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I IN' ICTION

Energetic nitrogen-based compounds have fascinated chemists for

centuries. The ability of these molecules to liberate large amounts of

energy (explosively or otherwise) has generally been assumed to be linked

tc the eventual production of molecular nitrogen, although detailed

mechanisms for the energy release have been rarely (if ever) determined.

Typical information found in the literature is often limited to classical

* thermodynamic properties, explosion limits, and similar parameters. It has

become apparent in recent years, however, that more thorough analysis of

the pathways for energy flow in these systems is required by the needs of

both the scientific community and the department of defense. This

understanding must rest on detailed knowledge of decomposition mechanisms

stimulated by various methods of initiation. For compounds with small

numbers of atoms, the individual reactions involved in the energy release

are often strongly constrained (e.g., by spin and orbital angular momentum

correlations) to generate excited products. Because these reactions are

constrained, they may hold promise as mechanisms for either energy storage

in or pumping of new UV-visible laser systems. Finally, since the

molecules decompose to nitrogen-based fragments, their chemistry is often

useful in understanding energetic phenomena in the atmosphere.

This document reports information obtained from the program "Physical

Chemistry of Energetic Nitrides" (AFOSR grant No. AFOSR-84-0031), which has

addressed a number of these specific needs. The program has focussed

mainly on the chemistry of metastable halogen azides, halogen isocyanates,

and halogen amines. Such small nitrogen-halogen species are of particular
anv'" interest because (1) they are metastables which carry very large amounts

p.i



of energy, and (2) the radical fragments, in particular N3 , NCO, and NX2

radicals, undergo reactions which are strongly constrained to generate

excited metastable products.

The metastability of halogen azides and halogen isocyanates arises

from the perturbation of the Ir electron cloud of the N3 or NCO chain by the

filled p atomic orbitals of the halogen atom, whose directional character

Nenhances this interaction. The molecules are thus "energized" to the

extent that they are metastable with respect to dissociation to NX+N 2 (or

NX+CO), and in some cases with respect to dissociation to N3+X.
1 ,2,3 We

have investigated the means by which this stored energy is released when

these species are photodissociated or they undergo reaction with atoms or

radicals.

Photochemical excitation of the singlet ground states of the molecular

azides generates singlet excited states which can dissociate to singlet,

doublet, or triplet fragments:

hv 1NR* (singlets) +N2 (X
1 g+ ) (la)

RN3 (XlA') - RN3. (A") ----> R(doublets)+N3 (2f g) (lb)
NNANR (triplets) + (1c)

N2 *(A3, u+,B 3fl g, etc.)

Because the energy released is the sum of the photon energy hv plus the

energy initially borne by the molecule, high energy channels such as (1c)

become accessible at rather long photolysis wavelengths. For example, we

have found that N2 (A3 Zu+) metastables are produced from photolysis of BrN3

at wavelengths as long as 308 nm,1 and from ClN 3 at 249 nm.4 These

metastables are formed with a quantum yield3 of less than 5%, yet play an
=pa

important role in the overall energy release since they carry subsequent

chain reactions which can completely remove the available azide. The

production of excited nitrenes NR (channel la) has been found to be

2
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important in the photodissociation of ClN3 , 4,5, FN36, and BrN 3,7 with

quantum yields on the order of 10 to 20%. We have used pulsed photolysis

methods to study the radiative and collisional decay rates7 , 8 ,9 of excited

singlets of the halogen nitrenes, which are of considerable interest

because they are isolectronic to the group VI diatnics, and are a rather

clear-cut case of the influence of increasing spin-orbit coupling in the F,

Cl, Br series. Channel ib, allowed dissociation to doublet fragments, does

not appear to be important in the azides, but may well be in the

isocyanates. Early photolysis experiments with HNCO by Wooley and Back1 0

suggested that the quantum yield for NCO production at 206 nm may be as

high as that for production of NH+CO. We have performed experiments11

involving photolysis of CINCO and BrNCO. The photodissociation produces

intense blue NCO A-,X emission in both cases. The excited NCO(A) is a

direct fragment of the photodissociation of BrNCO, and is formed with

considerable vibrational excitation. From its time profile, the NCO(A)

observed in the CINCO experiments is not a direct photofragment, but rather

is made by reaction of a fragment with the parent molecule. This fragment

was identified as excited N(2D) atoms, likely generated by pre-dissociation

of an excited NCO. These results surely indicate operation of the doublet

channel in the photodissociation process, and suggest the possible action

of metastable nitrogen atoms in the collisional decomposition of azides and

isocyanates.

These photochemical experiments have served in the main to establish

the thermodynamics (heats of formation) of the halogen azides and CINCO, and

the amounts of energy liberated by various reaction paths. Such

information was extracted largely from the maximum excitation observed in

photofragments and from the nature of spontaneous reactions occurring

3



subsequent to the photolysis. Table I below presents a summary of this

information.

Table I. Teinmics of XjN3 and XMD Cmpmis (a)

Molecule _f,29- . o  .. Do2 N-N or N-C

FN36  120 to 130 -60 to -75

ClN 3 4 93 25 -30

BrN31,
2  131 0 -60

ClNCOI I  53 -8

BrNCO 44

(a) All values are Kcal mole - 1

Note that even though the N-C bond in isocyanates is typically much

stronger than the analogous N-N bond in azides (hence the greater stability

of these species), the perturbation of the NCO chain by the chlorine atom

is so great as to still render ClNCO a metastable species with respect to

dissociation to NCI+CO.

A second part of this program has addressed the energy release in

reactions of metastable azides and isocyanates with atomic species.

Because of the weakness of the bonds in these compounds, such reactions can

be extremely exothermic. Further, the reactions of N3 and NCO radicals are

often strongly constrained by angular momentum conservation rules to

produce electronically excited products. For example, N3 radicals have

been found to often behave as N( 2 D) atoms weakly bound to ground state N2

(the 2rIg ground state of N3 correlates to N( 2 D)+N 2 (1 1+ 9 )). Hence, R+N 3

reactions tend to produce excited nitrenes NR correlating to R+N( 2 D). In

effect, the ground state entry valley of the RN3 potential energy surface

correlates to an excited state surface in the exit valley. A qualitative
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potential energy surface for a metastable RN3 molecule is shown in

Figure 1. For species R in which the spin-orbit coupling is weak the

probability of the system hopping to the lower energy product surface is

small. An excellent example is the reaction of N(4 S) atoms with N3 (211 9)

radicals to form two N2 mlecules. 12 Spin conservation would suggest that

excited triplet or quintet states of N2 might be formed (the other product

being ground state N2 ). Orbital correlations would select those states

correlating to N(4 S)+N(2D), i.e., the B3 ] g and W3A u states. In fact,

this reaction is extremely rapid and produces a very nigh yield of

N2 (B
3
T ).12,13 No evidence for the direct formation of other triplet

states was found. As a part of this AFOSR-funded program and related

programs sponsored in our laboratory by the Air Force Weapons Laboratory

*and SDIO (Los Alamos National Laboratory), we have determined rate

constants and excited products for a number of R+N3 reactions. These data

are collected in Table II.

Table II. dhilumiescent Reactions of N3 Radicals

Reaction k ( 3 S_1 ) Excited Products

H+N3 14 3.8 t 0.8X10- 12

C+N314 -- CN(B2 Z +, A2 IT)

N+N3  1.4 t 0.4X10- 10  N2 (B
3flg, W3 A u)

O+N,14 15  1.0 ± 0.5X10-1 1  NO (A2 Z+ )

F+N3 16,13 1.8 ± 0.2X10- 12  NF(aI A )

P+N317 4.7 ± 0.4X10-11  PN(a3 1 or a3 +, A1 H)

Cl+N3
18  1.0 ± 0.2X10-11  NCI (alA , biT +)

Br+N 3
19  1.0 ± 0.5X10-11  NBr(a1 A, bI Z+ )

9 5
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Figure 1. Qualitative potential energy surfaces
for the R + N3 reaction, where R is an atom or

radical.



Many of the excited products shown in this table are metastable

species which can suffer further collisions with parent molecular azides,

dissociating them to form new reactive species. Hence, chain processes

occur readily in these systems, and can be the principal mechanism for

energy release. We have investigated the chain decomposition of ClN3 and

BrN3, the latter case in some detail. For BrN3, chain decomposition can be

.. initiated by creation of bromine atoms, N3 radicals, or triplet N2

metastables, all of which act as intermediate chain carriers. Based on a

variety of experimental observations, a model was constructed for the chain

decomposition of BrN 3 which adequately predicts the results of both

continuous discharge-flow and pulsed photolysis experiments. 20

Apart from their role in liberating the energy stored in azide

systems, reactions such as those shown in Table II are clearly of interest

with respect to the development of chemically pumped lasers operating on

transitions in the visible or UV. Indeed, optically pumped lasers have

been demonstrated21 ,22 on transitions in CN and NO (the products of C+N3

and O+N3 , respectively), and N2 (A)-IF and NF(a)-BiF energy transfer

systems 23 ,24 are under development at the present time in this and other

laboratories. In particular, we have recently developed pulsed methods for

operating chemically pumped N3-based systems. 2 5 These pulsed methods allow

for operation of these chemical systems at densities significantly higher

than those typical of discharge-flow chemiluminescence experiments, and

hence offer insight into the possible utility of these systems as short

wavelength chemical lasers.

In recent months, we have expanded the program to include studies of

halogen amines, in particular NCI3. This energetic compound has been known

since original studies of its explosive nature by DuLong (1811) and Davy

6
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(1813).26 Although a number of researchers have investigated its

properties over the ensuing 175 years, its heat of formation and bond

strengths are not well known, and the collisional decomposition mechanism

has not been well established. We have studied the photochemistry of NC1 3

in pulsed photolysis experiments, and the collisional reaction chemistry of

the molecule in a continuous discharge-flow reactor. These experiments

have produced a wealth of new information concerning the excited state

chemistry of NCI 3 and its dissociation mechanisms.

47
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II PHDYTOEMIISTRY OF IAWGEN ISOCYANATE AND HALGEN AMINES

. Photochemistry of Halogen Isocyanates

1. Preparation of CINCO and BrNCO

Flowing streams of gaseous CINCO and BrNCO were prepared by using the

method outlined by Frost and co-workers. 2 7 In brief, streams of C1 2 or Br 2

heavily diluted in N2 (e.g., C1 2 :N 2 =I:28) were passed slowly over solid

AgNCO suspended on glass wool, in an oven held at 423 K. The AgNCO was

prepared by precipitation from aqueous AgNO3 and KOCN solutions. The total

pressure in the generator was typically about 60 Torr. The effluent from

the generator was analyzed by infrared spectroscopy, which indicated that

no significant IR active impurities were present. During experiments,

relative amounts of the isocyanates were monitored by on-line measurement

of the absorption intensity of the NCO asymmetric stretching vibration near

2200 cm- I . UV and vacuum UV absorption spectra were also measured on-line

with the generator flow, by using an Acton Research VM-502 spectrometer

modified to include a 4 cm long absorption cell. For the conditions

employed, continuous absorptions by Cl2 or Br2 were not evident in the UV

spectra, suggesting a high yield of the isocyanates as found 27 by Frost,

et. al.

2. Photochemistry of ClNCO

The UV-VUV absorption spectrum recorded for gaseous CINCO is shown in

Figure 2. The longest wavelength feature in the spectrum is a continuous,

nearly symmetrical band centered near 250rn. Assuming 100% yield of CINCO

from the Cl 2 flow entering the generator, the extinction coefficient

(decadic) at 250nm was determined to be C2 5 0 =460 1 mole-lcm- 1 . A second

strong absorption begins near 210nm, rising to a shoulder at about 180nm.

8



o cc

L) co

LI~

c

>N 0N.



The ClNCO absorption below -170n was very strong. The continuous nature

of these absorption features suggests that CINCO can be conveniently

photodissociated by irradiation with KrF and ArF excimer lasers at 249nm

and 193m, respectively.

KrF laser photolysis of a ClNCO/N 2 mixture (-3.5% CINCO) at 4.0 Torr

produced a deep blue emission visible to the eye. A spectrum of the

emission was recorded with a 0.25m scanning monochromator and a cooled GaAs

photamultiplier tube. The response of the PMT was amplified and analyzed

with a gated integration system. The most intense portion of the spectrum

is shown in Figure 3, for a gate extending from 0.5 to 50 ps after the

laser pulse. This emission is identified as bands of the A2 Z+ -X 2

transition in NCO. Its intensity was observed to vary linearly with the

fluence of the photolysis pulse. The NCO A -X emission was the only

emitter found over the region of sensitivity of the PMT; we note, however,

that the reset pulse of the gated integrator "blinded" the first 0.5 Ws

after the laser pulse, such that rapid emitters produced directly by the

photodissociation (e.g., NCO (B2 r1)) would not have been seen. Longer-

lived excited species (e.g., NCl (blZ +)) would have been observed if

produced, however.

The time profile of the NCO A-,X emission was measured by amplifying

the PMT response at a particular wavelength (e.g., 438nm), conversion of

the analog signal to digital data and signal averaging over a number of

successive laser pulsed. Digitizing and averaging was accomplished with a

Nicolet 1270 interfaced to an IBM-PC. The PC acted as a terminal and

intermediate storage station for a VAX 780 mainframe computer. The time

profiles recorded in this manner were fround to exhibit an electronics

limited rise (-400ns) followed by a decay over several Ws. In

9



r I
Q 2 Q1F P P

01 0-01*0

z

43 3 3 4 4

WAEENT (m

Fiue3z oto ftespcrmo msinpoue
byLooiscito fCNO t29J. Fetrso h

by photodX2isstracition-i of NCO ate 249nica eatref h



view of the radiative lifetime of the NCO(A) state, 28 320ns, the time decay

is indicative of the rate of a collisional process which produces NCO(A).

The decay rate (s - 1 ) was observed to vary in proportion to the CINCO flow.

pThis result, in combination with the fluence data noted above, indicates

the reaction in question to involve an initial one-photon photofragment and

the parent ClNCO. The identity of the fragment, necessarily a metastable

in order to suffer collisions with ClNCO, was established by admission of a

flow of N2 0 to the system. This resulted in conplete quenching of the NCO

A X emission and production of the spectrum shown in Figure 4. The major

features of this spectrum are easily identified as bands of the B
2 1. X2 E+

transition in NO, as shown in the figure. These data suggest the

metastable precursor of the NCO(A) to be N(2 D) atoms, since production of

NO B -X emission (the so-called 6 bands) is characteristic 2 9 of the

N(2D)+N 20 reaction:

LN(2D)+N20 - NO(B 2 )+N2 . (2)

Consequently, N(2D) must be produced by the initial photodissociation

process:

h v4 CINCO ....- > CI+N (2D) +CO (3)

* 249

From the variation of the time decay of the NCO A -X emission with the

"ClNCO density, the rate constant of the subsequent teaction

N(2D)+CINCO - NCl+NCO(A2 E+) (4)

was determined to be k4=2.1 ±0.2xl0-11an3s-I .

From the operation of process (3), a lower limit for the heat of

formation of ClNCO is determined to be AHf(CINCO) 52.9 kcal mole - 1 . This

value suggests the molecule to be more stable than ClN3 (see Table I above)

but substantially less stable than HNCO (AHf>-I 4 . 3 kcal mole-1 ), in

10
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evidence of the substantial perturbation on the system by the chlorine

atom. Process (3) represents operation of either the allowed singlet or

allowed doublet pathways for dissociation of the excited singlet state of

CINCO produced by absorption of the 249nm photon. The singlet channel

would generate CO(XlZ +) and excited singlet NCl, the latter in a state

which might pre-dissociate to N( 2 D)+Cl ( 2 p). We note in this regard that

both NCI(b I Z + ) and NC1(alA ) dissociate adiabatically to N( 2 D).

Alternatively, operation of the doublet channel would produce Cl( 2 p)+NCO

(doublet states). In this case, the NCO fragment might well predissociate

to N( 2 D)+CO(X1 Z +).

3. Photochemistry of BrNCO

The UV absorption spectrum recorded for BrNCO is shown in Figure 2.

Clearly, the features of the spectrum are very similar to those found for

CINCO, but are shifted about 30nm to the red. The longest wavelength

* feature is again a symmetrical continuum, for BrNCO centered near 290nm

with an extinction coefficient 9 =420 1 mole-lcm- I . The lower

wavelength shoulder noted in the ClNCO spectrum appears near 200nm for

BrNCO and is better resolved. This feature is clearly accessible to

photolysis with ArF laser radiation at 193nm, where the extinction

coefficient is c = 1500 1 mole-1 cre-1 . The longer wavelength absorption

feature can be probed with XeCl laser radiation near 308nm, but the

extinction coefficient at this wavelength is only E308=300 1 mole-lcm- I .

Photolysis of a flowing stream of BrNCO:N2=I:10, at a total pressure
L. .v.

near 1.2 Torr, produced a very weak emission which appeared blue-violet to

the eye. The spectrum of the emission, recorded with a much faster gated

integration system (SRS 235), showed broad features in the general area of



the NCO A -X emission. The intensity was so small as to preclude a

definite identification of the emitter, however. In contrast to the

behavior observed for the CINCO system, the time duration of the emission

was very short, decaying in less than 0.5 ps.

Much better data was obtained from photolysis of the BrNCO:N 2 flow at

193nm, where the extinction coefficient is much greater. Photolysis at

this wavelength produced very intense blue-violet emission. The spectrum

of this emission, recorded with a delay of lns and a gate width of

1 ps (longer than the time duration of the emission) is shown in Figure 5a.

This spectrum is similar to that found from 308nm photolysis, but is much

better resolved. It seems very likely that this emission is from excited

NCO(A), and some individual features can be assigned. It is apparent,

however, that the NCO(A) is highly vibrationally (and perhaps rotationally)

excited, giving rise to this very broad spectrum. In contrast, the

spectrum shown in Figure 3 from photolysis of ClNCO represents NCO(A) with

a fairly cold vibrational distribution. In order to corroborate our

identification of the emitter in the BrNCO system as vibrationally excited

NCO(A), successively larger flows of SF6 were added to the system in an

effort to vibrationally relax the molecule. These data are shown in

Figures 5b-5e. Clearly, the spectrum collapses to one which is dominated

by the 000,000 band of NCO A-X near 438nm.

As for photolysis at 308nm, measurement of the time profile of the

emission revealed an electronics limited rise (-50ns in this case) followed

by a decay over 350ns or less. These data are in accord with the radiative

lifetime of WCO(A), 320ns. The dependence of the emission on the incident

laser fluence is shown in Figure 6. The plot, obtained for BrNCO:N 2=1:10

12



b. 
7

If i

S. I I to"' SdA

J 
, LI

A 00' 435 470

27. I 3 S

d.

43.1

e.

M4 431 410

Figure 5. a. Spectrum of emission from 193 nm photolysis of BrNCO.

b-e. Spectra with amounts Of SF6 added as shown. Wavelengths are in nm.

'N N

*i 7. ~ ~ ~ *** ~* *~ * ~ ~. .,>* ~ . ~ ~ . p ~ , 4..?



0
C,

'41

0

0
'41

0
Co

-41

4

4i~40

00
-

)UISNUN4

%AI



at 1.2 Torr, is linear at low fluence, but clearly levels off at higher

fluence, suggesting saturation. The curve was fitted to the relation

Intens ity=- 1o [ 1l-exp (h-- ) ] (5)

where o, is the absorption cross section and E is the fluence. This

procedure yielded a value 6-= 2.7x10- 1 8 cm2, corresponding to an extinction

coefficient C1 9 3 = 1620 1 mole-1 cm-I 1 , in very good agreement with the value

determined from the absorption spectrum based on the assumption of a 100%

yield of BrNCO in the generator.

From these data, it would appear that NCO(A 2 7 +), in a highly

vibrationally excited state, is produced as a direct fragment from the

photodissociation of BrNCO at either 193nm or 308nm:

BrNCO -------- > Br+NCO (A2 2Z+,V) (6)

193, 308

From the occurrence of reaction (6), and taking the total excitation of the

product NCO as corresponding to the short wavelength limit of the A-+X

emission near 360nm, a limit on the heat of formation of BrNCO is

calculated to be,4Hf > 44 kcal mole - 1 . In this calculation, the heat of

formation of NCO was taken to be 34 kcal mole - 1 after Okabe. 3 0 From a more

recent value of this parameter reported by Sullivan,3 1 et. al.,

, Hf(NCO) >48 kcal mole -1 , we find AHf(BrNCO) >58 kcal mole - I . Sullivan's

value is the subject of some considerable debate, however. Either limit is

likely to be considerably lower than the true value of AHf(BrNCO), however,

since BrNCO is expected to be less stable than ClNCO and our experiments

with CINCO established that hHf ClNCO k53 kcal mole - I .

The vibrational excitation of NCO(A) suggests that the molecule is

distorted, likely with an elongated N-C bond, in the dissociative state of

13



BrNCO produced by the photolysis. Indeed, the perturbation by the bromine

atom is expected to weaken this bond substantially in the ground state of

the molecule. Franck-Condon excitation would then produce the excited

state with this elongated bond. The complexity of the spectrum is so great

as to preclude judging the extent of excitation of bending vibrations or

rotations, which would indicate a bent dissociative state.

These data for BrNCO surely support the idea that the doublet

dissociative channel (Eqn. lb above) is responsible for the excited state

chemistry observed in the halogen isocyanate systems. The observation of

excited NCO as a direct photofragment in the BrNCO case indicates that

predissociation of NCO is the most probable origin of N(2D) produced by

* 249nm photolysis of ClNCO. This behavior is in strong contrast to that

observed in the halogen azides, and likely results from the greater

strength of the N-C bond in the isocyanates relative to the weak N-N bond

in the azides. The production of N(2D) from the photolysis of C1NCO is a

very unique pulsed source of the metastable atoms, which is potentially

useful in real time studies of N(2D) reactions. A number of such reactions

-have been suggested as possible chemical laser sources. 3 1

Photochemistry of Halogen Amines

1. Preparaton of NC13

NC1 3 was synthesized using a variation of the method reported by Clark

and Clyne.32 C1 2 diluted with helium was bubbled through an aqueous

solution of ammonium sulfate in IM sulfuric acid. The product NC1 3 was

swept out of the solution with He and was condensed with the excess C12

from the gas stream in a cold trap. The trap was allowed to warm up and

4. any trapped C1 2 vaporized quickly and was removed by a continuous stream of

S14



helium. NC1 3 vapor was carried in helium through teflon tubing from the

trap to the photolysis system

To verify that we were indeed synthesizing NC1 3 and not measurable

amounts of HNC1 2 or H2 NCl, a mass spectrum and an IR spectrum of the gas

stream were obtained. The mass spectrum agreed with that reported by Clark

and Clyne3 2 for NCI 3. The IR spectrum showed no evidence of NH stretching

vibrations, and was dominated by the strong NC1 3 asymmetric stretch at 640

CM - 1 .

Stringent safety precautions were taken due to the explosive nature of

the condensed liquid. The generator was set up in a hood behind a

polycarbonate shield and the glass trap was wrapped in two layers of metal

..A. screen. No explosions were experienced during the course of this work,

. possibly because the pressure above the condensed Ndi 3 was never allowed to

drop below ambient. There is some evidence that explosions are likely when

NC1 3 evaporates in vacuo.

2. Photolysis of NC13

The ultraviolet absorption spectrum 32 of gaseous NC1 3 exhibits a

continuum peaking near 220nm, with a very long tail extending into the

visible. Photolysis of NC13 with pulsed radiation at either 248mn (KrF) or

308nm (XeCl) produced a pale yellow glow along the length of the photolysis

cell, which was a pyrex tube (2.54cm i.d.) 75cm in length. An NCI 3/He

mixture was passed through the cell at a slow flow rate, at a total

pressure near 300m mTorr. The spectrum of the emission from 248nm

photolysis is shown in Figure 7a. Two components are evident, which are an

unresolved emission extending from 476nm to 744nm with a maximum near

546r,, and a series of bands separated by about 320cm-I superimposed on the

unresolved emission. On rare occasions, the intensity of the bands was

15
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much greater than that of the unresolved emission as shown in Figure 7b.

The bands and "continuum" are indeed distinct features corresponding to

different emitters. Although both varied linearly with the incident laser

fluence, each had a different time dependence. The bands showed a finite

risetime of about 1 Us followed by a decay over 20 to 30 Ps. The

extrapolated zero-pressure limited of the lifetime of the bands was found

to be 48 ps. The unresolved emission also had a 1 ps risetie, but decayed

much more rapidly. The zero pressure lifetime for this emitter was

determined to be about 4 Ws.

Photolysis of NC1 3 at 308nm produced the emission whose spectrum is

shown in Figure 7c. Here, again, we find the band system overlying the

unresolved emission, but the bands are more intense than in 7a, and their

maximum shifted to shorter wavelength. The band positions and the band

separation, 320 ±30cm- I , are the same in the spectra of Figures 7a, 7b, and

7c. The time profile of the banded emission produced by 308nm photolysis

was distinctly different from that found for 248rin photolysis. The rise

time of the emission was much shorter, being limited by the time response

of the data collection electronics. The decay time was also considerably

shorter, on the order of a few p s.

Auto-decomposition of NC1 3 vapor, as when the gas is expanded through

an orifice, produces an easily visible red flame. This emission is readily

identified as the B3 o u+ I XE g+ transition in C1 2 . The emission found

from the photodissociation, shown in Figure 7, is clearly not from excited

C1 2. The band positions and separations do not correspond to known

transitions in C1 2 . From the mass spectrum of the generator effluent, the

species likely to be present in the cell subsequent to the photolysis are

C1 2, NCI, NCI 2 , and NC1 3. The emission from the photodissociation clearly
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does not correspond to transitions in C12 or NCI. Almost nothing is known

about the spectroscopy of NCl 3 or NCI 2. Consideration of the analogous

molecules NH3 and NH2 offers some insight. Excited NH2 (
2AI) produced by

photodissociation of NH3 at 193nm emits with a very complex spectrum

throughout the visible.3 3 For vibrationally excited NH2 (A), the emission

spectrum recorded under low resolution can look much like the unresolved

component of our emission shown in Figure 7. On the other hand, the X-A

absorption spectrum of NH3 shows a very harmonic vibrational progression in

the v2 out of plane symmetric bending mode (i.e., the umbrella mode). The

fact that this mode is active in the A +X transition is consistent with the

large change in the H-N-H angle between the X and the A states (the ground

state of NH3 is pyramidal, whereas all of the known excited states are

planar). The A X absorption spectrum in NH3 is in fact strikingly similar

in appearance to the banded emission we find from NCI 3, being an extremely

harmonic single progression. No A- X emission has been observed for NH3

but the corresponding emission has been seen 35 in ND3. This emission also

consists of a progression in the umbrella mode, superimposed on 0, 1, or 2

quanta in the v1 " symmetric stretch. The corresponding umbrella frequency

in NC1 3 is 347cm-1 , determined36 from NCI 3 solution in OC1 4. This value is

within the experimental error of our band spacing, 320 + 30an-I.

On the basis of these considerations, we tentatively assign the banded

features in our spectrum to NCI 3 , and the unresolved emission to NCI 2.

Figure 8 shows a model for the photochemistry based on these assignments.

Photolysis at 248rin excites NC1 3 to excited state C, which has a lifetime

of 1 wis (corresponding to the risetime observed for the banded and

unresolved emissions). State C relaxes to state A, the emitter of the

banded emission, or dissociates to excited NC1 2 , the emitter of the

17
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unresolved emission. State A has a lifetime of 4 Ws. Photolysis at 308n

excites NC1 3 to state B, which emits to vibrational levels of the ground

state as state A does. The intensity maximum in the bands is shifted to

shorter wavelength because excited state B is at higher energy than

state A.

Clearly, this model can be tested by further experiments, in

particular measurement of the UV excitation spectrum of NCI 3. These

experiments are to begin in our laboratory shortly. These data represent

the first information obtained regarding the excited state chemistry of

NC1 3 , although the molecule has been known since 1811. The experiments

suggest that a wealth of similar information can be obtained for a variety

of halogen amines.

4.

.4
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III. IATIvE ANMD OLISIONL RELAXATION OF EDCITEH HA OGE NITRDIFS

The photodissociation of halogen azides (XN3) produces excited singlet

states of the halogen nitrenes (NX) via dissociation dannel la described

above.4- 7  The quantum yield for production of NX(bI7 +), the second

excited singlet state, appears to be on the order of 10%. Although quantum

yields for NX(alA ) production are unknown, it seens logical that allowed

dissociation to this lower-lying singlet state, which has a greater

degeneracy than b1 Z + , would also be significant. These results are

important since these metastables may play a role in subsequent chain

mechanisms which remove the azide parent. In addition, they show that

pulsed photodissociation of XN3 is an excellent source of excited singlet

NX which can be used for real time measurements of the kinetics of

radiative and collisional relaxation of these states.

Previous to this program, Pritt and Coombe used photodissociation of

ClN 3 to measure the radiative lifetime of NCI(bl- +) and rate constants for

its quenching by collisions with a variety of chaperone species. 4 , 8 The

lifetime8 of NCl(b), 630 jis, is significantly less than that of NF(b), 37

22 ms, as expected from the greater spin-orbit coupling in NCI. Before the

data described below was obtained, lifetimes of the 1 A states were unknown

except for NF, for which the lifetime3 8 is 5 sec. In the work described

below, we used the photodissociation method to measure lifetimes and

quenching kinetics for the b I Z+ state of NBr and the a1 A states of NBr

and NCl. In addition, the mechanism of radiation on the bl + and

a1 A- X3 Z - transitions was investigated by a first order theoretical

treatment.
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Radiative and Collisional Decay of NBr (blE +,v

1. Preparation of BrN3 and Data Collection.

Flows of gaseous BrN 3 were generated by a procedure in which Br2,

carried in an inert diluent, was passed over solid NaN 3 suspended on glass

wool at 273 K. This method and the apparatus employed have been described

in detail in the literature.1 The BrN3/ diluent stream, typically about 8%

BrN 3, was passed through a stainless steel photolysis cell prior to

movement through a pump with a vented exhaust. Pressures in the photolysis

cell (typically a few Torr) were measured with a capacitance manometer.

The gaseous BrN3 was photolyzed with the 193nm output of a pulsed excimer

laser. Fluorescence produced subsequent to the photolysis cell was

detected at 900 to the axis of the laser beam by a 0.25m

monochromator/cooled GaAs photamultiplier assembly. To record spectra of

the pulsed emission, the amplified response of the PMT was sent to a dual-

channel gated integrator and boxcar averager (Stanford Research Systems).

To record to time behavior of particular spectral features, the PMT

response was digitized and averaged with a Nicolet 1270 pulsed data

acquisition system. Both the signal averager and gated integrator were

interfaced to an IBM PC which acted as an intermediate data storage station

and terminal for a VAX 780.

2. BrN3 photodissociation at 193nm.

Figure 9 shows the spectrum of emission produced by 193rin photolysis

of BrN 3, within the first 900 ns after the excimer laser pulse. The

spectrum consists largely of NBr b E+ -.X3 7- bands assigned as shown.

Population of the bI E+ state in vibrational levels as high as v=10 is

evident. The initial vibrational population distribution was determined

20
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from these data by integration of the emission from various v levels, and

the result is shown in Figure 10. The distribution is clearly inverted,

peaking near v=2. The vibrational excitation of NBr(b) can be explained as

in the production of NCO(A) from photodissociation of BrNCO and the

production of NCl(b) from ClN3. The origin of the vibrational excitation

*' lies in the extension of the weak N-Br bond in ground state BrN 3;

excitation by a vertical transition to the dissociative state leads to

production of NBr(b) with an extended bond.

Figure 11 shows the time evolution of the visible emission produced by

the photodissociation. Two trends are evident in the figure. First, the

vibrational distribution in NBr(b) tends rapidly toward lower v' levels,

indicating either fast vibrational relaxation in this state or selective

reaction of the higher v levels. A second trend is the growth in

intensity of the N2 first positive (B3 Ig - A ) emission, which becomes

dominant after 20 lis. This emission offers evidence of a reaction

mechanism occurring subsequent to the laser pulse which produces excited

N2. As discussed in Part IV below, we have found that BrN 3 can decompose

via a chain mechanism in which Br atoms, N3 radicals, and excited N2

metastables act as chain carriers. The chain produces vibrationally cold

NBr(b) and N2 (B
3 Ig). The observation of these products at relatively long

times after the photolysis pulse in the present experiments suggests the

operation of the chain in this system.

The quantum yield of NBr b- X emission was measured by using the

photolysis of NH3 vapor at 193rm as an actinometer. This technique has

been used previously in our laboratory5 for determination of the N2 (A 
+ )

quantum yield from photodissociation of ClN 3. It relies on a determination

of the absolute yield of NH2 
2AI -

2B1 photons from photodissociation of NH3
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reported by Donnelly and co-workers.3 3 In brief, the intensities of NBr

b -+X emission from photodissociation of BrN3 and NH2 A -B emission from

photodissociation of NH3 were compared, and the data deconvoluted through

known absorption coefficients, radiative rates, and collisional relaxation

rates. This procedure yielded a quantum yield of 12% for production of

NBr(b I Z+). This value is in reasonable accord with that determined by

Benard and co-workers 6 for NF(b I z + ) production from photodissociation of

FN3.

3. Kinetics of NBr(bI Z+,v) Relaxation

The data shown above indicate that NBr(b) is produced with up to ten

quanta of vibrational excitation by the photodissociation of BrN3 at 193rm.

Rate constants for radiative and collisional decay of excited NBr were

measured for the v=0,2, and 5 levels. In each case, the time profile of

the b -X emission exhibited a rise limited by the detection electronics

followed by a double exponential decay. Decay rates were determined by

fitting the data to a sum of two exponential terms as follows:

I=Ioe-t/ T +Io'e-t/ T ' (7)

The initial intensity of the slowly decaying component of the emission,

I0', was at most 10% of Io . For higher v levels, this percentage was much

smaller. As noted above, these data lead us to identify the fast decay

component with the NBr(b) initially produced by the photodissociation, and

the slower decay component with vibrational ly colder NBr (b) produced by

subsequent collisional processes.

Figure 12 shows a plot of the exponential decay rate (s-1) of the fast

component of the NBr b .X emission from v=0 vs. the BrN3 density in the

system. The intercept of the linear least squares fit to these data

22
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represents kr+kN [N2], where kr is the radiative rate of the b -X

transition and kN is the rate constant for NBr(b,v=0) quenching by N2.

The slope represents the rate constant for quenching by BrN3, determined to

be kBrN3=1.57 +0.06x0- 10 cm3 s - I . In order to determine kr explicitely, it

was necessary to measure kN . For this purpose, additional N2 was added

to the BrN 3/N2 flow and the time decays remeasured. These measurements

indicated that kN, is certainly less than 10- 1 4 cm3 s - I . Hence, from the

data in Figure 12, kr is determined to be 2.8 ±0.5x104 sec- 1 , corresponding

Lo a radiative lifetime of 36t 6 ps. Similar measurements for v=2 and v=5

of the NBr(b) state yielded kr values of 2.6 ±0.8x104s-l(v=2) and

2.2 t 0.5x104 s - 1 (v=5).

The radiative rate determined for NBr(b,v=0) agrees very well with

that reported by Miller and Andrews 3 9 from laser-induced fluorescence of

NBr trapped in a low temperature matrix. Apparently, the argon matrix used

in those experiments had a negligible effect on the electronic structure of

the trapped NBr. Our experiments indicate very little change in the

radiative rate with increasing v', however, contrary to results from the

matrix work. Miller and Andrews observed a lifetime of 25 11 s from v=1

(relative to 40 I.s fron v=0), interpreted as the result of radiationless

vibrational relaxation in the matrix. The present data appear to confirm

this interpretation.

Relaxation of the a1 A States of NCI and NBr

Chem iluminescence from the alA - X3 - transitions of NCI and NBr was

'first observed by Pritt, Patel, and Coombe from Cl or Br reactions with N3

some years ago. 45 The 0, 0 bands of these transitions in both NCl and NBr

lie near 1.08 Om in the near infrared. In these experiments, pulsed

ON

23

ILI--,



emission from these a -,.X transitions was observed subsequent to

photodissociation of CIN3 and BrN 3 , and the kinetics of relaxation

processes inferred from the time profiles of the emission.

d The halogen azides were prepared as previously described in the

literature,1 by passing the halogens over solid NaN3. Photodissociation

was accomplished by using excimer laser sources at 308nm for BrN3 and 249nm

for ClN 3. Near IR emission produced by the photodissociation was dispersed

by a 0.25m monochromator equipped with a grating blazed at 1.0 pm, and

detected by a cooled intrinsic Ge detector. The time constant of the

,4 response of the detector was several tens of ps, much faster than the time

decay of the infrared Emissions observed. Time decays were digitized and

signal averaged with the Nicolet 1270 system described above.
4.

Spectra of near infrared emissions from the photodissociation of ClN3

or BrN3 were obtained using a gated integration syste. Data for the ClN3

system in the region from 1.05 pm to 1.16 pm is shown in Figure 13. These

data were taken with a gate extending from 6 ps to 100 ps after the laser

pulse. The Av=0 sequence of the NCI a -X transition, peaked at the 0,0

band near 1.076 pm is clearly identified. The 4.Onm resolution of the

monochromator is just sufficient to indicate the 1,1 band as a shoulder

near 1.069 pm. Positions of bands of the B3 flg -A 3 Zu+ (first positive)

transition in N2 are also shown in the figure. Although the feature at

1.07nm overlaps the position of the 4,5 band of N2 (B -A), the absence of

other nearby N2 bands supports the assignment of the feature to NCI a-X.

A similar spectrum was obtained for the a. X transition in NBr subsequent

to 308nm photolysis of BrN 3. The signal was much weaker in that case,

however.
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initial studies Of the temporal behavior of the a-, X transitions in

NCl and NBr were performed by measuring the decay of the emission for

various densities of the parent azides at a constant total pressure (XN3+N2

diluent) of approximately 5.0 Torr. Time decays were typically averaged

over 50 to 100 laser pulses. For the large majority of azide densities,

the decays were well described by a single exponential function, and the

decay rate (s-1) increased with increasing XN3 flow. For the conditions of

these experiments, the decay rate is given by the following expression:

XdecayA,'NX+ Xdiff+kXN, [XN3]+kN 2 [N2 1 , (8)

where ANX is the a-aX radiative decay rate, Adiff is the rate of diffusion

out of the observation zone, and kXN_ and kN2 are rate constants for

collisional quenching. Hence, a plot of A decay vs. [XN 3 ] at constant

pressure (i.e., approximately constant IN2 3) should yield a line whose

sloe ive kXN3 and whose intercept is ANX+ Xifk'[;Thesepltfo

the Ndl and NBr syst~gns are shown in Figures 14a and 14b. From the slopes

of t he pl1o ts, k ClN. =1.09 f-0.llXl0 1l 3 cm 3 s-l, an d

k BrN 3 =1.76 0.04Xl0-1 1 =i 3 s 1 .

From experience with other systems under similar conditions, 4 it is

expected that Xdiff and kN, are both negligible under the conditions of

these experiments. An experimental test of this expectation was made by

measuring \decay for various total pressures at a fixed XN3/N2 ratio. In

this case, the slope of a plot of Adecay vs. pressure should yield the

rate constant for quenching by the XN3/N2 mixture, and the intercept should

yield ANX. The effect of diffusion should be evident in the low density

region, if it is a factor. Plots of these data for dl (a -*X) and NBr(a-~ X)

are shown in figures 15a and 15b. From a comparison between Figures 14 and

15, kN Zis found to be negligibly small (on the order of 10-1 6 cm3 s- 1 ).
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Further, there is no evidence of the effect of diffusion losses, although

some of the data were taken at total pressures as low as 0.8 Torr. Given

these results, the intercepts in the figures should correspond to ANC1 and

ANBr, and indeed the two experiments agree well with one another in this

regard. ANC 1 and ANBr are determined to be 4.87 ± 0.37x102 s- I and

1.24 ±0.34x103 s - 1 , respectively.

Recently, Becker and co-workers 4 0 have determined radiative rates for

the a -X transitions in NCl and NBr from studies in which laser-induced

fluorescence from these diatomics trapped in low temperaturematrices was

measured. These experiments suggested that ANC, and ANBr are in fact many

times smaller than the values determined from our data. No explanation for

this discrepancy is as yet at hand. Since our data were taken with great

care and obvious problems with measurement of slow rates (e.g., diffusion)

taken explicitely into account, any error in our data would have to result

from interpretation of the observed decays as NCI(a) and NBr(a) decay

rates; i.e., the decays might correspond to the rate of some collisional

formation process, the true decay being buried under the finite time

response (a few tens of us) of the detector. For example, excited NX(a)

might be produced by X+N 3 reactions, if X and N3 were somehow produced by

the photodissociation of XN3 . This seems unlikely, though, since such

reactions would have to compete with the fairly rapid reactions of the

halogen atoms (X) with the parent XN3. The observed decays are far too

slow for this to be the case.

Theoretical Discussion of NX Radiative Rates

Table III shows a summary of the energies of the a1 A and blZ + states

of NF, NCI, and NBr, and the radiative rates of the b-X and a- X
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transitions as determined from data obtained in this program and work done

by other researchers. For each transition, the rates increase in the

series NF<NCI<NBr. This trend is expected from the increasing spin-orbit

coupling in the series, which serves to mix the X, a, and b states with

states of other configurations. A similar phenomenon has been well

documented for the case of halogenated organic molecules, for which the

'p triplet-singlet radiative rate is observed to scale linearly with the

square of the spin-orbit coupling constant (Snp) in the halogen atom. 4 1

The a -X and b -X radiative rates in the nitrogen halides do not appear to

follow such a simple pattern, however. For example, the b- X rate

increases by more than a factor of twenty in going from NF to NCI, whereas

C1,3p is only about twice the magnitude of SFZp"

" Table III. Radiative Rates of the a -X and b-oX
Transitions in Nitrogen Halides

Mole- Te(a I A ) ,c - I  Te(bl +) ,-Icm- A,a I AX 3 Z -, (1) A,blZ + _X3 Z-,s - I

cule

NF 11435.16(a) 18 8 7 7 .15 (b) 0 .2 (c) 44.5 ±3.4 (d )

NCL 9260 (e) 14984 .6 (f) 4.87± 0.171 i2 (g) 1.59± 0.16X10 3 (h)

6.87X10-± e)

NBr 9 2 26 (e) 14 7 8 7.3 (i) 1.241 0.34X10 3 (g) <2.5X104 (j )

2A 2.8, 0.5X104 (k)

a) W.E. Jones, Can. J. Phys., 45, 21 (1967)
b) A.E. Douglas and W.E. Jones, Can. J. Phys. 44, 2251 (1966).
c) R.J. Malins and D.W. Setser, J. Phys. Chem., 85, 1342 (1981).
d) P.H. Tennyson, A. Fontijn, and M.A.A. Clyne, Chem. Phys., 62, 171 (1981).
e) A.T. Pritt, Jr., D. Patel, and R.D. Coombe, J. Mol. Spectrosc., 8701 (1981).
f) R. Colin and W.E. Jones, Can. J. Phys., 45, 301 (1967).
g) R.D. Coombe and M.H. Van Benthem, J. Chem. Phys., 81, 2984 (1984).
h) A.T. Pritt, Jr., D. Patel, and R.D. Coombe, J. Chem. Phys., 75, 5720 (1981).

_ i) E.R.V. Milton, H.B. Dunford, and A.E. Douglas, J. Chem. Phys., 35, 1202
(1961).

j) J.C. Miller and L. Andrews, J. Chem. Phys., 71, 5276 (1979).

k) M.A. MacDonald, S.J. David, and R.D. Coombe, J. Chem. Phys., 84, 5513 (1986).
1) A.C. Becker, J. Langen, H.M. Oberhoffer, and U. Schuarath, J. Chem. Phys.,

84, 2907 (1986).

27

<: -fill



striking differences between the transitions in NF, NCl, and NBr are

also apparent in the rotational fine structure of the spectra for those

cases which have been studied under high resolution. The movement from

- i Hund's case a toward case c is evident in the increasing magnitude of

the spin-spin splitting of the ground 3Z- state. 4 2 - 4 4 This splitting is

* observable under moderate resolution in the NBr b -X spectrum.4 5 Five

branches are possible for each band in the b -X transitions. For these

transitions in NCl and NBr, no QQ branch is observed, and the four

remaining branches (OP, SR, Qp, QR) have roughly equal strength. 4 2 - 4 4 From

* rotational intensity relationships derived by Watson,4 6 whis result

indicates that these b- X transitions are strongly parallel, with w, (the

parallel component of the transition moment) being much greater than wI

which is near zero. All five branches are present in the b-+X transition

in NF, and Watson reported that : = l =7:31 for this case. A recent

review of these calculations by Yarkony,4 7 however, has indicated that

is in fact greater than ± for NF b -X, the ratio being Ij :W 3.8.

This kinetic and spectroscopic information suggests the contributions

of different basis sets to the X3 Z-, alA, and blZ+ wavefunctions in NF,

*NCI, and NBr. It would seem reasonable that these differences would be

apparent from a first order perturbation treatment of the wavefunctions in

-. which the mixing coefficients are given by spin-orbit matrix elements

divided by the energy separations between the mixed states. Approximate

values of the matrix elements in question can be determined from a

&" consideration of one-electron interactions in the molecular orbitals and

Nestimated values of the spin-orbit coupling strength in these orbitals.

The states most likely to be involved in mixing are those arising from the

lowest energy excited electronic configurations 7 3 p'3 and 74 T * The
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I3Y configuration gives rise to states I ++ F 31 -F 1A

and 3A. The 3 Z- state of this configuration is well known for the group

VIA diatomics 02,48 S2,
49 SO,50 and SeO.5 1 The T4 T ia * configuration

gives rise to 1 fl and 3 T states. The 3 ]1 states of this configuration are

known for SO, 5 2 S2,53 PF, 5 4 and for the isoconfigurational molecule NH. 5 5

The 1 H state has been observed in PF54 and NH. None of these excited

* states have been experimentally observed for any of the nitrogen halides,

however. Considering these states and the selection rules for spin-orbit

mixing, only a few possible interactions might lend appreciable probability

to the a -X and b- X transitions observed. First, the ( r4r **) If] state

could mix with the Q2=1 component of the X3 Z- ground state, affecting both

the a-X and b- X radiation rates. The Q=2 multiplet of the (T 4 i a*)3

state could mix with the aI A state, allowing transitions to the pure X3Z-

ground state. Similarly, the 3 0 multiplet might mix with the b Z +

state. A fourth possibility involves mixing of the ( -R3 n *3)3E - state

with the b I Z+ state. It is also possible that the b I Z+ state could mix

with the =O component of the X3 Z- ground state, although both arise from

the same configuration. It is questionable how much this latter

interaction would affect the b-,X radiation rate, however, since the blz +

state would acquire the character of a vibrational level of the ground

" state. Presumably, the observed radiation rates reflect some combination

of all these individual interactions.

The wavefunctions of the states may be designated as combinations of

spin-orbitals in the following manner, where ml=l, ms=l/2 for 1ro and ml=-l,

ms=-i/2 for V 6:
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(lr4 *2) 13Z> :r T*o VC

(W4 r. 2) 13Z-> : 2- 1 / 2 (r*.d(r*P + lr*f 3*c*)

I: (-W4 -et2) V 'A2) ','., i*.#
(1414 2) 11i7 +> : 2-1/21* * -*T*6)

(,'3 ir":3) 137 0-> 2-1lTaq + If".,. 0.' * 'liX'

( 'II4 'I * a - * )  j lT ' : 2 - 1 / 2 ( T * ,~ " 1 -*i r o

( 4 .r*Q*) ) : 2-1/2..

(jr jr q- -W - V *cK

The Hamiltonian operator for spin-orbit coupling is given by Hs= aili-si

where 1i and si are individual one electron orbital and spin angular

momentum operators. The terms ai contain the r dependent portion of Hso;

the expectation value of the operator ai is the spin-orbit coupling

constant " As an example, consider mixing of the ( r4 le 0-*) i1 state

into (T411*2) 3,.)j. For this case, the matrix element of the spin-orbit

operator is written as follows:

*~5*l K r I~i0  lT),* = 2-1/2<l* % r I -so

If only one electron interactions are considered, this expression reduces

to

If the spin orbit operator is written as Hso=(lzSz+l/2 1+s-+l1/2 1-s+), the

matrix element can be written as

Kz~i ~so' 1l* -1(/2) (1/2)<( I -Vs+V.>(i

=1/2 aiIfT>

=1/2~-

where v is the spin-orbit coupling strength in the molecular

orbital.
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The values of S, = *r may be estimated from the spin-orbit coupling

constants in the nitrogen and halogen atoms. If the molecule in question,

- say NCl, were covalent, then * = 1/2 (5N,2p +Ci,3p ) = 330 cm- I . From

consideration of the ionization potentials and electron affinities of the

atoms, NCI and NBr are expected to be covalent or slightly polarized toward

the nitrogen atom. For the ionic molecule N-Cl +,

S * =1/2 (SN-,2p + SCl + ,3p ) = 365 cm- 1, very similar to the result for

the covalent case. Hence in these two molecules, * is expected to be

near the covalent value. Table IV shows a collection of spin-orbit matrix

elements calculated in the manner described above, assuming covalent values

for S * in NCl and NBr. In NF, the direction of the dipole should be

inverted with the fluorine atom bearing a partial negative charge. For

N+F- , Sl'* = 1/2 (87.5 + 0) = 44.3 cm- 1 , whereas 5* for covalent NF is

calculated to be 173 cm-1 . Hence if NF were significantly ionic, the

matrix elements could be much smaller than calculated for the covalent

case.

Table IV. Spin-Orbit Matrix Elements for
interactions in NCI and NBra

Matrix Element NC1 (cm- 1 ) NBr (cn- 1 )

<X3 Zl-( T 47T *2) Isol 1 , ,(7T 471*0 *)) 165 633

< a l A2 (T 4 T*2) Iisol 3 H2 (TI4 7* a)> 233 896

<blZ +(, 4, *2) 1Iol 3Tl (1* 4 * )> 233 986

.blZ0 + ( 7471*2) 1 sol I-3*3)) 0 0

(a) Calculated assuming the molecules to be covalent.

31

4r



The calculated matrix elements can be related to measured radiation

rates by using first order perturbation theory. The perturbed wavefunction

of a state Jno7 is written as

n-v ifj + _ n (12)
~7 1n~ 'so' __ / P >

where I no> is the wavefunction of the unperturbed stated and A E is the

energy separation between Ino'> and 1 9> . Since radiation from the pure

state n no> to a lower energy state I m> is strictly forbidden for the

a - X and b - X transitions under consideration, the spontaneous emission

rate is given by

-nm (! TmH (13)

3h AE

where IRe 1 2is the square of the electric dipole transition moment

between states k Z) and tm . It is assumed that the electric dipole

moment is independent of the r-centroid such that \3 = 1 3 vv'vq viv",

where qv'v" are the Franck-Condon factors for individual bands.

Among the possible mixing schemes considered, the a-X radiation rate

is affected only by mixing of the 1 11 state into X3 Z or by mixing of the

3 12 state into al 2- Since the calculated matrix element is smaller and

the energy separation larger for the IT i- 3 El- perturbation, it is

reasonable to assume that the 3 T2-
1 A 2 interaction dominates the radiation

:. .rate. Since AQ =1 for the 3 T,- 3 - transition, this perturbation should

give rise to a strong perpendicular component in the a- X transition, as is

found in NF. For the case where perturbation by one state dominates the

wavefunction, the energy separation between the mixed states may be

calculated from the measured value of An, (Table III), the spin-orbit

matrix element (Table IV), and the electric dipole transition momentiRellm.
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The latter quantity has not been measured for the nitrogen halides (since

the 3I T states have not been observed), but calculated values of

3 n _3 Z- transition dipole moments have been reported by Wayne and

Colbourn 56 in an ab initio study of open shell diatomics. Using the

transition moment reported by these authors, the 31 2 - 1 A 2 energy

separation in NCl is calculated to approximately 9500 cm- I , placing the

3T2 state about 18,800 cm- I above the ground state. Assuming this state

to dissociate to ground state atoms, it would be bound by about 6000 cm-1.

This result seems quite reasonable in light of the binding energies of the

S 3 ]TI states of S2 , SO, and PF. 5 2 - 5 4 Wayne and Colbourn do not report a 3 -

3 Z- transition moment for NBr. If the 3I- A energy separation in NBr

were near that calculated for NCI, however, the data in Tables III and IV

would suggest a 3 [- 3 z - transition moment about one half that reported for

A NC. A similar calculation for NF, using the spin-orbit matrix element for

covalent bonding, results in a 3 - _1 A2 energy separation on the order of

I, 105 cm- I. It would seem that, if the 3n -3Z - transition moment reported

by Wayne and Colbourn is correct, the spin-orbit matrix element coupling

the 3 E 2 and 1 A2 states in NF must be very small indeed, suggesting a

1strong ionic contribution to the bond.

A fundamental problem brought out by these calculations is that if the
3 state is strongly coupled to the 1 A2 state in NCl and NBr, so must

the 3 n0 state be coupled to bl Z since the spin-orbit matrix elements

for these two interactions are the same. If mixing with the 3 R states

were to dominate both the a - X and b- X radiation rates, then the ratio of

these rates would be given by
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Ab X b X 3 AE iA- 3 1 2

-X - ------- (14)

Aa - Xk E I,.+_.31

-. where the 3 0 3 T2 energy separation is assumed to be small. In this

case, the a -.X radiative rate in NCl would suggest a b-+ X rate

significantly larger than the measured value, unless the 3 nj states were to

lie between the alA 2 and bl 0 + states, an unlikely prospect. In any

case, the 3 fl 0 states cannot be strongly mixed into the blE + states of NCI

and NBr, since this interaction would give rise to a strong perpendicular

component in the transition moment. Interaction of the 1r state with the

X3 E ground state cannot contribute to the b-X transition moment for the

same reason. As noted above, ± is thought to be near zero in these

transitions. The calculated matrix elements would suggest that the a- X

radiation rate in NCI would have to be more than 18 times smaller than our

experimental result in order that the 3 Z + interaction contribute

less than 10% of the measured b -X radiation rate. this would, of course,

be possible if the radiative rates reported by Becker, et al, 4 0 were

correct.

The parallel nature of the b-!X transitions in NCI and NBr indicates

that the wavefunctions in question are perturbed only by other Z states.

Two such interactions are possible among those considered above. First,

the bI E + state can mix with the 3 - state of the T 3 T1 *3 configuration.

The one electron calculations suggest the spin-orbit matrix element for

this interaction to be zero, however. A second possibility is mixing of

the blZ +0 state with the ground X3 E- state of the same configuration.

In this case, the bI Z + state would acquire the character of a vibration-

rotation level in the X3 E state. Franck-Condon factors would strongly
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favor mixing between like vibrational levels in the b and X states,

producing an intense Av=O sequence in the emission spectrum, as is

actually observed. For this mechanism, the transition dipole moment would

reduce to a spin-orbit mixing coefficient multiplied by the difference

between the permanent dipole moments of the b and X states. 5 6 Calculations

similar to those described above yield a matrix element Hso= 3 3 0 a- 1 for

this interaction in NC1. Experimental values for the dipole moments of the

b and X states of this molecule are unknown, but Wayne and Colbourn
5 6

report calculated values for these parameters. Using these values, a b X

radiative rate A=44 sec-1 is calculated for this mixing scheme, many times

4 smaller than the actual value A=1590 sec- I. In order for this mechanism to

account for the observed rate, H would have to be about 1982 cm- I, six

times greater than the calculated value.

Although these simplified one electron calculations of the matrix

elements serve to indicate, in a qualitative way, the contributions of

various states to the a -X and b-X radiation rates, it is apparent that

they cannot quantitatively account for the experimental results. It is

gratifying to observe that recent, more detailed calculations on these

systems by Yarkony 4 7 and by Peyerimhoff 5 7 have begun to unravel some of

these issues.

,-.
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IV. Collisional Decomosition of Halogen Azides

Halogen azides are metastable molecules capable of releasing

substantial amounts of energy upon photolysis or reaction with various

atomic species. These processes tend to produce excited metastable

fragments or products which may subsequently react with the parent azide.

Hence, it is expected that chain decomposition mechanisms might readily

occur in halogen azide systems, and indeed qualitative evidence of such

chains has been reported. Piper and co-workers,5 8 in studies of the

photochemistry of ClN 3 and HN3, found that near UV photolysis of a small

portion of a sample of ClN 3 resulted in dissociation of the entire sample,

whereas similar experiments with HN3 showed no such effect. Combourieu and

co-workers 1 8 discussed the possible operation of chain processes in

reactions of ClN 3 studied with a discharge-flow system. Recently, Setser

and co-workers 59 have determined the rate constant for N2 (A) quenching by

HN3 to be 8.5 X 10- 1 1 cm3s - I. This result is in contrast to the rate

constant for N2 (A) quenching by BrN3 inferred from earlier BrN3 photolysis
experiments,1 1.2X10 -1 2 cm3s- I. It seems most unlikely that N2 IA)

quenching by BrN3, a molecule much more fragile than HN3, would be nearly

50 times slower than quenching by HN3. Hence, the time decay of N2 (A) in

the BrN 3 system may well reflect the influence of chemical processes

regenerating these metastables, rather than direct pseudo-first order

relaxation in collisions with the azide. The work described in this

section has sought to examine the mechanisms of such collision processes,

with particular interest in the role of metastable excited species.
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Generation and Quenching of N2 (A 3 Zu:) in ClN3 Photolysis

It has been shown previously that photolysis of ClN 3 at 193rm or 249nm

produces either NCl(bI Z+) by a process analogous to la above, or

N2 (A3 Zu) by a process analogous to ic. Based on these results, we

performed a number of experiments in which the time decay of the N2 (A)

produced by photodissociation was monitored subsequent to the laser pulse.

. This was accomplished by adding a trace amount of NO to the CIN 3 flow, such

that the intensity of the NO y bands (A2 Z +_ X211 ) reflected the density of

the N2 metastables. A typical N2 (A) time profile measured in this manner

is shown in Figure 16. The decay clearly exhibits both a fast and a slow

component. For fixed ClN 3 flow, variation of the laser fluence had no

observable effect on the N2 (A) time decay, suggesting that pseudo-first

order processes involving the parent azide are dominant.

In order to study these processes in the absence of NO, N2 second

positive (C3 r.u -B3fI g) emission present in the system was monitored.

Previous experiments4 have shown that this emission is produced by N2 (A)

energy pooling, and its intensity varies as the square of the N2 (A)

density. Pseudo-first order N2 (A) decay rates were obtained from

logarithmic plots of the square root of the second positive intensity vs.

' time. These plots were quite linear in the time frame of the fast

component of the decay. Decay rates were determined from the slopes of

such plots for a number of ClN 3 densities, and the results are shown in

Figure 17. From the linearity of the plot and its intercept near the

origin, and the insensitivity of the decay to laser fluence as noted above,

the fast component of the decay is assigned to N2 (A) quenching by the

parent ClN3 . From the slope of the plot, the rate constant of the process

is determined to be 5.1 - 0.3X10 - 11 cm3s -I.
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In order to verify the assignment of the fast component to quenching

in C1N3 , a series of experiments were performed in which the rate constant

for this process was independently measured using a continuous discharge-

flow apparatus. The flow reactor was a 2.54 cm inner diameter pyrex tube

- pumped by a 500 1 min - 1 mechanical pump. N2 (A) was produced in a sidearm

by admission of N2 to a flow of Ar (3 Po, 2 ) metastables, which were
. t%, ,, generated by passage of argon through a low-current dc discharge. The

density of N2 (A) downstream of the discharge was monitored by admission of

trace quantities of NO just upstream of a fixed observation port, where a

solar-blind PMT detected NO y band emission. The ClN3/N 2 mixture entered

the flow through a sliding injector. N2 (A) time decays were determined

from the NO y band intensity (linear with the N2 (A) density) vs. the

position of the azide injector. The N21) decay times were such that

formation of a parabolic flow profile from quenching of the metastables at

the reactor wal ls was not a factor. The measured decays were found to be

exponential, the decay rates (s - 1 ) varying linearly with the ClN3 flow.

'p Figure 18 shows a plot of the data. From the slope of the plot, the rate

constant for N2 (A) quenching by ClN 3 is determined to be

A 6.2 ±0.4 X10-1 1 om3s-l, in very good agreement with the value determined

from pulsed photolysis of C1N3 (Figure 17). Similar experiments were

performed to determine the rate constant for N2 (A) quenching by HN3. These

data yielded a value kiN3 = 7.3 0.2X10 - I cm3 s - , in good agreement with

that recently reported by Setser and co-workers 59 this process. The

4. mechanism for N2 (A) quenching by HN3 is well known. HN3 is dissociated via

a spin-allowed route to produce excited NH(A 31 ):

N2 (A3 Z u+ ) + HN3 (XlA') +2N 2 (XlZg+) + NH(A 3 H) • (15)
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This process generates intense NH A-PX emission near 336rxn. In contrast,

no UV or visible emission was observed from N2 (A) quenching by ClN3,

.* suggesting that exceited triplet states of NCl generated by a process

analogous to (15) may be repulsive.

The agreement between the discharge-flow and pulsed data for N2 (A)

quenching by ClN3 indicates that our assignment of the fast decay component

in Figure 16 to pseudo-first order quenching by ClN 3 is correct. The

presence of the slow component of the decay indicates that pseudo-first

order quenching of the initial N2 (A) density does not remove all the

metastables. It would seem that some process generating N2 (A) is operative

after the laser pulse. This process may well be chain decomposition of the

azide. We infer also that the slow decay of the N2 (A) density after

photolysis of BrN3 at 222rin (as described in ref. 1) likely represents some

collisional formation process rather than pseudo-first order quenching by

BrN 3. It seems most unlikely that N2 (A) quenching by BrN 3 would be 47

times slower than quenching by ClN3.

Collisional Decomposition of Bromine Azide

Within the context of the results noted above, the mechanism and

kinetics of the collisional decomposition of BrN3, stimulated by reaction

or photolysis, was investigated. Data were obtained from several different

kinds of discharge-flow experiments, and the results synthesized into a

C. unified kinetic model for the decomposition mechanism.

1. N2 (A
3 z.,+)Quenching by Bromine Azide

The time decay of N2 (A) in the presence of excess flows of BrN 3 was

measured using the NO tracer method as described above. The N2 (A)-BrN3

interaction produced no emission visible to the eye. The N2 (A) decay
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profiles showed two distinct components, however, as shown in Figure 19.

This behavior is similar to that observed from ClN3 photolysis and shown in

Figure 16. By analogy, it is expected that the initial rapid decay in

Figure 19 corresponds to pseudo-first order quenching of N2 (A), and the

subsequent slow decay corresponds to regeneration of the metastable.

Determination of the rate constant for pseudo-first order quenching by BrN3

from such data is complicated by the presence of a substantial Br 2 impurity

in the flow. This impurity arises from the finite efficiency of the BrN3

generator and decomposition of BrN3 during transport to the flow reactor.

Hence, a series of separate experiments were performed in which the rate

constant for N2 (A) quenching by added Br 2 was determined. These data

yielded a value kBr 2 =l.0 ±0.2X10 -1 8 an 3 s - I , in good agreement with results

recently reported by Cao and Setser. 6 0

For experiments in which the rapid component of the N2 (A) decay in the

presence of BrN 3/Br 2 was observed, the data were correlated to a rate

expression

x= k' [BrN 3]+k[Br2 ] (16)

where k' is the rate constant for quenching by BrN 3 and k is the rate

constant for quenching by Br 2. The BrN3 density was determined by on-line

measurement of the UV and IR absorption spectra of the azide generator

effluent, and the Br2 density was taken as the difference between that

corresponding to the initial Br2 flow entering the generator and the

measured BrN3 density. Figure 20 shows a plot of X-k[Br 2] vs. [BrN3 ].

Although the data exhibit considerable scatter (reflecting the

deconvolution procedure), a linear correlation is apparent. The slope of

the least-squares line drawn through the data yields a value

V.
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k'=7 +2X10 - 1 1 a 3 s - I . This value is very similar to those noted above for

N2 (A) quenching by ClN3 and HN3.

2. Chemiluminescent Reactions of BrN3

The reaction of BrN 3 with excess N atoms was studied with a standard

discharge-flow apparatus. Nitrogen atoms were produced by passage of N2,

diluted in Ar, through a 100 W microwave discharge cavity. The density of

*i  N atans in the stream, typically greater than 1013 cm- 3 , was determined by

titration with NO. Admission of small flows of BrN 3 (initial density

<10 12cm-3) to this stream produced a bright orange flame, whose spectrum

identified the emission as bands of the first positive (B3 n -A uA+)

transition in N2 . An analysis of the intensities of the various bands

indicated a vibrational distribution favoring the lower v levels of the

* B3 T9g state. The vibrational distribution was reasonably well fit by an

equilibrium (thermal) distribution corresponding to Tvib - 10,000K. This

*. distribution (and consequently the visual appearance of the flame) is quite

similar to that observed in previous experiments with the N+N3

chemiluminescent reaction. 12 The absolute yield of N2 B-oA photons from

this system was determined by calibrating the efficiency of the detection
A'

system with the O+NO chemiluminescent reaction. This procedure has been

described in detail previously.2  The average photon yield obtained from

several measurements was 4 = 30%. As with all such measurements, the

uncertainty in this result is a minimum of 50% of the stated yield.

Nonetheless, the data clearly indicate that the photon yield is in fact

quite large and is on the order of that previously determined 12 for the

N+N3 reaction (20%).

A typical time profile of the N2 emission is shown by the data in

Figure 21. The profile exhibits a rise over a few ms followed by a very

41

* ~ ~ ~ ~ ~ ~ ~ . .~' . .A~p~ .. ....~ .~~* ..~



wI~j

u ) Q

u * U

a *-4 Q

I E

-a 0 -

0 -4

0 m4C

w 0) 0 -



long decay (several ms). Since the radiative lifetime of N2 (B) is about

6 Ws, the time profile is tracking the density of an intermediate in the

production mechanism. From the information above, it seems plausible that

this intermediate is N3.

The reaction of bromine atoms with BrN3 was studied by replacing the

active N2 flow in the experiments described above by a flow of Br2/Ar which

had been passed through the microwave discharge. For these experiments,

the flow reactor was coated with halocarbon wax to reduce the loss of Br

atoms at the reactor walls. The Br/BrN 3 reaction produced a visible

*: emission whose spectrum is shown in Figure 22. The spectrum shows bands

from two systems, which are the bI Z+ _X3Z - transition of NBr and the

B3 lIg -A3 Zu+ transition in N2. As the flow of Br2 (and hence Br atoms)

was reduced, the NBr features diminished in intensity relative to the N2

features. The N2 first positive bands dominated at very low Br2 flows.

. These data also suggest the action of N3 radicals, since the Br+N 3 reaction

is known to produce NBr(bI E +). The data indicate a competition between Br

and N atoms present in the flow (the latter from decomposition of the

azide) for available N3 radicals.

3. Reactions of N Atoms with Molecular Azides

These experiments made use of a flow reactor equipped with an

apparatus for detecting relative densities of N atoms in the flow via

4 vacuum UV resonance fluorescence on the 4S-4p transition near 120nm. The

resonance fluorescence apparatus was fixed at the end of the flow reactor

pand detected N atoms produced by a microwave discharge in N2 heavily

diluted in Ar. Molecular azides were added to the flow through a sliding

injector which could be moved along the axis of the flow reactor.

Experiments were performed in which N atom removal by BrN3 , ClN3 , and HN3
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was measured. In each case, the N atom density was found to decay a

maximum of 20% over the length of the flow reactor (-50cm) for the highest

azide flows. From these data, rate constants for reaction of N(4 S) atoms

with these species would appear to be no greater than 1.5Xl013cm3s-I.

During the course of the N+BrN3 experiments, emission spectra recorded

*around 150nm were found to exhibit a number of distinct features

attributable to excited states of bromine atoms. These same features were

found when Br2 was added to the N atom stream. From the time profile of

this emission, the generation of the excited Br atoms is much more rapid

than the loss of N atoms from the systemt From such observations, it seeas

that the chemistry in the N+BrN 3 system may well occur at a much faster

rate than is implied by the apparent loss of N atoms. It is possible that

the N+BrN 3 reaction regenerates the atoms, by a process such as

N+BrN 3 -*NBr+N+N2  (17)

Excited bromine atoms might then be generated by a mechanism such as that

suggested by Phillips:

N+NBr N2*+Br (18)

N2*+Br N2+Br* (19)

where N2* and Br* are electronically excited species.

4. Model for the Decomposition Mechanism

As noted above, the time profile of the N2 first positive emission

generated by the interaction of BrN 3 with active nitrogen suggests the

action of an intermediate, rather than direct production of the excited N2

by reaction of BrN3 with nitrogen atoms. From a number of observations, it

would appear likely that reactions of free N3 radicals are responsible for

the excited species observed in these discharge-flow experiments. For

43



example, the N 2 first positive emission produced by the BrN 3-active

nitrogen system is very similar to that produced by the N+N 3 reaction. The

emission from Br+BrN 3 resembles that from the isolated Br+N3 reaction.

• Hence, it would seem likely that N 3 is an important intermediate in BrN 3

decomposition. Further, it is apparent from the N2 (A) quenching data that

interaction of these metastables with BrN 3 or ClN 3 initiates chemical

processes which regenerate the N2 (A) subsequent to its initial relaxation.

Given that the N+N 3 reaction is known to produce a high yield of N2 (B) (and

hence N2 (A)), azide radicals may also be important in these experiments.

Based on these observations, we propose the following general model

for the decomposition of BrN 3:

N 2 (A)+BrN3 - 2N2 (X)+Br+N k=7Xl0-1 1 cm3s-1  (20)

N 2 (A)+Br2 - N2 (X)+2Br k=l.0Xl0-1 0 cm 3 s -1  (21)

Br+BrN 3  - Br2 +N3  k=3.OXl0- 1 1 an3s-1  (22)

N+N 3  - N2 (B)+N 2  k=l.4Xl0-10n 3 s- I  (23)N2 (B) N2 (A)+h k=l.6X10 5 s -  (24)

Br+N3  - NiBr (a,b)+N2  k=8.0X10-1 2 a& 3 s - I  (25)

N 2 (A)+N - N2 (X)+N k=3.0Xl0-1 1CM3 s -1  (26)

M+N 3  - Products k=Variable (27)

These processes describe a chain carried by N2 (A) metastables, Br atoms, N

atoms, and N3 radicals. In order to gauge the adequacy of the model,

calculations were performed in which the coupled differential equations

corresponding to reactions (20 through (27) were numerically integrated by

* using a fourth-order Runge-Kutta routine. The results of these

calculations are shown as broken lines in Figures 19 and 21, experimental

time profiles for N2 (A) quenching by BrN3 and N2 Emission from BrN 3+ active

nitrogen. The agreement with the N2 (A) quenching data is reasonably good,
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with the calculations showing both the pseudo-first order and "chain"

components of the decay. The model clearly fails to predict the time

behavior of the BrN3/active nitrogen system, however. The chain processes

described by the model are far too slow to account for the rapid rise of

the first positive emission found in these experiments. It still seems

quite probable, however, that the excited nitrogen in the system is

produced by N+N3. This could be the case if there were a mechanism

operative which rapidly produced bromine atoms, such that N3 would be

generated by Br+BrN 3. The azide radicals would then rapidly react with the

large excess of N atoms in the flow to generate N2 (B). Although our VUV

resonance fluorescence experiments showed N+BrN 3 and N+Br2 to be slow,

recall that the emission from excited bromine atoms suggested the

occurrence of a more rapid process. Such a process, for example,

interaction of Br2 or BrN3 with highly vibrationally excited N2, could lead

to the production of bromine atoms on the required time scale.

The model may be applied to consideration of the N2 first positive

emission observed previously from the pulsed photodissociation of

BrN3 . 1 The experiments suggested a rate constant for N2 (A) quenching by

BrN3 of 1.2Xl0-1 2cm3s - , about 58 times smaller than the value determined

in the experiments described above. In the pulsed experiments, a KrCl

laser (222nm) was used to photolyze a flow containing BrN at densities

between 1015 and 10 1 6 cm 3 . About 4% of the azide was dissociated by each

pulse. No NBr b. .X emission was found subsequent to the photolysis pulse,

but evidence for the production of N2 (A) as an initial photoproduct was

obtained. Hence, the chemistry of the system may be described by eqns.

(20)-(24) above. For a BrN3 density of 5Xl0 1 5 cm- 3, the initial N2 (A)

photoproduct would be quenched by BrN3 in about 3 us, producing Br atoms
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and N atoms. Br atoms would also be produced by N2 (A) collisions with any

Br2 present. The Br atoms would be removed by the parent BrN 3 in about

61js, producing N3 radicals. These radicals could then react with N atoms

according to reaction (23) to produce N2 (B). Since reactions (20), (21),

and (22) occur rapidly, the initial densities of the products N and N3 are

given approximately by the initial density of N2 (A) produced by the

photodissociation. In practice, N atoms are likely to be in large excess

over N3 because of the fragility of the azide radicals. Hence, subsequent

production of N2 (B) by N+N 3 would appear to be pseudo-first order as was

observed. For an N2 (A) quantum yield of, say, 10%, the N3 density would be

2Xl0 1 3cm- 3 such that the time constant of the subsequent N+N 3 reaction

would be 350 us, on the order of the N2 first positive decay time observed

in the pulsed experiments. In fact, the apparent rate constant inferred

for N2 (A) quenching by BrN3 in the pulsed experiments (l.2Xl0-1 2c 3s-I) can

be used to estimate the photodissociation quantum yield for N2 (A), assuming

that one N2 (A) metastable produces one N atom. The N2 (A) quantum yield is

given by

A = 2X0-12 ) 100% 21% (28). .04)

This yield is close to that observed by Benard and co-workers 6 from the

photolysis of FN3 at 193nn. It is much higher than the yield of N2 (A) from

193nm photolysis5 of ClN 3 , but then no visible N2 first positive emission

was observed in that case.
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V. Azide Chemistry for the Production ofExcited IF(B3 0o ).

Recent work performed in our laboratory 12,13 has shown that

N2 (A3 E u+) metastables are produced rapidly and efficiently by the reaction

of N atams with N3 radicals:

N(4S u ) + N3 ( 2 Ig) N2 ( B
3 TI )+N2 (X

I z g + )  (29)

N2 (B
3 1 Jg) -+ N2 (A3 Z u+) + h v (30)

The radiative process (30) occurs at a rate 1.6X10 5s- I , such that the

overall rate of production of N2 (A) is typically limited by the rate of

p reaction (29), which has a rate constant 1 3 k=1.4 + 0.4X10- 1 0 an3s - I . Within

the last two years, considerable interest has been directed toward the use

of N2 (A) metastables in pumping IF, NO, or other laser candidate molecules

to excited electronic states. For example, Piper and co-workers61 have

", found that the process

N2 (A) + IF(X) + N2 (X) + IF(B3 Io + )  (31)
occurs with a rate constant near L.0X10 0 cm 3 s - . The rate constant for

overall quenching of N2 (A) by IF is 2.0X10 - 1 0 cm3 s - I . IF is a molecule

which has spectroscopic characteristics appropriate for supporting lasing

in the visible, as has been shown by the demonstration of both pulsed6 2 and

CW6 3 optically pumped lasers operating on the B3 n 0 + - X1 E + transition of

this species.

The work described in this section was directed toward the coupling of

the chemical production of N2 (A) metastables by reactions (29) and (30)

above to the collisional pumping of IF to its B state as in (81) above.

This work was supported in part by this AFOSR grant and in part by contract

No. AFWL - F29601-84-C-0094 with the Air Force Weapons Laboratory.
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Chemical Production of IF(B 31I o+)

In principle, the chemical pumping of IF(B) can be accomplished since

both N3 radicals and IF are typically produced by reactions of fluorine

atoms. Azide radicals have been produced1 6 by the rapid reaction of

F atoms with HN3:

F+HN3 +HF(v 2> 5)+N 3  (32)

This process has a rate constant1 2 k=l.6+0.4X10-1 0 cm 3s- I. IF can be

produced by the reaction of F atoms with CF3I:

F+CF3I - CF3+IF (33)

Reaction (33) has a rate constant reported to be k=l.6Xl0- 1 0 cm3s- I.

Hence, excited IF should be produced by mixing F atoms, N atoms, HN3, and

CF31 in a continuous flow.

Continuous flow experiments were performed by using a standard

discharge-flow apparatus. The flow reactor was fabricated from 3.5 cm i.d.

teflon pipe, and had one sidearm equipped with a 100W microwave discharge.

Two reagent inlets made from 0.6 cm o.d. teflon tubing entered the reactor

at one end and could be independently moved along its axis. One of these

inlets was used to admit gases which had passed through a second microwave

discharge. The reactor had a single observation port located 50cm

downstream of the sidearm.

In order to generate the chemical system described above, HN3 and CF3 I

must be admitted to a medium containing both nitrogen and fluorine atoms.

In these experiments, the F atoms were produced by passage of either CF4/Ar

or F2/Ar mixtures through the microwave discharge located on the sidearm of

the reactor. N atoms were produced by passage of N2/Ar through the

discharge located on the movable inlet. The F and N atom densities were

determined by standard chemiluminescent titrations, and were both typically
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on the order of 1013 m-3. Under these conditions, the familiar yellow-

orange N2 afterglow was readily visible downstream of the N atom orifice.

Admission of HN3 to this flow via the other movable injector produced a

bright orange N2 first positive flame about two orders of magnitude more

intense than the nitrogen afterglow. This behavior has been observed

before 1 2 and is indicative of the occurrence of reactions (32), (29), and

(30) above.

In order to generate IF, a metered flow of CF3I was pre-mixed with the

HN3 flow such that both species entered to the F/N/Ar stream through the

same inlet. The initial density of CF 3I was on the order of 10 1 3c - 3. The

addition of CF 3I dramatically changed the visual appearance of the flame,

from orange to yellow-green. The spectrum of the yellow-green flame is
..

shown in Figure 23, and is readily identified as bands of the IF B- X

transition. Although some N2 first positive emission is still evident at

longer wavelengths, the intensity of the individual IF bands is much

greater than that of the N2 features. By comparison of the total intensity

of the IF emission (integrated from the recorded spectrum) to the total

intensity of the nitrogen first positive emission with no CF3I flow, it was

J': determined that the total IF B -X intensity was z25% of the original N2

intensity. The N2 intensity was corrected for the portion emitted in the

infrared beyond the cutoff of the detection system (about 50% of the

p' total). In view of the possibility of the efficient loss of N2 (A) by

collisions with other species and the reactor walls, this substantial

Vfraction testifies to the efficiency of the N2 (A)-IF energy transfer

process in this system.

The azide-IF reaction mechanism can be initiated by the introduction

of fluorine atoms into a system containing HN3, CF3 1, and N atoms, since
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the latter three species can be pre-mixed without appreciable reaction, the

mechanism can be operated in a pulse by inclusion of an inert species from

which F atoms can be generated by some pulsed means such as photolysis.

Both CF3 I and HN3 are strong absorbers in the UV, such that UV photolysis

of a fluorinated species would likely lead to complex chemistry. In order

to avoid this complexity, infrared multi-photon dissociation of SF6 was

used to produce fluorine atoms in the present experiments. SF6 is an

effectively inert species which does not react with CF 3I, HN3 , or N atoms,

and it is also a very inefficient quencher of IF(B). 6 1 Neither HN3 nor

CF31 have appreciable absorptions 6 5 , 66 at 10.6 p m, the frequency used to

dissociate SF6 . The CO 2 laser used to produce the 10.6 pm pulse in the

present experiments was a Lumonics 103 which routinely delivered -8J in an

area of -10 cm2 . The laser beam was focussed into the center of a flow

reactor through which a stream containing N, CF3I, HN3 , and Ar was passed.

The reactor ends were closed with KCl windows to prevent transmission of

the laser beam. Photolysis of a flowing mixture including SF6, HN3, and N

atoms at densities 5X10 14, IX10 14 , and 7X1013 cm- 3 , respectively, at a

total pressure of 1.8 Torr produced a bright orange flame readily visible

to the eye. The flame was produced along the entire pathlength of the

laser beam in the reactor, although the fluence was <3 J cm- 2 over most of

the path. The spectrum of this pulsed emission is shown in Figure 2 4, and

is readily identified as bands of the N2 first positive transition. The

intensity distribution among the bands is quite similar to that observed

from the continuous N+N3 flame, 12 as expected. A much less intense pulse

of N2 first positive emission was produced by pulsed photolysis of mixtures

including SF6 and N atoms only, i.e., when no HN3 was present. This

phenomenon appears to be similar to that observed in discharge-flow
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experiments, where addition of F atoms to a stream of "active nitrogen" was

found to substantially enhance the visible emission from the nitrogen

afterglow.
The time profile of the pulsed N2 emission exhibited a rise to a peak

over a fraction of a ms followed by a slower decay over about 2ms. A

typical time profile is shown in Figure 25a. In principle, the rise and

decay of the emission should reflect the rates of the N+N3 and F+HN3

reactions, or vice versa. From the initial densities of N atoms and HN3

'(5X101
3 and 7X101 3 , respectively) and the known rate constants 1 2' 1 3 for

these reactions (both of which exceed 10- 10 cm3s-l), both the rise and the

decay time of the emission should be much shorter than 1 ms. The slow

decay evident in Figure 25a indicates that the density of one of these

reagents has been substantially reduced in the flow stream prior to the

photolysis. The most likely scenario is loss of HN3 in the active nitrogen

flow, such that its actual density is much less than that calculated from

the measured flow rates. Further support for this contention was found

from the observation that the intensity of the emission was sensitive to

the flow rates of both HN3 and SF 6 but was insensitive to the N2 flow

through the microwave. Hence, N atoms are indeed present in large excess

(i.e., the intensity is limited by the rate of production of N3 rather than

by competition of N+N3 with other N3 loss routes). Consequently, the rise

of the emission in Figure 25ais identified as the N+N3 rate, the decay as

the F+HN3 rate. Figure 25b shows a time profile measured with a much

greater flow of SF6. Clearly, the decay of the emission is much more

rapid, in accord with this model. The rise rate also increased scmewhat,

probably because of more efficient production of N atoms in the discharge

at the higher pressure.

51

..



Tim (ms)

F u 2 Time pl.

eyN

iF.
sa

-m b

p.

:" 0 2 6 84-

PlC

Tie ms

Figur 25.Time rof Timeo (is)deisos oS '

emission from photolysis of SF 6 /HNg3 /N. b. N2 emission as

in (a), with added SF6 . c. IF B--X emission from photoly-

sis of SF6 /HtN3 /N/CF3 I.



Addition of CF3I to the SF6/N/HN3 stream produced a marked change in

the pulsed emission. The orange N2 flame was replaced by a yellow-green

emission, which extended for 10 to 15cm on either side of the focus of the

laser beam. The spectrum of this emission is shown in Figure 26. The

* major features are readily identified as IF B X bands, as indicated in the

f igure. Some N2 first positive emission was apparent at longer

wavelengths. When compared to the spectrum of continuous emission shown in

. Figure 23, it would appear that the pulsed IF emission is vibrationally

colder, with most of the intensity in bands from v'=O or v'=l. This result

suggests the influence of collisional relaxation of IF(B) in the pulsed

system, which was operated at a higher pressure (a considerable fraction of

which was SF6 ). The time profile of the IF emission is shown in Figure

2Sc. As expected, it follows the general pattern of th N2 emission (Fig.

25a) but has a somewhat slower rise, since the production of IF is limited

not by the N+N3 rate, but by the rate of N2 (A)-IF energy transfer.

-These results serve to demonstrate the ready coupling of the azide

mechanism for production of N2 metastables to the IF B X system, and

clearly indicate the potential utility of this system as a pulsed or cw

chemical laser.

Interaction of Trifluorohalomethanes with Active Nitrogen

iDuring the course of the experiments described aboe, a number of

interesting observations regarding the interaction of CF 3I with active

nitrogen were made. These observations led us to investigate similar

interactions of CF3Br and CF3CI with active nitrogen, and to measure rate

constants for N2 (A) quenching by these species.
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Admission of a small flow of CF3I to a flow of active nitrogen

produced a bright yellow-green flame which extended down the full length of

the flow reactor and into the pumping system. The spectrum of this flame

is shown in Figure 27. All of the banded features shown in the spectrum

are attributable to the B3 To + Xl + transition in IF. Emissions from

vibrational levels as high as v'=4 of the IF(B) state are evident. In view

of the efficiency with which IF is pumped to its B3TL 0 state by

collisions with N2 (A) metastables, it is expected that this is the primary

excitation mechanism operative in the system. Indeed, the slow production

of N2 (A) by N atam recombination in the active nitrogen flow would account

in part for the very long duration of the IF flame. Since IF

disproportionates rapidly on the pyrex walls of the flow reactor, however,

it seems likely that it too must be continually produced during the time

period of the flame. The primary issue is the mechanism by which IF is

originally formed in the flow; presumably this mechanism involves

interaction of CF 3I with excited species present in the active nitrogen.

At least two collisional dissociation mechanisms are energetically

feasible:

A N2 * + CF 3 I - N2 (X) + CF2 + I + F (34)

F + CF3I -CF3 + IF (33)

IF + N2 *(A) - IF*(B) + N2 (X) (31)

B N2* + CF3I4N 2 (X) + CF2 + IF(X) (35)

IF(X) + N2 *(A) +IF*(B) + N2 (X) (31)

where N2* represents a metastable excited species. The rate constants for

.1" reactions (33) and (31) are 1.6X10 - 1 0 and 1.0X10 - 1 0 cm3s - l, respectively.

Mechanism B, in which IF is produced by collisional dissociation of CF3I,

was eliminated by an experiment in which H2 was added to the flow to
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scavenge fluorine atoms. Admission of a flow of H2 corresponding to a

density of 5Xl 1 3 cm-3 effectively titrated the IF flame, suggesting that

this density of fluorine atams is eventually produced by the dissociation

of CF3I (at an initial density of 2.5X11
4 cm- 3) via mechanism A above.

Hence, it would appear that the dissociation to fluorine atoms (reacton

(34)) is a reasonably efficient process.

The choice of N2 metastables (produced by N atom recombination) as the

energy carrier responsible for the dissociation of CF3I is based largely on

the very long duration of the flame, which argues against the action of

excited species created in the microwave discharge (e.g., N(2D) atoms).

This point was specifically tested by an experiment in which a glass wool

"* plug was inserted in the flow reactor downstream of the discharge zone, but

upstream of the CF3I injector. The plug, which should effectively remove

N(2D) from the flow, had no observable effect on the production of the IF

flame when CF3I was admitted to the system.

It is well known that photolysis of CF3I in the continium near 260mn

produces CF 3 radicals and excited I(5
2PI/ 2) atoms.

6 7 It is also known,

however, that CF31 photolysis in the region between 160 and 180nm where the

molecule has diffuse banded absorptions produces fluorine atoms.6 8 Hence,

the present data suggest that reaction (34) may result from excitation of

CF3I to these same pre-dissociated states (C and D) by collisions with N2*

metastables. From the energies of these states (164 kcal mole-1 for C and

179 kcal mole -1 for D), they cannot be accessed directly by collisions

with vibrationally cold N2 (A3 Z u
+) metastables. Hence, the energy carrier

must be another metastable state produced by N atom recombination. Since

CF3 1 was present in the flow at densities on the order of 10
1 4cm- 3, and the

dissociation was reasonably efficient, we infer that the lifetime of the
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metastable energy carrier must be at least 100 ps. A number of excited

states of N2 satisfy both of these energy and lifetime criteria.

The admission of a flow of CF3Br to a stream of active nitrogen

produced a markedly different result. A bright red flame was generated in

the mixing zone, extending for -5ms downstream. Figure 28 shows a spectrum

of this emission, which is readily identified as NBr bl Z +_ X3 Z -5$
transitions. Downstream of the red emission, a dull yellow flame was

found, extending down the length of the reactor. The spectrum of this

emission exhibited a regular series of bands, identified as the A
2 R_ X2 Z+

transition in CN.

These results for CF3Br suggest a mechanism quite different from that

postulated for the CF3I case. In view of the short duration of the NBr

b -X emission downstream of the discharge, an experiment with a glass wool

plug (analogous to that described above) was performed to ascertain the

role of short-lived discharge products. With the plug in place, the NBr

emission was completely quenched. This behavior suggests the following

reaction as the source of excited NBr:

N(2D) + CF3Br -NBr(b I Z +) + CF3  (36)

This reaction is feasible both energetically and from the point of view of

angular momentum correlations, as NBr(bl Z +) correlates adiabatically to

N(2D) + Br(2 p). The absence of NI b-sX emission when CF 3I was added to

active nitorgen, along with the observation that the glass wool plug had no

elf ct, argues that a reaction analogous to (36) is not important in that
S.

system. CN emission has been observed from the addition of several

Sdifferent kinds of halomethanes to active nitrogen.69 ,7O The mechanism in

such cases is thought to involve initial formation of CN by reaction of
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N(2D) atoms with halomethyl or halomethylene radicals, followed by

excitation to the A2 fl state by collisions with N2 metastables.

Admission of a flow of CF3CI to active nitrogen produced no new

emission, nor did it perceptibly diminish the visible emission from the N2

afterglow.

As a second part of this work, rate constants were determined for the

quenching of N2 (A3 Zu + ) metastables by collisions with CF 3 I, CF 3 Br, and

CF3Cl. For this purpose, N2 (A) metastables were produced by energy

transfer from Ar( 3P0,2 ) and were detected by energy transfer to NO as

described above. For CF3 I and CF3 Br, the decay of the N2 (A) density was

measured as a function of time for a number of different pseudo-first order

densities of these quenchers. Rate constants were determined from the

slopes of plots of decay rate vs. density. Quenching by CF 3Cl was found to

be so slow as to preclude measurements of actual time decays, so the

quenching rate constant was determined by using the "fixed point method"

wherein the decline in the N2 (A) density was measured for a single time

interval At, for large flows of added CF 3Cl. Table V shows the measured

quenching rates along with the literature values for quenching by CF4 and

CF3I. CF3CI likely behaves much like CF4; i.e., it acts only as a

vibrational quencher of N2 (A, v). The rate constants for quenching by CF3 1

*" and CF3Br are orders of magnitude greater than those for quenching by CF3Cl

" and CF4, indicating the accessibility of new channels for the energy

transfer process. Given the discussion above, these channels are not

likely to be those which produce fluorine atoms, but rather may be those

which lead to dissociation to iodine or bromine atams, respectively. No

emission from IF, NBr, or CN was detected in the quenching experiments.

Clark and Setser 71 have measured rate constants for N2 (A) quenching by OY3 X
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species (X=halogen). These values are approximately four times greater

than those from the present work shown in Table V. The relative values of

rate constants within the two series CH3X and CF3X are quite similar,

however, suggesting analogous mechanisms.

Table V. N2 (A3Zu+ ) Quenching by Trifluorohalomethanes

Quencher Rate Constant (cm3S-1 ) Reference

CF31 1 2 ?- X 10- I0 This work2. x10 - '  (Z3)

CF 3 Br 5.0 ± .8xl1 - I  This work

CF3Cl 5x10 - 1 4  This work

CF4  3x19 1 3  ()
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