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Note concerning units:

Throughout this paper, the following conversions are used:

o e« W

) 1 kcal = 4.184 kJ

B

1 eV = 23,061 kcal = 96.49 kJ

1 el = 1.2398 x 107% ev = 2.8591 x 107 kcal/mole =
1.196 x 107“ kJ/mole

Vo el W WL
% - - »

PP

T.’A"

)
! N
: &
»
RN
; N
| )
i »
o
D) '*
| SR
N )
PPN v o
D A ‘ ‘— ]
b
j - —— _'_.__‘ e o vt e A }
: SR ~ Re-
! . v.ﬁ.”ﬂzzi_. $
' ST s j "R
ERCNR IR M '
g Ur acoaeeagd [ :q
: Justifteattn . ~
R e T L S ‘
] :
By..._ e Ny
| Distrituttanys | A
; . Avallabillity C:acs i !r
! A¥anl Gnegee T b
g '*
Dist Specirl
| pecie. ﬁ-
| { b
s ¢
)
y H “—I
L)
1
]
3
\
: o
N A PO, ¢ N P LT :.\
‘ . - P A AR Rt u - " I LTS Y ) k Y T T [
A A L £ T R T R L S L I R A A A R R O R O A R



OGS IO MW M R I N UFUNLA UV LW UG U O RO S NN X Yitav it 9 AR 4y 8,403 5 a-a¥a 2t 4¥a §¥4 0*p (" ‘Ra¥ e 2% gab ataeia a'E

‘ - kS [ - - -
5 d
[) -
3t )
v i,
¥ 3
3 TABLE OF CONTENTS
¥ Page \
. i
PREFACE..'...........'I..‘..."‘..’l.‘......'.."....'...........‘..3

|!
) s
: LIST OF TABLES. ® 8 0 00 8 9 8 & 3 GO PO B0 E OO NE TSSO PEOE NN NSee .7 “-
2 ()
§ J
:: I . INTRODUCTION P 8 6 ¢ 0 5 5 0 0 9P Y SO D SO OB BSOSO NSO SO IS S NSNS e .9 ‘
2
K II » NHZ OSCILLATOR STRENGTH CALCULATION. ® 8 8 5 00 ¢ 0 095 0 6 0 O S0 0HO O SO N eGP 10 -
4 . -
)
x IIT. HEATS OF FORMATION. . euuevuseonconosnsoonoasssnosonsenscnssnacnasnasll C
)
Q

4 A. NHZ..'-......................'.Q.'...'.I...‘. ...'...‘...'......ll :

y - U § )

Iv. COMPARISON OF EXPERIMENTAL AND CALCULATED NH, OSCILLATOR \
STRENGTHS..l..‘.“".l.‘..ll.....l.l."l..’l.'ll'..l..l".‘l.......zz

V. CONCLUS[ONSO...0.Q..Cl0uti..Ql.oot....IOQ.OOIO..‘..O...C.'Q.oi.'.c.23 “

e

ACKNOWLEDGEMENTS e ¢t vesevusorsonssrsaassssnssscsonsscsassssosnssssnnaeld

e

?' REFERENCES ¢ o v vvueseenunsoasnnansrossssossnnsasossassssonnssenanasssll -
N '8
" DISTRIBUTION LISTeusaeteeooeeassnnnnanssosososscsanesacaascccaossssldd R
A +
!’ ’

! A
"

Lh J

L3
} L3
p) \
s
i
’ ‘
=
:
A !
. .
A 3
o
3
> Y
& !
o
‘x

;' ‘d"-'p"‘n

T s ,*._.s,-_,._. '-._,,'_.,j.‘,.__'__‘ A e e _,\J, - ~‘.r'.".“aaa ,‘\. \.\_-\._..._-\ RO .-\\r“'




O iV 49 87 8" "i 4%

V’f '!‘

Table Page
1 Measured Values for the Heat of Formation of NHZ...................IZ
2  Theoretical Values for the Heat of Formation of NHj.uv.oueeveeeesa.l2
3 Recommended Values for the Heat of Formation of Ll R R R &
4 Measured Values for the Heat of Formation of NH (Excluding
Results from NH3/02 Flame Equilibria) . ccececeecececsncess-nrsnesnsalh
5 Heat of Formation of NH from Measurements of NH3/02 Flame
EQULIlibridceecsseceseceresacsssorasssssossecsscsctssscssscncnscassssslh
6 Recent Theoretical Results for the Heat of Formation of WH.........17
7  Recommended Values for the Heat of Formation of WH....vovevevessas.17
8 Calculated Linestrength Factors for Selected NH, Transitions
(Normalized Properly for Absorption)...cecececccicccsorsneosssceesa?d
7
R R T P b D e T L

LTy JRFL] a'@? Vo g ¥a " o gi 1/ * S . v . D - - . -
0 8'0 070 870 4 R %0 4 R 0°%g 070 470 60 07,00, 0°9.¢ 0.¢ ¢ U TN A WO POV R A o da? BaV § 0 et do¥ Mot da¥ 40 §ui

LIST OF TABLES

[ AU YL YO B W B}

R N SN T

-



HLE iR A A TR AR AN N O
5 ah s

CLa o o

Vs

o 8av bt 02 08?008 0ab Ba¥ ta

I.

INTRODUCTION

The nitrogen chemistry which takes place in the combustion of double-base

and nitramine propellants is of par

ticular interest to us. The NH and N

H

radicals are expected to play a key role in this chemistry. Both of these
radicals haxe been observed in several N,O supported flames - and in NH4
flames. Since NyO is belieyed to be an important intermediate in the

combustion of these propellants,
present. However,

NH and NH2
it is not certain whether the NH

are also expected to be
species play a majo

in determining the heat release rates and flame speeds of N,0 supported

flames.
the sequence HCN » CN » NCO » NH, >

N, (or perhaps NO). This sequence i

r role

These species are expected to play a central role in HCN flames via

S

believed to be responsible for the conversion of fuel-bound nitrogen (that is,

N atoms bonded to C atoms,
pollutants.
pyrolysis of nitramine propellants.
quantitative detection methods for

as in coal) to N,
HCN is known to be formed in large quantities during the

and, more importantly, NO

Therefore, it is important to have
the NH and NH2 species. These method

§ are

expected to be valuable for studies of the chemistry of flames involving HCN,
H,CO, NOZ, and N,0 in a low pressure apparatus which we are currently

assembling.

Laser induced fluorescence (LIF)1
can be used to detect both NH and NHZ

=% and absorption spectroscopies?
in flames. However, in the past i

,7-10

t has

proven difficult to measure NH2 densities quantitatively because no method was
available to calculate Einstein coefficients or oscillator strengths for

individual rovibronic lines of the most readily observed transition, aZa
the previous best estimates of oscillator strengths for

XZB In fact,
individual NH

lines have error limits

of about a factor of 10! The

difficulty stems in large part from the fact that the molecule is a highly
bent assymetric rotor in its ground state and becomes nearly linear in its

excited state.
flames.

We have recently studied LIF of NH,
During the course of this work a simple method for calculating the
oscillator strengths of main branch transitions of NH,,

was developed.

in several N,0 supported

The

calculated oscillator strengths were then used in a measurement of the NH,

den31ty in an H,/N,0/N, flame.

However,
made in the oscillator strength calculations.

The accuracy of the

calculations was therefore somewhat uncertain.

In the preseat work,

a comparison of calculated NH
with values from the few measurements which exist is made.

several simplifying assumptions were

oscillator strengths
The experimental

values all come from absorption measurements of several species in NH /O

flames in which chemical equilibria are set up between the NH

the course of this study it became

spec1es.

apparent, not surprisingly, that the

In

experimental values are somewhat sensitive to the assumed heats of formation

of the species
NHZ and,
study*.

*This study began about Sep 1985.

kcal/mole.

involved in the chemical equilibria.
in particular, NH were not precisely known at the onset of this
(Heats of formation of the other species are well established).

The heats of formation of

At the iaception o the study, the NH and
NH, heats of formation could not be pinpointed to within better than a few

which have greatly facilitated this study.

w - - Iv" . ' '- . »
R A Y

-

Since that time, several very precise measurements have appeared
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Therefore, a critical review of these two heats of formation hasg heen
performed. The review will be presented herein, As a result of this work,
these two heats of formation are now precisely establighed. 1In some of the
previous oscillator strength measurements, incorrect values were used for
these heats of formation in the data reduction. The measured oscillator
strengths are corrected in the present work. A comparison of measured and
calculated strengths is given., The agreement looks good where the
measurements can be trusted, but there are so few measurements that further
experiments will be needed to thoroughly assess the reliability of the
calculated values, Some suggestions for such experiments are given.

II. NH2 OSCILLATOR STRENGTH CALCULATION

Finstein A emission coefficients were first calculated for transitions of
interest and then converted to oscillator strengths. The procedure has been
presented previously3 and is discussed briefly here. The A coefficients are
obtained from the equation:

RAAY

3

i ) < v'|sin (p/2)|v"> BV ym

2 64l
l 3h 35 ) (ZN'+1

where “e is the limiting transition moment at the bending angle p = 180°
(Note: p = 0 1in the linear limit as defined in Ref. 12), Syt~ is the
rotational linestrength, <v' |sin(p/2)|v"> is the vibronic transition moment
(VT™M) for the (0,v',0) - (0,v",0) band of interest, and Av , » 1s the
vibrational transition energy. Lifetime me?surements from three souxrcesl3"15
have been analyzed in Ref. 15 to yleld |u%|” = (0.094%0.010)e%a %, where e is
electronic charge and a_ 1s the Bohr radius. This result compares well with
the theoretical value, 18 0. 10e2a 2, The experimental result 1is used for our
calculations. VTMs are obtgined from the semi~empirical_calculations of
Jungen, Hallin, and Merer. (Recently, Peric, et al., reported nearly
identical results using an ab Initio approach. The potentials they used were
from Jungen, Hallin, and Merer's work). Our major contribution to the
calculation 1is the rotational linestrengths. These linestrengths were
calculated using the direction cosine matrix elements of Cross, et al.,18 and
the eigenvectors resulting from the diagonalization of a Wang transformed
asymmetric top Hamiltonian.!9520 1t is to be stressed here that the ground
and excited state asymmetry parameters are not assumed to be the same
(equivalent to assuming that the ground and excited state bending angles are
the same, which is decidedly not true) as has heen done in all previous
linestrength calculations for this molecule.* In fact, the excited state
constants are appropriate for a linear molecule. However, two major
assumptions are made. First, spin splitting of the lines is ignored. That is

*We have recently discovered that calculated linestrengths for three
trangitions are given in Ref. 21. They are 1.00, 3.48, and 2.38 for lines
emitted from the 33,4 upper state level in the (n,9,0)L - (0,0,0) band (lines
ungpecified). We find the same results, to tgree significant dieits, 1f we
asgume these are for the R N-17 Ql N* and Pl -) transitions,
regpectively. No detalls as to calculational procedures or assumptions were
given,
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why the linestrengths are referred to as Syi y» rather than Sy jyu. This
assumption is permissible if strong Hund's case b states are involved in the
transition, as in the present case., The assumption obviously, however,
restricts us to the calculation only of main branch transitions. An entire
main branch doublet must be scanned in an experiment, or one must assume
oscillator strengths for the two lines in a given doublet are nearly equal,
which appears to be the case.” The second assumption is that the electronic
transition moment has no large variation with rotational or vibrational
levels. 1In addition to these assumptions, the reader is cautioned to note
that the calculation is not expected to work well for transitions that involve
perturbed levels. 1In spite of these restrictions, this method allows the
calculation of oscillator strengths for a large number of transitions which
may be useful for probing this molecule. The resulting oscillator strengths
are generally of the order of 10" for main branch transitioms.

ITI. HEATS OF FORMATION

There presently exists little experimental data of sufficient quality to
yield measured NH, oscillator strengths which can be compared with our
calculated results. Most of the data which exists comes from measurements in
NH3/0, flames. It has been shown using absorption measurements that the
reactions:

i}

NHy + OH = NH + H,y0 (R1)

NH; + OH = NH, + H,0 (R2)

NHy + 2 OH = NH + 2 H,0 (R3)

are in_equilibrium in the burnt gas region of these flames.’ 8510 gagkan and
Nadler’® also convincingly demonstrated the equilibration of these reactions
using an electrical analog of a simplified reaction mechanism. Note that the
third reaction is the sum of the first two so that equilibration of the first
two necessarily implies equilibration of the third. All of the species
involved in these reactions, except H,0 whose conceatration may be reliably
inferred from the fuel/oxidizer ratio, can be measured in absorption.
Oscillator strengths are presently well known for all of the species except
NH,. Most of the necessary thermal data are precisely known. However, the
heats of formation of NH, and, especially, NH have historically been subjects
of considerable debate. Since these quantities are extremely important to the
present comparison of measured and calculated NH, oscillator strengths, a
critical literature survey of these heats of formation was performed. Results
of the survey are given in the next two subsections. It was found that the
heats of formation of both radicals may be firmly established within a few
tenths of a kcal/mole using results of very recent experiments.

A, NHzi

Results of the survey for heat of formation of NH, are given in Tables
1-3. In this section, we shall first discuss recommendations and measurements
from early work. These studies lead to the conclusion tnat the heat of
formation of NHy must be about 46 kcal/mole. More recent papgrs will then be
discussed. The results of two recent papers, Gibson, et al., 7 and Sutherland
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and Michael,39 have much higher precision than all of ~io o -
(See Table 1). These two papers are considered by this aathor ¢o Lo (b2 best
measurements currently available and are equally valid. These papers are in
outstanding agreement with one another. As will be seen in tle nex. scction,
the results of Ref. 37 for the NH, heat of formation also can bhe used to
derive an NH' heat of formation that is in excellent agreement with results
obtained by other methods. 1In addition, the two results are i{n reasonahle
agreement with recent theoretical calculations (See Table 2?2). After critical
evaluation, thelr weighted average, 45.920.2 kcal/mole, 1s chosen as the hest
availlable value for the heat of formation of NH, .

Table 1. Measured Values for the Heat of Formation of NHZ*

Reference AH%,O (kcal/mole)
Szwarc (1949)22_24 4243
Foner and Hggson (1958)25 45%3
Page (1961) 40+3
Kerr, et al. (1963)%’ 39.8
Compton, et al. (1969)28 39£3 (<41 .443.5)
Golden, et al. (1972)%2 47 942
Kurylo, et al. (1969)30 as . 47
interpretted by Go%den, et al.?9
Rohme, et al. (1973)°1 45 .01 .1
Carson, et al, (1977)°2 48 .8+3.5
Tsang (1978)°° 4471 .9
DeFrees, et al, (1979)26 44 . 7£2 .3
Niemitz, et al. (1981)3) 47
Holzrichter and Wagne§7(1981)36 46 843 .1
Gibson, et al, (198%& 45.8+0.3
Hack, et al. (1986) 46 .6 (£1.7)
Sutherland and Michael (1986)37 46 .0£0 .3

*Numbers given in parenthesis were derived in the present work,

Table 2. Theoretical Values for the Heat of Formation of NH,

Reference AH%’O (kcal/mole)
Altshuller (1954)%C 41%2
Jordan and Longuet-Higgens (1‘362)/41 41.2
Bews and Glidewell (}980)’2 30.08
Cardy, et al. (I‘)%(l)‘3 43
Bischof and Friedrich gvmz)““ 16 .6
Klimo and Tino (19%)‘“ 47 1
Power, et al. (1984)"° 54,5
Melius and Binkley (1986)47 46,7
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The results were again interpretted using RRKM theory.
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Table 3. Recommended Values for the Heat of Formation of NH, o
-
Reference AH%’O (kcal/mole) iy
- !-
JANAF (1965)2+48 40 843 .
Wagman, et al. (1965)}”!‘9 44.9 ?‘
Benson and 0'Neal (1970)70 43.323 ]
JANAF (1977)02°1 46 .2¢1.5
Glushko, et al. (1978)°2 46 142 .4 .
: This work 45 .90 .2 2
- 3
4 0
h )
a. Published in open literature in 1977. T
b. Published in open literature in 1982. :
S
..-
Until abhout 1965, the heat of formation of NH, was believed to be about :
40 kcal/mole (See Table 3). This result was based primarily on kinetic :;
measurements of the activation enerqg for the dissociation of hydrazine and }‘
several amines to yield NH2 (Szwarc; 2-24 Kerr, et al.“"). Here, the )
assumption 1s, of course, that the activation energy for the reverse reaction .
of two radicals to form the parent molecule is zero (within about 2 kcal/ )
mole). However, in 1970 Benson and 0'Ne11°0 pointed out that under the ;
conditions used in these experiments, these unimolecular decompositions were 5
almost surely in the pressure fall-off region. Upon reinterpretting the ¢
kinetics results they recommended a somewhat higher value, 43.3x3 kcal/mole. }
Wagman, et al., appar- ntly arrived at the same conclusion in 1965 since they }}
recommend a value of 44.9 kcal/mole, although no explanation is given as to -~
how this value was selected. The JANAF review’! of 1977 and the Russian :t
review (Glushko, et al., Ref. 52) hoth recommend a value of about “
46%2 kcal/mo]e,sgagfd upon much the same line of reasoning. The former also !
gives citations’ " *"" in which Hinshelwood-Lindemann and RRKM theories were L
used to conclusively prove that the decomposition studies were performed in ﬂ'
the pressure falloff region. All of the measurements from 1972 on are in good -,
agreement with this value (See Tah1e7&). 0Of particular note is the result, :
47 9+2 kcal/mole, of Golden, et al.,”” obtalned from kinetics measurements on -
benzylamine decomposition using their very low pressure pyrolysis technique. a
)

v
.

Several other points should be made here in regards to Table 1. First, .
the result of Foner and Hudson25 obtained using ionization and appearance R
potential measurements in mass spectrometric experiments appears to support
the JANAF recommendation. However, this result should be viewed with some
skepticism because, as will be discussed later, the values ohtained for the )

Al

]

,

b ionization potential of NH, and the appearance pctential of NHY are probably “

s both ahout 5-h kcal/mole too hizh. These errors cancel, yielding a heat of t}

‘ formation of NH, in fortuitous agreemeng with the recommended value. Second, "

: consider the result of Compton, et 31.2 This result was obtained from an )

i electron impact study of the reaction NHq + €~ + NH, + H . Following Piper,55 S

5 one may write E, > AH%’O(NHz) + AW ,0(” ) - AH%,O(NH—S) ~ 3/2RT. (The last !

; term was ignored bv Compton, et al.). Here, the Ei, term is the threshold "

: energy for observation of the reaction which was observed to be 3.65 eV. Q:

r 'Nf

] .
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e Using thg established heats of formation®> of H and NH, and thc cie.ti

N affinity?® of H, 51.643, -9.3 and 17.4 kcal/mole, respectively, and noting

o that the experiment was performed at room temperature, we find an upper limit
of 41.623.5 kcal/mole for the heat of formation of NH,. The upper end of this
X range is in much closer agreement with the JANAF recommendation than the :
original interpretatiog of Compton, et al, Finally, consider the recent

' result of Hack, et al. Here, kinetics measurements were performed for the
reaction NH, + Hy + NHq + H and its reverse. The reaction enthalpy was :

& inferred from the results in two different ways, yielding almost identical
‘ results. However, error limits were not given, From the spread in the
4 results of determinations at several different temperatures, the error limits . \

should be about 1.7 kcal/mole.

From the preceeding discussion, it is apparent that the heat of formation

7; of NH, must be about 46 kcal/mole. Nearly all of the experimental regsults
favor this value. Two of the recent results, that of Gibson, et al. 7 and
W that of Sutherland and Michael,3? have remarkably low error limits. These ]

will be discussed in detail in the next two paragraphs.

The result of Gibson, et al., was obtained by photoionization mass
4 spectrometric measurements on NH, which was produced by the reaction of H with

NoH,. They veasuged the ionization poteg;ial of NH, to be 11.14x0.01 eV.

Foner and Hudson and Dunlavey, et al., found values of 11.4£0.1 and

11.46 eV, respectively, for this quantity, but these values lead to results

for the NH, heat of formation which are much too low. Note that the former

result has very large error limits, The latter value results from a spectrum X
which has considerable interference from a vibrational progression from y
ionization of NHy. Dunlavey, et al., attempted to subtract the interference,

but apparently there is a large error in the result. Gibson, et al., combined

their ionization potential of NH, w1th the appearance potential 15. 728 3 y
0.004 eV for the reaction NHj » NH2 + H + e~ obtained from McCulloh. (Foner
and Hudson?? obtained 16.0:0.1 eV for this appearance potential). They thus
obtained 45.8£0.3 kcal/mole for the heat of formation. This heat of formation ‘
of NHZ’ combined with other data on ionization and appearance potentials of

Nut Qpec1es, can be used to derive a value for the heat of formation of NH'

This NH' heat of formation is in excellent agreement with determinations u31ng

a second method, kinetics of the N* + H, » NH' + H reaction (see next

section). While cancellation of systematic errors could lead to the observed

agreement in results, this possibility seems unlikely.
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The results of Sutherland and Michael3? were obtained by kinetics )
measurements on the reaction H + NHj » Hy + NH,. H atoms were made by i
photolyzing NH3 in a shock tube. The H atom concentration was followed by
Lyman alpha absorption. 1Its disappearance follows psuedo first order
kinetics. Note that at initial time, the H and NH, concentrations are equal
(care was taken to assure this condition). The thermochemical measurement was
performed by adding H, to the reactive mixture. By varying the NH /H2 mixture
ratio, it was possible to determine the point at which equlllbr1um is ,
established because at that point the forward and reverse reaction rates are
equal and the rate of disappearance of H becomes zero. Since the H atom
concentration does not change, the NH2 concentration will not either.
Therefore, the ratio of these concentrations cancels in the equilibrium
constant expression leaving only the NH3/H2 ratio which is known. Since heats
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of formation for the other species in this reaction are well known, the NH
heat of formation could be readily inferred from the equilibrium constant.

The results of Gibson, et al,, and of Sutherland and Michael are in
excellent agreement (see Table 1). The most recent theoretical result (Melius
and Binkley, see Table 2) 1is also in reasonable agreement with their
results. Since Gibson, et al.'s, result also leads to an NH' heat of
formation in excellent agreement with results using other methods, the NH,
heat of formation is now firmly established. Results of these two experiments
appear to be equally valid. Their weighted average,59 45.9+0.,2 kcal/mole, is
therefore chosen as the recommendation of this critical evaluation for the
heat of formation of NH, .

B. NH:

Results of the survey for heat of formation of NH are summarized in
Tables 4-7. This section is arranged with discussions of previous
recommendations first. The recommendations are compared with recent
measurements and relnterpretations of results obtained from experiments on
NH /02 flames. The results are found to be rather diversant (see Table 4).
However, it will then be shown that two papers stand out from those in Talle 4
in that they can be used to set firm upper and lower limits on the heat of
formation. The first is ;he high resolution spectroscopic study of the NH i
state by Graham and Lew.6 Predissociation observed in this state may be used
to set a lower limit of 84.1%1.2 kcal/mole. The second paper is the study of
production_of NH in the A state via NH, photolysis at 193 nm by Hofzumahaus
and Stuhl.’3 1In this work the 1nternai energy of the NH produced was measured
and then modeled using two assumed prior distributions. No ather workers
using similar types of dissociation approaches to produce NH have attempted
such modeling. This must therefore be considered the best of such types of
experiments. The result of these efforts was an upper limit of 87.7 kcal/mole
to the heat of formation. Upon inclusion of error limits of these bracketing
results, we conclude that the heat of f rmation must_be in the range R2.9 -

88 .2 kcal/mole. The experiments of Gibson, et al., 7 and of Frvin and
Armentrout are considered next. These experiments both result first in the
determination of very precise results for the heat of formation of the nut
ion. 1In the respective papers, these results were then combined with the
ionization potential of NH to yield veryv precise values for the heat of
formation. Since the results depend so heavily on this ionization potential,
a review of available measurements 1is presented herein. After critical
review, it was found that the best value is that of Dunlavey, et al.,
13.49£0.01 eV, which was used in Refs. 37 and 75. The heats of formation
given for NH in Refs. 37 and 75 are believed to he the hest available
measurements., It will be shown that they are in excellent agreement with each
other, have much smaller error limits than any other results, are in
reasonabhle agreement with the best recent theoretical results, and fall at the
center of the range delimited by less precise results. Since these two
measurements are considered to be equally correct, their weighted average,
85.4%0.3 kcal/mole, is selected as the best value for the heat of formation of
NH presently available. At the end of this section, the results of Ref. 1N
are discussed in regards to this value.
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5: Table 4. Measured Values for the Heat of Formation of NH (Excluding
d: Results from NHy/0, Flame Equilibria)*

[/

“ Reference AHE o (kcal/mole)

3
%‘i ————————— - —
Wy
yg Pannetier and Gaydon (18?1)60 76 .6
Wy Franklin, et al. (1958)6 81 (<83+3.5)
4 Reed and Sneddon (1959g32 82.9 (<84 .2£3.5)
I Seal and Gayd084(1966) 90.1%3.7
K, Stedman (1970) >80
\ <94 (<83.3%£0.9)
e Smith, et al. gé976)65 573
¥ Zetzsch (1978) <R4 .6
oy Graham and Lew (1978)67 >84.1%1.2
Okabe (1978) 69 82.6%1.5

K Okabe and Lenzi (1979)"% as = ==—===—- (<83.5%1.4)
% interpretted by P}Serss
v Xuan, et al, (1981) 7 <94 ,6%2
! Quinton and Simons (1982) L <77.1%1.7
) Suto and Lee (1983) ; <87.941.4

' Hofzumahaus and Stuhl $£985) 3 <87 .7£0.5
D> Washida, et al. (1985 90.2 - 91.3

N Gibson, et al. (1985) 85.240 .4

*Q Ervin and Armentrout (1987)75 85 .8+0 .6
PE *Results in parentheses are from the reanalyses by Piper.55

Table 5. Heat of Formation of NH from Measurements on NH3/02

o

" Flame Equilibria

o
A~ AH%’O (kcal/mole)

- Original Piper's This
‘}: Reference Analysis .égglzsisss Analysis
;ﬁ Kaskan and 904 86 .9+3 .9 86.6£3.9
k2 Nadler (1972)7
154

Fisher (1977)8 90 .33 86 .31 .4
- Chou, et al, 87 flame 1  87.6%1.2
B ~
- (1982-4) flame 3 89 ,4%1.2
o
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A Tahle 6. Recent Theoretical Results for the Heat of Formation of NH¥ 4
. Reference AHE 4 (kcal/mole) X
»
N e e e
N Meyer and Rosmus (1972%86 85.8%1.2 b
h Klimo and Tino (1983 86 .5 )
Pover, et al. (1984)%° 92.5 i
Melius and Binkley (1986) 86 .9
- Bauschlicher and Langhoff (l987)g7 86 .5%0,7
) 3
X By
*Farlier results may be found in Refs. 40, 41, and 76-85. F
:c o
1 Table 7. Recommended Values for the Heat of Formation of NH b
¢
3 Reference AHE o (kcal/mole) /
’
v
JANAF (1965)2>48 - 81.0£2.5 "
Wagman, et al. §196S) »49 83.9 ﬁ
- JANAF (1977)P» " 904 ht
" Glushko, et e%. (1978) 81.04£2 .4
P Piper (1979)" 7 84 .2+2.3
N Hofzumahaus and Stubl (1985)73 R4.2 - 8B8.2 2
This work 85 420 .3 -1
» :
A N
Published in open literature in 1977, N

3 a.
' b. Published in open literature in 1987,

As can be seen from Table 4, the heat of formation of NH has long been a
subject of considerable controversy with measured values ranging from about
73-95 kcal/mole. Recommended values (See Table 7) up to 1978 rgnged from 71
about 80-90 kcal/mole. The excellent critical review by Piper5 in 1979 ’
served to bring some accord among the many diversant results available at that h
time. He recommends a value of 84,242 .3 kcal/mole. Several results have been #
obtained by measurements of species involved in reaction R3 in NH,/0, flames 4
(see Table 5). (Note that this approach does not depepd on the heat of ‘
formation of NH,). The result of Kaskan and coworkers’ was revised by Piper55
since a much better choice for the oscillator strength of OH became {
available. (A more recent review of this oscillator strength supports >

by
o

T Ty

! Piper’s cholce). A further slight correction of the result has been made for

: the oscillator strength of NH by the present author. _(The oscillator strength
used corresponds to a 1ifetime of 450+45 ns for the A’ state of NH, This
value was obtained by averaging the results of 5 lifetime measurements.65’89—92

, Since the correction to the NH heat nf formation was performed, two new, very :,

; precise mcasurements of the lifetime have heen performed in which very low .

: o

h .
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rotational levels were excited. Recent results osacarland and Crosley93 are

41824 ns for N'=l, v'=0 while Browarzik and Stuhl”’” find 423%15 ns f8§ a
mixture of a few levels of low N': N'=1-4, v'=0, A critical survey’’ of
these lifetime measurements has concluded that these are the best values
available, Since these results fall within error limits of the value chosen
for the present calculations, use of the new value would produce almost
identigal results in the heat of formation calculations.) The result of
Fisher® has similarly been revised by the present author for oscillator
strengths of both OH and NH, The revised results are within error limits of
Piper's recommendation, although they are somewhfa on the high side (see
Tables 5 and 7). However, Chou, Dean, and Stern ' found a value of "about"

87 kcal/mole. A careful reanalysis using their measured concentrations for
two flames leads to the results shown in Table 5. (Results for their flame 2
were not used because of probable systematic errors discussed in Ref. 10c¢).
The average of thes$ two results is 88,5%1.5 kcal/mole.* This result ‘and that
of Washida, et al., 4 agree better with the most recent JANAF recommendation
than with Piper's recommendation, clouding the picture somewhat.

The proper value to select for the NH heat of formation may be bracketed
by consideration of the spectroscopic results., A firm lower limit pay be
established by considering g?e predissociation limit of NH in the c”ll state.
The study of Graham and Lew"' yields 84.1%1.2 kcal/mole. This result must be
considered a lower limit because tggre may be a barrier to the predissociation
NH + hv + N + H. Although Zetzsch finds essentially the same result, he has
incorrectly concluded this approach yields an upper limit and he fails to
place error limits on the result. Note that the internal energy of the
predissociating NH is well known from the spectroscopic results while no
reasonable energetics allow for excitation of the atomic species. Internal
energies of the three species involved are therefore well defined and do not
cloud the interpretation of results for this reaction.

Upper limits for the NH heat of formation may be obtained by examining
the energetics of dissociation reactions which produce NH. Whereas internal
energies of reactants in the predissociation of NH are well known, this in
general has not been the case for studies of the dissociation of suitable
precursors to yield NH as a product because the NH may carry away significant
vibrational and rotational emergy. This problem is compounded by the fact
that NH observed in highly excited states following the dissociation may
result from highly excited states of the precursor molecule. Thermodynamic
quantities therefore cannot be confidently calculated simply by considering
which is the highest level of NH observable (assuming a fixed dissociation
energy source is used). It is thus necessary to have a model for the

*It is important to note that since R3 was used to obtain this heat of
formation, the result does not depend on the oscillator strength chosen for
NH,. 1t can be shown that if one writes simultaneous equations for equilibria
of reactions Rl and R2 treating AH% (NH) and the oscillator strength of NH,
as unknowns, the results are indepeﬁgent from one another, contrary to the
implications of Ref. 10c. This is the case because the sum of Rl and R2 is

R3.
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distribution of internal energies in the products in order to make a sensible
thermodynamic analysis. Such an analysis was provided recently by Hofzumahaus
and Stuhl’3 in their study of the ArF laser (193 nm) photolysis of NH3. The
reaction studied was NH, + 2hv » NH (A°N1) + H + H. The NH A state
distribution was determined by dispersing the emission. The measured
distribution was then fitted to obtain the NH heat of formation using two
prior distributions, the first with six degrees of freedom, the second with
three. Strangely, it was found that the distribution with three degrees of
freedom fit the observed data better than that with six. (Hofzumahaus and
Stuhl suggest this indicates that one of the H atoms produced is
translationally very cold.) The upper limits to the heat of formation were
85.6 and 87.7 kcal/mole for assumptions of six and three active degrees of
freedom, respectively. Since the latter model fits the data best,

87.7 kcal/mole was the choice of Hofzumahaus and Stuhl. (Curiously, as shall
be seen later, the former is in much better agreement with the final
recommendation of this review than the latter). Again, there may be a barrier
to the dissociation so that this result must be an upper limit to the heat of

formation.

Upon considering the error limits in the two selected limiting values one
concludes that the heat of formation of NH must be in the range 82.9 -
88.2 kcal/mole. Only a few of the results in Table 4 do not agree with this
range. The result of Pannetier and Gaydon60 was from a Birge-Sponer
extrapolation of NH vibrational levels. Such extrapolggions frequently yield
large errors in the results. Although Seal and Gaydon®~ state that no
emission of NH was observed in their shock tube/absorption studies og H/N/O
systems, experiments under similar conditions by Harriangton, et al., 6
indicated large amounts of NH emission are present. If appreciable emission
was present in Seal and Gaydon's experiments, the resulting heat of formation
would be too large. In any case, their results, with their large error
limits, do overlap our suggested range. Yet, as will be seen later, their
result does not quite overlap the final recommendation of the present work.
Perusal of the spread in results given in Seal and Gaydon's Figure 4 suggests
the error limits may have been slightly underestimated. Quinton and Simons
studied vacuum ultraviolet photodissociation of NHy using a tunable uv source
and filtered photomultiplier detection of NH (c"M). They also used an atomic
O resonance lamp (130.4 nm) and dispersed the NH emission. The threshold for
observation of NH provided the thermochemical result in the case of the
tunable uv source. For the dispersed emission experiments with the atomic
regonance lamp, the same information was obtained by considering the highest
rotational level observed. They 2btain an upper limit of 77.1 kcal/ mole.
Observations of Washida, et al.,7 make it clear that a small amount of atomic
H, if present in the discharge lamp, could give rise to a heat of formation
much too low for the resonance lamp results. It is not clear why the tunable
source results might be in error. Perhaps emission from some other species
besides NH was observed in these experiments. In any case, the
predissociation results on the NH c¢'ll state make it clear that the result of
Quinton and Simons is much too low. Washida, et al., repeated the O atom
resonance lamp experiments using a filter to block the H Lyman o line and
found that no NH (clﬂ) was formed at all. Further results using other atomic
lines led them to a value of 90.2 - 91,3 kcal/mole for the heat of formation.
This result must be considered an upper limit like all of the other
experiments in which some precursor was dissociated to yield excited NH. It
is therefore in agreement with the range suggested here. Finally, it should
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be pointed out that the agreement of results of Reed and Sneddon,62 as

reinterpretted by Piper, with the present recommendation 1s fortuitous. As
will be seen later, Reed and Sneddon's appearance potential of NHY from NH, 1s

questionable. 1In addition, the ionization potential of NH used by Piper has )
been superceded by more recent, better measurements (see later). The errors -1
in these quantities cancel in the data analysis. 3
Recent experiments of Gibson, et al.,‘a7 and of Ervin and Armentrout75 “
have yielded very precise determinations of the NH heat of formation (see N
Table 4). Both groups also calculated the NH' heat of formation prior to the
NH heat of formation. These results are considered to be the hest presently X
available. They are therefore discussed in some detaill in the next few j'
paragraphs. : @
W,
\J
As discussed in the last section, the result of Gibson, et al,, was nH
obtained by photoionization mass spectrometric experiments. Their result for '
the NH' heat of formation was 396.30.3 kcal/mole. This value was obtained by 3
combining their NH2 heat of formation with the appearance potential for the w
process H, + NHW £ H+ e which they found to be 17.440£0.005 eV. Reed and G
Sneddon® %ad previously found 17.1#0.1 eV for an NH  appearance potential in W
the same reglon by electron impact measurements on NHs. Little detail 1is '&
given concerning the latter measurement, but the precision is clearly low and
perhaps less than claimed. In addttion the process responsible for nut 3
production was assigned as NH, * Nt o+ Hy + e” . This latter process has an st
energy of about 17 .6 eV (using our best estimate of the heat of formation and S,

ionization potential of NH discussed later). Clearly, interference of these \
two processes makes interpretation difficult and the results of Reed and
Sneddon, including AH O(NH) in Table 4, should be disregarded. The latter
process cannot be of importance in Gibson, et al.'s, experiment hecause there
is no NH3 present.

The results of Ervin and Armentrout were based on kinetics measurements
for the reaction N + H, + NH' + W, There_hayve also been three previous
studies of the kinetics of this reaction.’’ 29 All have shown that the
reaction has a very small activation energy. 1In one of these,9 isotopic e
studies have clearly shown that the activation energy is entirely due to the 8!
reaction’s very slight endothermicity., The thermochemical results follow from
this fortuitous circumstance. However, there is a minor problem with the ¢
first three experiments of this type. As pointed out by Ervin and Armentrout,
the rotational energy of H, is of the order of the reaction endothermicity and )
a correction must therefore be made for it in low temperature experiments. “&
(The basic question is, what are the relative amounts of ortho and para "
hydrogen and how does the ratio affect the results?) In Refs. 98 and 99 the )
correction for the rotational energy was made simply by subtracting it from
the energy available for reaction. It is possible that not all of the
rotational energy is effective in driving the reaction, so that this is an
overcorrection. Ervin and Armentrout used three different models to estimate
the importance of the rotational energy and determine error limits for the
resulting heat of formation. It is worth noting that the other three results
for the reaction endothermicity agree with that of Ervin and Armentrout within
error limits after they are corrected for zerg point energy by simple
subtraction of the excess rotational energy. > However, their error limits
are quite small in comparison hecause possible errors in the rotational energy
correction were not considered. Therefore, the result of Ervin and Armentrout )
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was chosen as the best of this type of experiment. Their result for the nut
heat of formation was 396 .8:0.6 kcal/mole, in excellent agreement with Gibson,
et al,

Having the heat of formation from two types of experiments for NH+, the
ionization potential of NH is needed to calculate the heat of formation of NH.
Since the value recommended here relies heavily on this IP, some discussion of
the selectigg is in order. The earliest measurement of this IP was by Reed
and Sneddon in 1959. They found a value 13.1+0.05 eV by electron impact
measurements on NH,. Foner and Hudsonlo0 later (1966) performed similar
experiments and found a value 13.1%0.2 evV. Still later (1981) Foner and
Hudson performed electron impact measurements on NH produced by the
reaction of F with NH3. Their new value was 13.47+0.05 eV. They pointed out
that their earlier technique100 had some problems with the formation of NH in
the als state which led to the large error limits in the result, They also
questioned the error limits on Reed and Sneddon's result. Since the formation
of NH ala could also affect Reed and Sneddon's result, this value clearly is
not the best to use. It would appear thg; the best value to use is from the
photoionization work of Dunlavey, et al. Their result was 13.49+0.01 eV
which agrees well with the most recent result of Foner and Hudson. This value
comes from a single peak obhserved in the range 13.0 - 13.5 eV. There was no
interference from other spectra as happened for the NHq » NHS + H+ e
reaction (see previous section). 1In addition, by varying the ratio of NH and
NH, concentrations it was possible to prove that this peak is not due to NHj.
Th%s would therefore appear to be a firm result for the NH ionization
potential.

Both Gibson, et al., and Ervin and Armentrout used Dunlavey, et al.'s,
ionization potential in their thermochemical calculations. Their results for
the NH heat of formation were 85.2+0.4 and 85.8+0.6 kcal/mole, respectively.
There appears to be no reason to favor either the results of Gibson, et al.,
or of Ervin and Armentrout. Therefore, after critical evaluation of all
available measurements, the weighted averageS of these two results, 85.,4+0.3
kcal/mole, is given as the recommended value from this survey. Note that this
result 1is in good agreement with most of the recent theoretical calculatiouns
(see Table 6).

Two of the flame results for the NH heat of formation, that of Kaskan and
Nadler7 and of Fisher,” are in good agreement with the recommended value (see
Table 5). However, the results for two flames studied by Chou, Dean, and
sternl® are much too high, It is believed that the recommended value has a
strong enough basis to be used as a test of the validity of the flame results.,
Therefore, the result of Chou, Dean, and Stern appears to be in error. It is
not clear why a systematic error should be present in their results. The
burner used in their work was very similar to those used by Kaskan and Nadler
and by Fisher.* These burners used shrouded flows, that is, the premixed NHq

*Tt should be noted here that the experiments of Fisher were not independent
from those of Kaskan and coworkers. 1In fact, Fisher was strongly influenced
by these results since he was a postdoctoral associate of Kaskan, TNuring
Fisher's early tenure, Kaskan died. Fisher then carried on the research and
was sole author of Ref. B. Fisher used similar methods to those of Ref. 7.
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and 0, flowed through a central core of the burner while N, flowed around the
central core to prevent room air from entering the flow. Care was taken to
insure that turbulent mixing did not occur between the flowing gas layers.
Therefore, it appears unlikely that mixing with room air could have caused
problems. All of the raw absorption data for the individual species in R1-R3
which were measured by Chou, Dean, and Stern were provided in Ref. 10. A
cross check of their results was performed at a few points for each species.¥
No discrepancies were found with their data reduction. Possibly the best
explanation may be that measurements of the different species had to be
performed one at a time with large time intervals between each to allow for
changing of laser dyes and wavelengths. The concentrations of trace species
could be extremely sensitive to experimental conditions such as flame
temperature. If these changed somewhat between species measurements, this
might explain the discrepancy.** (In considering such possible effects, it is
worth noting that the calculation of AH% includes the term AG, = -RT ln

(K eq). At typical temperatures of the’'flames used, AG_ ~ -(4 kcal/mole)
ln%k3 ). A factor of ~2 error in the concentrations of NH or NH4 or ~1.5
error in the concentration of OH would thus produce an error of about 3 kcal/
mole in the result for AHE 0). Measurements in Refs. 7 and 8 were probably
made in a much shorter timé span than in Ref. 10 because a Xe arc lamp source
and monochromator were used for the absorption measurements. All of the
wavelengths necessary to probe the species of interest were readily available
with this system simply by tuning the monochromator.

IV. COMPARISON OF EXPERIMENTAL AND CALCULATED NH, OSCILLATOR STRENGTHS

In Refs. 7, 8, and 10 measured values are presented for oscillator
strengths of two transitions of NHy. Having, we believe, more accurate values
for the heats of formation of NH and NH, available, we proceeded to correct
the results for the new thermodynamic data. In addition, the results were
also corrected for the more accurate oscillator strengths of the relevant NH
and OH transitions currently available. The latter corrections were large for
results of Refs. 7 and 8, but small for Ref. 10 because the correct value of
the OH oscillator strength was used in Ref. 10, In Ref. 7 the equilibrium of
Rl is used, while in Refs. 8 and 10 the equilibrium of R2 is used. In Refs. 7
and 8 the transition studied was the RQO N4 in the (0,12,0)1 - (0,0,0) band.
Data of Ref. Z for the two flames which iere studied lead to values of
2.81£0.47x107" (flame 1) and 2.8£1.2x10"" (flame 2) for the oscillator
strength of this tramsition. Data of Ref. 8 leads to the value
3.80£0.85x10"*. The calculated value is 2.8420.28x10 ', in good agreement.
(Normalized linestrengths used in the calculations for the transitions
discussed in this section are given in Table 8). However, the results of Ref.
10 lead to an oscillator strength which does not agree nearl; so well with
calculated results. There, the oscillator strength for the Ql,N7 transition

*We are indebted to A.M. Dean and M.S. Chou for providing their measured
values of the ratio of peak height to integrated peak area tor each compound
studied in Ref. 10, These ratios are close to what one would expect for
optically thin conditions upon considering the linewidth of the laser used
(~0.3 cm !) and Doppler width of the transitions.

**1t should be noted that the authors of Ref. 10 do not 3%638 that
experimental conditions could have changed significantly.
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in the (0,9,0) - (0,0,0) band was measured. Results for two flames lead to

measured values for this oscillator strength of 5.3%1.6%x10" =5 (flame 1) and t
3.9+1.2x10"° (flame 3). Our calculated value is 1.964£0.20x107%. We are b
unable to explain the disagreement by about a factor of 4. However, the fact v
that there is disagreement between the NH heat of formation derived from »
results in Ref. 10 and the value recommended from the present literature 23
review suggests that the results of Ref. 10 cannot be trusted in such a o
quantitatively demanding fashion as required for the oscillator strength “‘.
comparison.* gﬁ
b
Table 8. Calculated Linestrength Factors for Selected NH, Transitions
(Normalized Properly for Absorption) N
L
Rotational Vibrational Y
Transition Band Sy~ / (2N"+1) :a
[
R, N (0,12,0)1 - (0,0,0) 0.709 0
Poy w7 (0,9,00 - (0,0,0) 0.451 w
Q[ ,N y7 s sV . ":
(0,12,0)1 - (0,0,0) Wi
RRg ! (0,10,0)ii - (0,0,0) 0.500
» v
(1,8,001 - (0,0,0) ??
W
‘
(0,12,01 - (0,0,0) ﬂq
Ry yl (0,10,001t - (0,0,0) 0.500 :}:ﬁ
’ (1,8,0)it - (0,0,0) Y
[ 4
o
No other absolute measurements of NH2 oscillator strengths are available. h?
However, two relative measurements can be derived from data in Ref. 15. 1In “F
Ref. 15, measurements of the R l and Q L transitions in three different Q&
v1brational bands show that the relatlve 1nEensit1es of these two types of 2
transitions is 1:1. Our calculated linestrengths also predict this result. gv,
Unfortunately, this is not a very stringent test. Perusal of tables in Ref. O
18 for the case of equal ground and excited state asymmetry parameters shows .:$.
that at this low value of the rotational quantum number, N, there is no 5${
variation of the ratio with asymmetry parameter (i.e., bending angle). ng
PL.
»
Xy
V. CONCLUSTONS fx‘
2
The main thrust of this work was to provide a critical comparison of !
measured NH, oscillator strengths to our calculated values. For this purpose, &:c
a critical review of the heats of formation of NH and NH, had to be performed. -
Y
N
“'-1
",
*This author does not believe that the systematic error suggested here is N
sufficiently large to change any of the qualitative interpretations of Ref. 10 -
concerning, for instance, the NH3/02 flame chemistry. ._
e
N
¢
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The review leads to recommended values (0°K) for NH and NH, of 85.4x0.3 kcal/
mole and ‘<.9+0.2 xcal/mole, respectively. These heats of formation were used
with other data f-om the literature to determine measured absolute oscillator
strengths of NH, for cwo transitions. Agreement between measured and
calculated resu%ts for one of the transitions is good, but rather poor for the
other. However, the measurements which are in poor agreement with our
calculated value also yielded an NH heat of formation in poor agreement with
that recommended from the literature survey. It is therefore suggested that
systematic errors in the measured results lead to the discrepancy in measured
and calculated oscillator strengths for this transition. One experiment has
led to relative intensities of a few rotational lines which agree with our
calculations. [Unfortunately, there are simply not enough measurements to
provide a very stringent test of our calculational method. What measurements
can be made to remedy the situation? The lifetimes of the excited vibrational
levels are now very well known. Therefore, the only questions remaining
concern the validity of the FCF and rotational linestrength calculations.
These may be checked by relative intensity measurements of vibrational bands
and rotational lines of the NH2 A-X transition. LIF experiments along these
lines are planned for the near future.
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