formation of NF (a. A)s
NF (b z ) and NH (b z ) from the interactions of F and H atoms with N .
Atoms will be produced in a microwave d1scharge outside the flow tube. We
shall calibrate our optical system by means of the O/NO method, 1‘]:av.nd thereby
be able to determine photon yields from the various chemiluminescent reactions,
given tne absolute c'oncentra.tione of N3' in the system which shall be determined
by titration technlques _

Kinetic studies require a knowledge of the N3 concentration, both in

a relative sense, for reactions with atoms and other free radicals, and in an

absolute sense, for the determination of the bimolecular recombination rate

' constant, a rate constant about which there is more than a two order of

5 ‘ '
’ " The azide-radical may be detected in absorption

magnitude disagreement.
around 272 nm, > 6proba,bly by laser-induced fluorescence at 272nm, or by

a tracer which gives a characteristic emission spectrum. 275 Oxygen atoms
have been used before as a tracer; the diagnostic emission spectrurn being
that of the NO Y -and B -bands. 2 Oxygen atoms have the additional unique
feature that they may be'used as a titrant to obtain absolute concentrations.
The product NO will react with the excess O atoms to give the air afterglow
emission, the intensity of which will be proportional to the NO, and thereby
N3, eoncentration. We plan, however, fo search for reactions between N3

and stable-but-reacive species such as NO which might be suitable for titration

reactlons. The adva.nta.ge of using NO is that the titrant concentratmns ma.y :

-14-



then be determined directly, rather than indirectly as in the case of O atoms

which require a subsequent titration reaction. The initial kinetic experiments
will use the tracer technique to monitor the N3 concentration, and rate constants
will be determined for a number of species which react with N3. Particular
emphasis will be placed upon those a.tdms and molecules involved in chemilufninescent
reactions. |

We have completed the design of the apparatus and have ordered, and in
4moslt instances received, the necessary components. We have contracted with
a glass blower to build the apparatus described above, (Fig 1), and the completed
assembly is due by the middle of November. In addition we have begun to set
up the rest of the experimental apparatus, including a glass vacuum line for the
handling of gases. By the end of the next quarterly period, we shali be accumu-

lating data on the azide-radical reaction systems discussed above.
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FIGURE CAPTION

1 : Fig. 1. Apparatus for studying azide radical knietics:

- AO, azide decomposition oven; FD, fritted disk on which azide rests;

ClI, ca}rriei' gas inlet; RI, reagent gas inlet; OS, slidinvgr o-ring seal

to provide temporal variation with a fixed observation point; MI, mano-
meter inlet; W, quartz observation window; P, to pumps (Precision D-500);
MC, Jarrell-Ash O 25- m scanning monochromator; PMT, HTV R955
photomultiplier; HV, high voltage power supply; PA, Kiethly 4178 picoam-—‘
meter; R, Heath SR 205 strip chart recorder. o
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