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Abstract  

A critical review of the heat of formation of HNO is presented. This molecule and, therefore, its 
thermodynamics parameters play crucial roles in the chemical mechanism of propellant combustion and 
NOx pollutant chemistry. It was found that predissociation experiments, which have gone largely 
unnoticed for over 15 yr, lead to a significant revision in the recommended value. The new value, 
25.6!£* kcal/mol (298 K; 26.3 kcal/mol at 0 K), is 1 to 2 kcal/mol higher than previous recommendations 
and has much narrower error limits. Heats of formation of NO, NH2OH, HNO+, and HNO" are also 
briefly examined, and recommendations are made. Finally, recommendations for future experiments and 
a brief survey of methods of production of HNO are given in the hope that these will facilitate future 
studies. 
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1. Introduction 

The HNO molecule plays crucial roles in the formation of NOx pollutants during combustion [1], 

in mechanisms describing the effects of additives used for removal of NOx from combustion exhaust 

gases [1], in the conversion of Hj/NO mixtures to final products H20 and N2 [2,3], in the so-called 

dark zone of solid rocket and gun propellants [3, 4], and in the primary flame zones of such 

propellants. Under many conditions of interest, several key reactions involving HNO may be 

significantly reversed or even partially equilibrated. Since reverse rate coefficients are typically 

calculated using thermodynamics, modeling results involving the detailed chemistry can be very 

sensitive to input thermodynamic parameters. In particular, the heat of formation of HNO is 

therefore a very important input parameter in such calculations. This paper reports a critical review 

that was recently performed on the heat of formation of HNO. In spite of the highly reactive trace 

nature of this species, it was surprisingly found possible to specify its heat of formation within 

narrow error limits. Furthermore, the recommendation is about 1 to 2 kcal/mol larger than 

recommended in two commonly used databases [5,6, 7]. 

Previous recommendations for the heat of formation of HNO [5, 6, 7] are based heavily on 

predissociation results from about 35 yr ago [8, 9]. However, a brief inspection of a more recent 

result [10] for the predissociation limit revealed a much better theoretical analysis than the earlier 

works. Also, the resulting heat of formation was significantly larger than that in the earlier works. 

Consequently, a thorough review of the literature on this heat of formation was in order. As shown 

in section 2, further spectroscopic studies on HNO and DNO isotopic effects, on kinetics of the 

recombination reaction H+NO+M - HNO+M, and ab initio calculations strongly support the 

important result that there is no barrier to the reverse reaction. The predissociation results therefore 

yield an exact equality for the HNO heat of formation rather than a lower limit as usually obtained 

from such experiments. This fact, in combination with the low error limits of the result, is presented 

as strong evidence that it is the best value currently available. The recommended heat of formation 

for HNO may be combined with photoionization mass spectrometric data on NH2OH to yield a new 

value for the heat of formation of NH2OH(g).  This and other values are reviewed, and a new 



recommendation made. In addition, the heats of formation of the species HNO+ and HNO" are 

discussed. 

The information given in the present work first appeared as part of an unrefereed report [3]. 

Since the publication of Anderson [3], a note pointing out the significance of the predissociation 

experiments [10] with regard to the HNO heat of formation has appeared [11]. However, Dixon [11] 

focuses only on the predissociation results as they relate to the HNO heat of formation. The present 

report covers all literature relevant to this important quantity. Dixon [11] points out that a better 

value for the NO heat of formation than recommended in Chase et al. [5] is available. This 

recommendation is accepted and discussed briefly. The change accounts for the slight increase in 

HNO heat of formation recommended in this work, as opposed to that in Anderson [3]. A few other 

pertinent studies that have appeared since Anderson [3] are also discussed. 

After presentation of the reviews on the heats of formation of the various species, a brief 

discussion of suggested experiments by which the heat of formation of HNO could be more precisely 

determined is presented. Then, in order to facilitate both those experiments and others on the 

kinetics of reactions involving HNO, a brief synopsis of methods found in the literature for making 

large amounts of this molecule for study is presented. Finally, after a short summary section, a 

synopsis of thermodynamics results for the species discussed herein and fits of the results to a 

functional form commonly used in chemical modeling are given in the Appendix. The fits should 

readily enable usage of the new recommendations in future calculations. 

2. Review of Experimental and Theoretical Results 
Pertaining to the Heat of Formation of HNO 

All of the results found in which the heat of formation of HNO was given or from which it could 

be derived are shown in Table 1. Quantities in parentheses, including error limits in some cases, are 

results derived in the present work.  The new results were either derived using results of the work 



Table 1. Results for the Heat of Formation of HNO 

™HfS98 (kcal/mol)^ 

Cashion and Polanyi, 1959 [12] 

Clyne and Thrush, 1962 [13] 

DixonetaL, 1981 [10] 

Clement and Ramsay, 1961 [8] 
Bancroft, Hollas, and Ramsey, 
1962 [9] 

Holmes, 1962[14] 

Kutina, Goodman, and Berkowitz, 
1982 [15] 

Adams et al., 1989 [16] 

Bruna and Marian, 1979 [17] 

Nomura and Iwata, 1979 [18] 

Adams et al., 1981 [19] 

Walch and Rohlfmg, 1989 [20] 

Pauzatetal., 1993 [21] 

Diauetal., 1995 [2] 

Lee and Dateo, 1995 [22] 

Guadagnini, Schatz, and Walch, 
1995 [23] 

JANAF, 1977 [5] 

Glushko et al., 1978 [7] 

This work 

Threshold of A-X Emission 

Predissociation of HNO 

Kinetics of H+NO+M 

Kinetics of HI+NO - HNO+I 

Predissociation of HNO 

AP (NH2OH - HNO++H2+e) 

Proton Affinity of NO 

Recent Theoretical 

MRD/CI 

-26.4 

*23.8 (±1.4) 

-23.8 (±1.4) 

25.3±0.4 (*24.6±~3) 

25.6±0.03 

(21.4±2.8) 

(25.8±1.0) 

SCF/CI 

4 MBPT methods 

CASSCF/CCI 8e\ lOe" 

CASSCF/CI 

BAC/MP4 

CCSD(T) 

CASSCF/ICCI 

Recommendations 

26.1 

26.3 

26.4-28.0 

26.8,28.2 

32.3 

23.4 

26.0±0.8 

28.0 

23.8b (±2.5) 

24.4±0.7 (±2.5) 

25.6!°o1 

1 Quantities indicated in parentheses were derived in the present work. 

' More recent updates to this database (prior to Anderson [3]) also recommend this older result [6]. 



cited or the old results were re-evaluated. Re-evaluation may involve use of more recent ancillary 

data or correction of minor errors in the earlier analyses. 

The earliest source of the heat of formation of HNO is from measurement by Cashion and 

Polanyi [12] of the threshold of A'A'-X'A' system emission from the reaction of H with NO. 

Although that result agrees very well with the present recommendation, it must be recognized that 

this determination was much more approximate. Cashion and Polanyi did not establish the cutoff 

of emission. They thought that with increased sensitivity, higher energy transitions might be 

observed, yielding a larger dissociation energy than the approximate one they recommended.* 

Shortly after Cashion and Polanyi's work, Clement and Ramsay [8] and Bancroft, Hollas, and 

Ramsay [9] performed further A-X emission and absorption studies on HNO. The studies yielded 

a more precise determination of D0 than provided in Cashion and Polanyi [12], based upon proof that 

the excited state was predissociating to H+NO along the ground-state asymptote. An upper limit to 

the value of D0 was established by observation of the breakoff points within the coarse rotational K1 

structure of the molecule. The breakoff points were noted by presence or absence of entire K' 

subbands within two upper state vibrational levels for HNO and one upper state vibrational level for 

DNO.+ From examination of spacing between the K' rotational sublevels involved, it is noted the 

error limits** in the D0 determined for HNO must be about 500 cm"1, or 1.4 kcal/mol. Shortly after 

Clement and Ramsay's [8] publication, Clyne and Thrush [13] pointed out the very important fact 

that their kinetic studies on H+NO+M - HNO+M indicated this reaction has a small, negative 

activation energy. This means the H+NO recombination has little or no barrier, as one would expect, 

since both species are open-shell. Thus, the predissociation experiments do not just establish a lower 

bound for the heat of formation of HNO (upper bound for the dissociation energy); the result may 

In the present work, when dissociation or D0 are discussed in reference to HNO, the terms always refer to breaking 
the H-NO bond, not the much stronger HN-O bond.) 

t HNO is a near symmetric rotor molecule. K' refers to coarsely spaced rotational levels, and J' to more finely spaced 
rotational levels within the K' levels, in the upper electronic state. Subbands, corresponding to the different K\ form 
within the overall vibrational bands due to the finer rotational J' structure. 

** Not mentioned in Clement and Ramsay [8] or Bancroft, Hollas, and Ramsay [9]. 

4 



be regarded as an equality. There is much more information establishing lack of any barrier to the 

recombination reaction, but further discussion of this issue is deferred until later. 

Over 15 yr ago, Dixon et al. [10] presented an important reexamination of the A state 

predissociation, studied via laser induced fluorescence \UF] experiments. As previously mentioned, 

this work has surprisingly gone largely unnoticed in the kinetics and thermodynamics communities. 

This and later related works on both HNO and DNO by Dixon and Rosser [24,25], Dixon et al. [26], 

and Petersen [27] include measurement and assignment of the breakoff points of fluorescence vs. 

the rotational J' quantum number (finer rotational structure) for a large number of the more coarsely 

spaced vibrational-K' subbands of the molecule. Dixon et al. [10] contains an innovative theoretical 

analysis of the variation of the centrifugal barrier for rotational quanta K', J1 and the vibrational levels 

involved for a triatomic molecule. Perhaps even a crude variant of such a centrifugal barrier theory 

was not available in the early 1960s, or perhaps there were not a large enough number of data on 

breakoff points of the rotational fine structure within the upper state vibrational levels to permit 

correction for centrifugal effects. In any case, such a theory was not applied in the earlier work of 

Clement and Ramsay [8] and Bancroft, Hollas, and Ramsay [9]. The application of a correction for 

centrifugal barrier and associated extrapolation to the rotationless condition by Dixon et al. [10] 

must, in principle, yield much higher accuracy for the dissociation energy than in the earlier work. 

The correction for centrifugal barrier explains the somewhat smaller D0 reported by Dixon et al. [10] 

corresponding to the increased heat of formation vs. Clement and Ramsay [8]; Bancroft, Hollas, and 

Ramsay [9]; Clyne and Thrush [13] (see Table 1). The Dixon et al. [10] result also has a much 

higher precision than the earlier works for two reasons. First, a much larger number of excited state 

vibrational-K' levels was used in the later work. Second, and more important, the later work utilized 

breakoff points in the J' fine structure whose energies are much more closely spaced than those of 

the K' structure utilized in the earlier work. It is the present recommendation that the previously 

mentioned heat of formation derived from results of Dixon et al. [10] is therefore clearly the most 

accurate and precise value currently available. The assignment of error limits is discussed later. 

Before leaving the issue of HNO predissociation, an important point should be mentioned. Since 

Clement and Ramsay's pioneering work in 1961, several works [28, 29, 30] have appeared 



concerning the mechanism of the predissociation. Some of these involved alternative suggestions 

to the final conclusion regarding the mechanism, but it is now firmly established by the most recent 

theoretical work [30] and the more recent isotopic studies [24] that the predissociation is induced 

by rotational-electronic coupling. This explains the paradoxical result that a few isolated lines of 

small upper state J values (corresponding to weak coupling) that have energies above the 

predissociation limit are observed in emission. This effect might, at first, seem confusing in regard 

to the assignment of the proper limit. However, the origin of these lines is now very well 

understood. 

As stated earlier, Dixon [11] has recently independently pointed out the long-overlooked 

significance of his group's predissociation studies on HNO. Dixon cites information [31] on the heat 

of formation of NO from spectroscopic studies (apparently missed in Chase et al. [5]), claiming it 

is more accurate than the data upon which the recommendation [5] is based. Glushko et al. [7] is 

in agreement In Chase et al. [5], the heat of formation of NO is given as 21.6±0.04 kcal/mol (298 

K), based upon calorimetry data. Dingle et al. [31] documents a predissociation study on the NO 

mciecule. The dissociation energy, D0, was found from study of emission in the C*II-A2E+ system 

to be 52400110 cm"1. Strong corroboration for this result may be found in Callear and Pilling [32, 

33] and Kley [34]. This D0 corresponds to a heat of formation (298 K) of 21.82±0.04 kcal/mol 

(utilizing data on N and O atoms and H°-H°(Tr) functions from Chase et al. [5]; note, these data 

agree extremely well with the recommendations of Glushko et al. [7]). In predissociation 

experiments, the starting and final energies of the molecule are well defined by the spectroscopic 

analysis, especially in the present case of a simple diatomic; the internal energies of the product 

atoms are also well defined. Although one must always be concerned that there might be a small 

potential barrier to the predissociation, in the present case, the resulting heat of formation is larger 

than the calorimetry result. Predissociation experiments in which the starting molecule's heat of 

formation is determined always yield a firm lower limit to the heat of formation.* These results must 

Conversely, an upper limit results if a product's heat of formation is determined. This argument also applies to the 
centrifugal barrier, a subject not mentioned in the previous works relating to NO. However, the predissociation takes 
place at low J values, between J - 3 and 4, and in v - 0 of the C state. An estimate of the maximum centrifugal barrier 
possible for these levels was made, indicating that it is just below the threshold of significance to the recommendation. 
Should future studies involving predissociation result in significant reduction of the error limits, this effect might 
require further consideration. 



therefore be regarded as strong evidence that the slightly smaller result from calorimetry experiments 

is too low. The recommendation of the predissociation results in computing the heat of formation 

of NO by Glushko et al. [7] and Dixon [11] is therefore accepted. This new ancillary datum has been 

utilized in the present work, thus accounting for minor changes in results for HNO and related 

species vs. Anderson [3]. 

Upon careful scrutiny, it was found that most of the other works cited in Table 1 agree with the 

recommendation. These are discussed in the following paragraphs. 

The result of Holmes [14] was based upon measurements of the activation energy for the 

endothermic reaction HI+NO - HNO+I and an assumption that the reverse reaction is barrierless. 

Because the reverse reaction actually could have a barrier, the resulting heat of formation must be 

regarded as an upper limit. The present re-evaluation of the heat of formation, result given in 

Table 1, took into account more recent values of the heats of formation of the other species [5]. The 

error limit in the activation energy given by Holmes is only 0.4 kcal/mol, implying fairly narrow 

error limits in the heat of formation. This result would therefore appear not to support the 

recommended value. However, Holmes' paper is extremely short and sketchy regarding exactly 

what was done in the measurements and analysis. Additionally, the experiments were only 

performed over a modest range in 1/T. Finally, there is no corroborative kinetics evidence on this 

reaction from other laboratories. It is well-known practice to require such evidence in critical 

evaluation of kinetics results before acceptance of such narrow error limits, particularly for Ea values 

in cases involving short temperature ranges. The reason is that, frequently, in kinetics studies of 

elementary reactions, it is altogether too common to observe reported differences in rate coefficients 

from different, good groups that are well outside the combined error limits. A large number of 

effects (e.g., impurities) can account for systematic variations. Consequently, because of the sketchy 

nature of the documentation and the lack of support from other laboratories regarding the rate 

coefficient, this result is not at all convincing evidence that the predissociation results are in error. 

Estimated error limits of ~3 kcal/mol are assigned for the resulting heat of formation. 



Results of either Kutina, Goodman, and Berkowitz [15] or of Adams et al. [16] can be combined 

with other data to yield the heat of formation of the HNO+ ion (see later). These results were 

combined with the ionization potential of HNO, 10.18±0.01 eV, to yield the resulting HNO heats 

of formation given in the table. This ionization potential was first obtained by Baker et al. [35]. A 

strongly supportive result, identical in both magnitude and error limits after rounding to the same 

number of significant digits, was obtained by a different method in the recent work of Kuo et al. 

[36].* As added support, one notes Baker et al. [35] also measured the ionization potential of DNO, 

obtaining 10.20±0.01 eV. A much earlier measurement of this quantity, 10.29±0.14 eV, was 

obtained by Kohout and Lampe [38]. This result agrees well with Baker et al. [35] considering the 

wider error limits. 

Adams et al. [16] presented a measurement of the proton affinity of NO, 127±1 kcal/mol at 

300 K. In the present work, the heat of formation of HNO+ was obtained from this proton affinity 

using the heat of formation of NO discussed previously and the heat of formation of H+ from Chase 

et al. [5]. Conversion of the result to 0 K was accomplished using H°-H°(Tr) functions for the 

reference elements from the JANAF tables [5] and equations from the introductory material for 

H°-H°(Tr) in Chase et al. [5] to determine this function for HNO+. Ab initio calculations of the 

vibrational frequencies of HNO* from Bruna and Marian [39] were used in the latter calculation. 

These frequencies were first multiplied by 0.9, an average correction found necessary [40] to get 

good agreement between such ab initio results and experiments in cases in which, unlike this one, 

measurements exist. Note the thermodynamic results are not very sensitive to the choice of this 

factor/  The resulting HNO* heat of formation, combined with the aforementioned ionization 

In support of their result, Kuo et al. [36] derived two values for the heat of formation of HNO* utilizing data on the 
exothermicities of two ion-molecule reactions, which they claim were measured by Burt et al. [37]. They then 
compared these to results obtained utilizing their measured ionization potential as one input datum. However, the 
energies of those reactions were apparently not measured by Burt et al. [37] as Kuo et al. [36] thought. Instead, the 
rate coefficients of the two pertinent reactions were obtained by a flow technique. In fact, the energetics of such 
exothermic reactions probably cannot be determined via kinetics experiments. The reaction energies quoted in Kuo 
et al. [36] were given in Table 1 of Burt et al. [37] with no comment regarding their source, and with no error limits. 
Consequently, little meaning can be assigned to those comparisons. 

t It is to be emphasized that it was realized a serious error can be made for ions if the proper handling of the separated 
electron is not considered in converting temperatures. Since, by the convention used in Chase et al. [5] the 
H°-H°(Tr) functions for H* include the heat absorbed by the separated electron, (5/2)RT, this term must also be 
included in the similar function determined for HNO*. 

8 



potential [35,36], yields the heat of formation for HNO given in Table 1. The result is in excellent 

agreement with the present recommendation. 

The heat of formation given for HNO+ by Kutina, Goodman, and Berkowitz [15], 

256.8±1.4 kcal/mol (0 K), leads to an HNO heat of formation much lower than that recommended 

(see Table 1).* Kutina, Goodman, and Berkowitz [15] obtained the ion's heat of formation by 

combining their measurement of the appearance potential for the reaction NH2OH - HNO++H24e~, 

11.56±0.06 eV, with the heat of formation of NH2OH, -9.738 kcal/mol (0 K), derived by the authors 

from calorimetry data in a manner analogous to that used in Glushko et al. [7]. Now, it immediately 

occurs that the products could be internally excited, thus leading to a systematic error. However, 

upon further consideration, one finds this would lead to an erroneously large appearance potential, 

hence, too large a value for the heat of formation of HNO. In contrast, the result of the work [15] 

is much too low. As discussed previously, the analysis of Dixon et al. [10] is very convincing.1 It 

is in reasonable agreement with most of the other results. The result given in the table derived from 

Kutina, Goodman, and Berkowitz's [15] appearance potential is therefore clearly incorrect. 

However, their measurement and analysis of this appearance potential seems straightforward and 

convincing, especially since there are no apparent spectral interferences. The ionization potential 

from Baker et al. [35] and Kuo et al. [36] is also convincing, particularly since, as mentioned 

previously, its use in combination with the NO proton affinity leads to an HNO heat of formation 

in good agreement with most of the other results (see Table 1). The currently accepted heat of 

formation of NH2OH(g), the other datum used in this approach to calculate the HNO heat of 

formation, is therefore drawn into question." A brief review has shown that all prior measured or 

calculated values of this quantity have fairly large error limits. It is probably best, therefore, to 

regard the heat of formation of NH2OH, rather than HNO, as the quantity to be determined in 

combining these appearance and ionization potential data. This subject is discussed later. 

In deriving the associated error limit in the table, the error in heat of formation of NH2OH was also considered. This 
error was taken from Glushko et al. [7]. 

t The reader is reminded that this result must be regarded as yielding a firm lower limit to the heat of formation of 
HNO, even if one does not accept the notion that there is no barrier to the recombination reaction H+NO. 

" It should be noted that J. Berkowitz [41] agrees with this conclusion. 



The recommended value of the HNO heat of formation is, reassuringly, in reasonable agreement 

with most of the recent theoretical results (see Table 1). It is believed the most accurate methods 

were used by Adams et al. [19], Walch and Rohlfing [20], Lee and Dateo [22], and Guadagnini, 

Schatz, and Walch [23]. Results from such methods are generally within about 2-3 kcal/mol of the 

best experimental results for closed-shell species. The results from these sources are thus in 

reasonable agreement with the recommendation. Lee and Dateo, in particular, claim smaller error 

limits for their result than usual for ab initio work. This claim of high precision may result because 

they focused efforts primarily upon the HNO heat of formation (not all the ab initio studies did), 

because they used more than one calculational technique and achieved good agreement between 

results, and/or because the calculational methods have been tested against experiment for a wide 

variety of molecules (see the discussion in Lee and Dateo [22]). In any case, their result is in 

excellent agreement with the present recommendation based upon experiment. 

Turning now to the prior recommendations, both are significantly smaller than the present 

recommendation. The JANAF recommendation [5,6], which is used in the Sandia thermodynamics 

database [42], is from the older predissociation result [8,9] combined with the kinetic observations 

of Clyne and Thrush [13], which indicate that there is no barrier to the recombination. As should 

now be abundantly clear, this should be replaced with the newer result of Dixon et al. [10] because 

of the latter's investigation of the breakoff points in the closely spaced J' structure and the 

compelling analysis thereof. The recommendation from Glushko et al. [7] was obtained by 

averaging the old predissociation result [8,9,13] with the result of Holmes [14]. It should be noted 

that the error limits suggested by Glushko et al. [7] seem altogether too optimistic. It would seem 

that reasonable error limits for both of the values being averaged should be about 1.4-3 kcal/mol. 

It is thus seen that the small error limit is likely the result of a coincidental close agreement in the 

two results being averaged; a more reasonable error limit for their recommendation would be about 

2-3 kcal/mol. Thus, when consideration is given to the sources of the earlier recommendations and 

the appropriate associated error limits, they are seen to be in reasonable agreement with the present, 

more precise, recommendation. 

10 



As promised earlier, a discussion of work supporting the notion that the recombination reaction 

H+NO+M - HNO+M is barrierless is now given. The discussion was saved until this point because 

it leads naturally into a defense of the error limits given herein for the recommended HNO heat of 

formation. There are several facts from different types of studies leading to this important 

conclusion: (1) kinetics experiments on the recombination reaction; (2) results from some of the 

ab initio studies, and (3) consideration of isotopic substitution effects on the predissociation results. 

These and the recommended error limits are considered in the next few paragraphs. 

There are kinetics studies by two groups, Clyne and Thrush [13] and Atkinson and Cvetanovic 

[43] and Oka, Singleton, and Cvetanovic [44], wherein the temperature dependence of the 

recombination reaction H+NO+M - HNO+M has been studied so that an effective activation energy 

can be inferred. In the case of the Cvetanovic group, the more recent study [44] is taken as the final 

result. The two sets of experiments cover the region from 231 < T < 704 K for M - Hj. The 

agreement between results in the region of overlap, 298 K< T < 477 K, is excellent. Furthermore, 

when data of either study is fitted to the form k - A exp(-E/RT), the resulting activation energy is 

about -0.65 kcal/mol [44]. Now, in a case where a reaction exhibits a negative activation energy, 

the corresponding rotationless reaction barrier must be nearly zero. However, though it seems 

improbable, the possibility of a slight barrier, say a few tenths of a kcal/mol, cannot be entirely ruled 

out on the basis of experiment This is the case because the fitted activation energy arises from the 

difference between average energy of reacting complexes at the transition state minus average energy 

of reactants [45]. If the reacting complexes are internally cold, the distribution of internal energies 

vs. temperature can vary in such a way as to produce, for example, a negative activation energy in 

the fitted results, as observed often for radical-radical recombination reactions, such as H+NO. 

Typically, this means the barrier to reaction is nearly zero. Indeed, the barrier must be small, but 

there is no obvious reason it has to be exactly zero. 

The theoretical results of Adams et al. [19] indicate a barrier of about 0.6 kcal/mol exists at 

4.0 Ä H-N distance in the H-NO dissociation channel.* Calculations of Walch and Rohlfmg [20] 

* The other geometric parameters were properly allowed to reoptimize during the dissociation in those calculations. 

11 



and Guadagnini, Schatz, and Walch [23], which in principle should be more accurate, indicate there 

is no barrier at all. In addition, those workers feel intuitively there should be no long range attractive 

interactions in the potential. However, their actual calculations, unfortunately, extended only to 2.6 

Ä. Therefore, it is deemed prudent to consider that the 0.6-kcal/mol barrier may actually exist and 

use this notion in determination of error limits. 

As pointed out by Dixon and Rosser [24], the observed difference in dissociation energies of 

HNO and DNO determined from the breakoff points in the rotational branch structure is, within error 

limits, identically equal to the difference in HNO and DNO zero-point energies. This would not be 

possible if there is a very significant barrier in the dissociation channel because the difference in H 

or D atom vibrational motion would contribute an additional difference to the respective dissociation 

energies. Using simple harmonic oscillator calculations and equations in Dixon and Rosser [24], 

one can show, however, that a barrier of only a few tenths of a kcal/mol still cannot be ruled out, 

particularly if the exit channel is very broad. 

The preceding ideas lead to a discussion of the error limits in the recommended heat of 

formation. A notion of how much the predissociation model of Dixon and Rosser [24] affects the 

extrapolation to zero rotation can be obtained by comparing their results for DNO with the similar 

results of Petersen [27]. Petersen performed the extrapolation, as is often done, by the simple 

expedient of fitting a straight line to the typical plot of rotational energies at the breakoff points vs. 

J(J+1) for the various upper state vibronic sublevels and extending it to J-0. This procedure leads 

to a dissociation energy that is ~0.1 kcal/mol smaller than that of Dixon and Rosser [24], whose 

more theoretically correct approach results in a line with upwards curvature. This difference is 

considered a conservative estimate of the systematic error, which could be induced by an error in the 

model of centrifugal barrier effects; it is used as the lower error limit of the present heat of formation 

recommendation. If the aforementioned concern about a possible slight barrier in the H-NO 

dissociation channel can eventually be alleviated, then the upper error limit would also become 

0.1 kcal/mol. This upper error limit would result because it is just barely conceivable that the 

predissociation is taking place, albeit slowly, at the last observed emitting J1 level in each vibrational- 

K' subband. In fact, lifetime measurements performed on the (1,0,0) K'-4 vibronic sublevel show 
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that for the last observed emission, at J'-l 1, the fluorescence lifetime is significantly shorter than 

for lower levels [26], evidently due to predissociation. However, a more conservative estimate is 

recommended for the upper error limit for the present. This is obtained using the calculated barrier 

of Adams et al. [19] in the ground-state exit channel for the predissociation. This 0.6-kcal/mol 

barrier is large enough that it completely overshadows the possible error due to uncertainty in 

threshold J level. The final recommended value is thus 25.6!ftj kcal/mole (298 K). It is to be 

emphasized that these error limits seem conservative. 

In regard to two other species closely related to HNO, it should be noted that the positive and 

negative HNO ion heats may be easily derived from the HNO heat of formation and ancillary data. 

As previously mentioned, for the positive ion, the heat of formation was obtained using the 

NO proton affinity from Adams et al. [16] (just prior to determination of the heat of formation of 

HNO). The result thus obtained for the ion was 261.2±1.0 kcal/mol (0 K). Alternatively, one may 

obtain results with higher precision by using the heat of formation of HNO recommended herein as 

an input parameter. This value, when combined with the ionization potential [35, 36], yields 

261.1 ±0.6 kcal/mol (0 K), in excellent agreement with the previous result obtained using the proton 

affinity measurement. The weighted average [46] of these two experimental results, 

261.1 ±0.5 kcal/mol (0 K), is the final recommendation of this study. The recommendation is in 

excellent agreement with the MRD-CI ab initio result, 260.7±2 kcal/mol, from Bruna and 

Marian [39]. Turning now to the negative ion, one obtains its heat of formation by combining the 

heat of formation of the neutral molecule with the electron affinity, 0.338±0.015 eV, measured by 

Ellis and Ellison [47]. The result is 18.5±0.7 kcal/mol (0 K). 

As mentioned earlier, a brief review of the heat of formation of NH2OH(g) was also performed. 

As discussed by Glushko et al. [7], and later similarly by Kutina, Goodman, and Berkowitz [15], this 

quantity can be derived from calorimetry measurements on the heat of solution of hydroxylamine 

and the enthalpy of its reactions with a number of species in solution (see Glushko et al. [7] 

regarding these works), coupled with sublimation data on hydroxylamine from Back and Betts [48]. 

Using these data, Glushko et al. [7] recommend -9.6±2.4 kcal/mol for the heat of formation of 

NH2OH(g) (0 K; -12.0±2.4 kcal/mol at 298 K).   Alternatively, by combining the appearance 
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potential for NH2OH - HNC^+Hz+e" [15] together with the heat of formation of HNO recommended 

in the present work and the HNO ionization potential [35,36], one finds the value -5.5±1.5 kcal/mol 

for the heat of formation of NH2OH(g) at 0 K (-7.9±1.5 kcal/mol at 298 K). Two theoretical 

calculations of this quantity were found [49-53]. Wiberg's study [49] included a calculation of the 

bond energy D0(NH2-OH) using the Pople Gl method. This bond energy may be combined with 

heats of formation of NH2 [54] and OH [5] to yield the heat of formation of NH2OH. The result is 

-8.2 kcal/mol at 0 K (-10.6 kcal/mol at 298 K). Sana et al. [50,51]; Leroy, Sana, and Wilante [52]; 

and Sana and Leroy [53] used four similar MP4 methods to calculate the heat of formation of 

NH2OH and a number of other compounds, all yielding comparable results. The value from the most 

recent of these works [53], -11.7 kcal/mol (298 K), is taken as the final result of that group. The 

ab initio calculations seem to better support the calorimetric than the spectroscopic measurement. 

However, error limits for the ab initio results are estimated to be about 3 kcal/mol; thus, error limits 

in the ab initio results overlap those of the spectroscopic, as well as the calorimetric result No 

apparent reason could be found to favor any of these four techniques. Therefore, the weighted 

average [46], -9.6±2.2 kcal/mol at 298 K, is the recommendation of the present study. Clearly 

further work on this quantity is warranted. 

3. Recommendations for Future Work 

In this section, a brief description is given of possible experiments that could be performed to 

increase the precision in the heat of formation of HNO. Similar experiments might also be 

performed on NH, and possibly any other troublesome radical with a predissociation available for 

study. 

The main feature of the predissociation phenomenon that makes it very attractive for 

thermodynamic determinations is that both the initial and final states of the probed molecule are 

picked out at very precisely known energies. This is clearly not the case for a broadband absorption 

where the spread in initial energies severely complicates data analysis. The remaining difficulty with 

the predissociation approach is that the energies of the fragments are not precisely known. However, 
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it is quite conceivable that these energies could be measured. In the case of HNO, one possibility 

is to perform a pump-probe experiment with an LIF probe beam interrogating the NO fragment An 

experiment along these lines has been attempted by Dixon [55] without success, due to the presence 

of background NO in the sample cell. Of course, the ultimate in sophistication would be to use a 

molecular beam (but not supersonic because high J levels are required) intersected by a pump laser 

beam, pulsed to yield time resolution, and a second LIF probe for NO located some distance away. 

This experiment would directly yield the full gamut of information on translational, rotational, and 

vibrational energy of the products. An alternative is to use a probe of the H atom to measure the 

product translational energy and attempt to infer the NO internal energy from modeling of the 

photodissociation, which may be possible for this small molecule, and/or from measurements of the 

spread in H atom velocities.* 

It would appear that these ideas have more universal application than just to the HNO molecule. 

As another example, consider the NH radical. It is well known that the c'll state of this radical 

predissociates [57]. Thus, pumping of a suitable transition in the c'II-a'A electronic system would 

lead to formation of H and N atoms, which could be detected by any of a number of methods to yield 

the translational energy of the products. The result would be fairly straightforward to analyze. The 

major difficulty might be in preparation of the a'A state molecules. This, however, can be done by 

photolysis of HN3 [58, 59]. The heats of formation of both NH and HNO are so important in 

combustion models that the expenditure of effort seems warranted. Design of an experiment should 

take into account, though, that unless it appears that the resolution is sufficient to result in a precision 

of better than ~1 kcal/mol, there seems little point to pursue it for either of these species solely to 

obtain thermodynamic information. Their heats of formation are already known within such limits. 

To facilitate studies on the thermodynamics and kinetics of HNO, a brief survey of techniques 

for production of the molecule, which is not purported to be exhaustive, is now given. At least five 

methods have been used, with a variety of simple modifications, to make HNO in sufficient quantity 

for spectroscopic study. The first, and probably most commonly used, especially in the earliest 

The latter idea arose in conversations between the author and Wittig [56]. 
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studies, is the simple recombination of H atoms with NO; that is, H+NO+M - HNO+M. It seems 

likely this reaction is what was occurring in the pioneering spectroscopic study of Dalby [60], who 

photolyzed a mixture of NH3/NO and obtained sufficient absorption in the A-X system to study the 

rotational structure in detail. The H atoms can be obtained from a variety of sources. The second 

technique (also mentioned by Dalby) is photolysis of a suitable precursor. Dalby mentions several 

nitro or nitrite molecules he used and states nitromethane produced the strongest signal. 

Unfortunately, it is impossible, at present, to be sure whether the HNO is a direct photolytic product 

of even the nitrites. In fact, it probably is not the main product [61]. Note that all of Dalb^s 

experiments were performed on a time scale sufficient for many reactions to occur. A third 

technique, pioneered by Yamada et al. [62, 63] and utilized more recently by Kuo et al. [36], is 

through the production of O atoms (in their case, either by discharge of 02 or by reaction of N atoms 

with NO) followed by their reaction with a mixture of olefins and NO. Yamada et al. [62,63] and 

Kuo et al. [36] attribute production of HNO to O+olefin - HCO+alkyl radical, followed by 

HCO+NO - HNO+CO. Although the latter reaction is known to be very fast, and the former likely 

has an appreciable rate at room temperature [64], there is clearly some doubt as to whether HCO is 

the main direct product of the former. The overall rate of O+olefin is quite fast [64], but the product 

distribution apparently is not well established. The actual HNO production mechanism could well 

involve formation of other products that are converted to HCO or, perhaps, even an entirely different 

route. The uncertainty in the mechanism could make tuning of conditions difficult. One notes the 

S/N ratio in Yamada's [62,63] results was not high, suggesting the HNO concentration was also not 

high. However, the method clearly has some merit. A fourth technique, discovered by Sanders et 

al. [65], is through the very fast reaction of CH30 (formed in their case by photolysis of CH3ONO) 

with NO. The S/N ratio achieved in that work was very high for UF experiments on HNO at the 

time and remains amongst the highest known (see figures in Sanders et al. [65]). Finally, the fifth 

method is via pyrolysis of the adduct of HNO with 9,10 dimethyanthracene. This method has 

produced very high concentrations. It was pioneered by Kirby and Sweeny [66] and Corrie et al. [67] 

and has been used extensively by the Ottawa and Bristol groups (e.g. [10,24-27]). 

A major difficulty of all these HNO preparation techniques is that most involve fairly large 

concentrations of other species.    These would likely interfere with dynamical studies of 
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predissociation or kinetic studies because of secondary collisions or reactions. What needs to be 

developed is a method for photolytic production using a thermally stable precursor. One possibility 

is infrared multiphoton photolysis of a nitrite (e.g. C2H5ONO).* The 9,10 dimethylanthracene 

compound mentioned in the preceding paragraph might be an even more likely multiphoton 

photolysis precursor, if it has a significant partial pressure, because it has already been shown to 

yield HNO upon thermal excitation. 

4. Summary 

A critical review of the heat of formation of HNO has been completed. The new 

recommendation is significantly larger than previous recommendations and the error limits are much 

smaller. This outcome is primarily due to the discovery of the most recent results from 

predissociation experiments and ancillary works on the molecule, which indicate that the back 

reaction has nearly zero barrier. The most recent predissociation results have gone largely unnoticed 

for over 15 yr. Heats of formation of NO, NH2OH, HNO+, and HNO" were also briefly examined, 

and recommendations were made. To facilitate usage of these new results in future calculations, 

synopsis tables of the newly recommended heats of formation, thermodynamic parameters needed 

for detailed chemical modeling, and fitted constants to the functional form recommended in the 

NASA-Lewis studies [68-70] are given for the neutral species in the Appendix. Finally, 

recommendations for future experiments and a brief survey of methods of production of HNO are 

given. 

QH5ONO is suggested rather than the simpler CH3ONO because it seems probable there is a smaller energetic barrier 
to HNO elimination for the former, due to the possibility of a five-center transition state. 
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In the Appendix, a synopsis of the results is given in three tables. In Table A-l, the final 

recommendations for heats of formation of the five species mentioned in the text are reiterated. In 

Table A-2, a synopsis of the thermodynamic data needed for chemical modeling calculations for 

three of these species is given. These include the heats of formation at 298, entropy, S°, at 298, and 

Cp(T), the temperature dependent heat capacity function. Data for the S ° and Cp(T) functions were 

obtained for HNO and NO from Chase et al.1 and for NH2OH from Glushko et al.2 (Data on Sc and 

Cp(T) functions were not readily available for the other two species.) Fits of the results in Table A-2 

to the 14-parameter expression recommended by the NASA-Lewis group3 are given in Table A-3. 

This 14-parameter expression is of the older type used by that group. The older type expression is 

used in many computer codes, such as CHEMKIN-based codes. For explanation of the various 

constants and their arrangement in the table, see Gordon and McBride3. The fits were performed 

using the THERMFIT computer code of Ritter.4 It should be noted that the latter code divides 

regions of applicability of the constants at a point other than 1,000 K, as common in many earlier 

fitting approaches. The temperature (K) at the point dividing the two regions is the last number in 

the first line for each species. Users should take caution that their codes do not assume this 

temperature to be 1,000 K. 

1 Chase, Jr., M. W., Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A. McDonald, and A. N. Syverud. "JANAF 
Thermochemical Tables Third Edition." Journal of Physical and Chemical Reference Data, vol. 14, suppl. no. 1, 
1985. 

Glushko, V. P., L. V. Gurvich, G. A. Bergman, G. A. Khachkuruzov, V. A. Medvedev, I. V. Veyts, and 
V. S. Yungman. Thermodynamic Properties of Individual Substances, 4th edition, vol. 1, parts 1 and 2, Hemisphere, 
NY, 1989. 

Gordon, S., and B. J. McBride. "Computer Program for Calculation of Complex Chemical Equilibrium Compositions, 
Rocket Performance, Incident and Reflected Shocks, and Chapman-Jouguet Detonations." NASA-SP-273, NASA 
Lewis Research Center, Cleveland, OH, March 1976. 

4 Ritter, E. R. "THERM: A Computer Code for Estimating Thermodynamic Properties for Species Important to 
Combustion and Reaction Modeling." Journal of Chemical Information and Computer Sciences, vol. 31, p. 400, 
1991. 
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Table A-l. Recommended Heats of Formation From the Present Study 

1        Species AH°0 

(kcal/mol) 
AHW9g 

(kcal/mol) 

HNO 26.3!°0;t 25.6!™ 

NO 21.7010.04 21.8210.04 

NH20 -7.211.5 -9.611.5 

HNO+ 261.1±0.6 260.410.6 

HNO- 18.5±0.7 — 

Table A-2. Thermodynamic Data for HNO, NO, and NH2OH 

1 Species AHfi298 
oo 
°298 cP 

(300) 
cP 

(400) 
cP 

(500) 
cP 

(600) 
cP 

(800) 
cP 

(1,000) 
cP 

(1,500) 

[~HNO 25.60 52.75 8.29 8.79 9.34 9.87 10.77 11.45 12.51 

1    NO 21.82 50.37 7.13 7.16 7.29 7.47 7.83 8.12 8.55 

|NH2OH -9.60 56.45 11.14 12.81 14.26 15.48 17.47 19.11 22.12 

Table A-3. NASA-Lewis Fitted Parameters for Thermodynamic Data of HNO, NO, and 
NH,OHa 

HNO WRA4/11/97H   IN 
4.10879877E+00 2 . 44877874E-03- 
1.13279874E.+ 04 1. 98856114E+00 
-1.75172122E-09 4 . 65057041E-13 
NO WRA4/11/97N   10 
3.32489811E+00 1.01455800E-03' 
9.91755482E+03 6.05812181E+00 
3.48038232E-11 2.96159355E-15 

NH20H        WRA4/23/97H   3N 
5.19648293E+00 6.57454909E-03- 
-7.12289663E+03-3.98850915E+00 
3.33532343E-09-6.23855863E-13- 

a 

10   1 
•6.436049 
3.384621 
1.176057 

1    0 
-2.994403 
3.197609 
9.977879 

10   1 
-2.255405 
2.431658 
-6.058860 

0G 
12E-07 
54E+00 
91E+04 

OG 
28E-07 
51E+00 
61E+03 

OG 
88E-06 
06E+00 
49E+03 

Data are in an 80-column format, suitable for input to user computer 

300.000  5000.000 1514.000 01 
.31599572E-10-7.66040844E-15 2 
.38366435E-03 1.28311921E-06 3 
.51018773E+00 4 
300.000  5000.000 1410.000 01 
.95649227E-11-1.93954545E-15 2 
.19985320E-03-3.69858069E-07 3 
.78947372E+00 4 
300.000     5000.000   1386.000 01 

.50698747E-10-2.03635960E-14 2 

.28115495E-02-8.29345472E-06 3 

.10756758E+01 4 

codes formatted for NASA-Lewis fits.3 

Gordon, S., and B. J. McBride. "Computer Program for Calculation of Complex Chemical Equilibrium Compositions, 
Rocket Performance, Incident and Reflected Shocks, and Chapman-Jouguet Detonations." NASA-SP-273, NASA 
Lewis Research Center, Cleveland, OH, March 1976. 

28 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

2 DEFENSE TECHNICAL 1 INST FOR ADVNCD TCHNLGY 
. INFORMATION CENTER THE UNIV OF TEXAS AT AUSTIN 

DTICDDA PO BOX 202797 
8725 JOHN J KINGMAN RD AUSTIN TX 78720-2797 
STE0944 
FT BELVOIR VA 22060-6218 1 USAASA 

MOASAI WPARRON 
1 HQDA 9325 GUNSTON RD STE N319 

DAMOFDQ FT BELVOIR VA 22060-5582 
DENNIS SCHMIDT 
400 ARMY PENTAGON 1 CECOM 
WASHINGTON DC 20310-0460 PMGPS  COLS YOUNG 

FT MONMOUTH NJ 07703 
1 CECOM 

SP & TRRSTRL COMMON DIV 1 GPS JOINT PROG OFC DIR 
AMSEL RD ST MC M COL J CLAY 
HSOICHER 2435 VELA WAY STE 1613 
FT MONMOUTH NJ 07703-5203 LOS ANGELES AFB CA 90245-5500 

1 PRIN DPTY FOR TCHNLGY HQ 1 ELECTRONIC SYS DIV DIR 
US ARMY MATCOM CECOM RDEC 
AMCDCGT JNEEMELA 
MFISETTE FT MONMOUTH NJ 07703 
5001 EISENHOWER AVE 
ALEXANDRIA VA 22333-0001 3 DARPA 

L STOTTS 
1 PRIN DPTY FOR ACQUSTN HQS JPENNELLA 

US ARMY MATCOM B KASPAR 
AMCDCG A 3701 N FAIRFAX DR 
D ADAMS ARLINGTON V A 22203-1714 
5001 EISENHOWER AVE 
ALEXANDRIA VA 22333-0001 1 SPCL ASST TO WING CMNDR 

50SW/CCX 
1 DPTY CG FOR RDE HQS CAPTPH BERNSTEIN 

US ARMY MATCOM 300 O'MALLEY AVE STE 20 
AMCRD FALCON AFB CO 80912-3020 
BG BEAUCHAMP 
5001 EISENHOWER AVE 1 USAF SMC/CED 
ALEXANDRIA VA 22333-0001 DMA/JPO 

MISON 
1 DPTY ASSIST SCY FOR R&T 2435 VELA WAY STE 1613 

SARDTT  TRILLION LOS ANGELES AFB CA 
THE PENTAGON 90245-5500 
WASHINGTON DC 20310-0103 

1 US MILITARY ACADEMY 
1 OSD 

OUSD(A&T)/ODDDR&E(R) 
MATH SCI CTR OF EXCRT J ,F,NCE 
DEPT OF MATHEMATICAL SCI 

JLUPO MDN A MAJ DON ENGEN 
THE PENTAGON THAYERHALL 
WASHINGTON DC 20301-7100 WEST POINT NY 10996-1786 

29 



NO. OF 
£QPJE£ ORGANIZATION 

1       DIRECTOR 
US ARMY RESEARCH LAB 
AMSRLCSALTP 
2800 POWDER NOLL RD 
ADELPHI MD 20783-1145 

1       DIRECTOR 
US ARMY RESEARCH LAB 
AMSRLCSALTA 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

3      DIRECTOR 
US ARMY RESEARCH LAB 
AMSRLCILL 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

ABERDEEN PROVING GROUND 

DIRUSARL 
AMSRLCILP(305) 

30 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

1 HQDA 2 COMMANDER 
SARDTT US ARMY MISSILE COMMAND 
MRJAPPEL AMSMIRD PR E A R MAYKUT 
WASH DC 20310-0103 AMSMI RD PR P R BETTS 

REDSTONE ARSENAL AL 35898 
1 HQDAOASARDA 

DRCHCHURCH 1 OFFICE OF NAVAL RESEARCH 
PENTAGON ROOM 3E486 DEPARTMENT OF THE NAVY 
WASH DC 20310-0103 RSMTTJER CODE 432 

800 NQUINCY STREET 
4 COMMANDER ARLINGTON VA 22217 

US ARMY RESEARCH OFC - 
RGHIRARDELLI 1 COMMANDER 
DMANN NAVAL AIR SYSTEMS COMMAND 
R SINGLETON J RAMNARACE AIR-54111C 
RSHAW WASHINGTON DC 20360 
PO BOX 12211 
RESEARCH TRIANGLE PARK NC 2 COMMANDER 
27709-2211 NSWC 

R BERNECKER R-13 
1 DIRECTOR GBWJLMOTR-16 

ARMY RESEARCH OFFICE SILVER SPRING MD 20903-5000 
AMXRO RT IP LIB SRVCS 
PO BOX 12211 5 COMMANDER 
RESEARCH TRIANGLE PARK NC NAVAL RSRCH LAB 
27709-2211 MCLIN 

J MCDONALD 
2 COMMANDER EORAN 

US ARMY ARDEC JSHNUR 
AMSTAARAEEB RJ DOYLE CODE 6110 

D S DOWNS WASHINGTON DC 20375 
PICATINNY ARSENAL NJ 
07806-5000 2 COMMANDER 

NAVAL WEAPONS CENTER 
2 COMMANDER T BOGGS CODE 388 

US ARMY ARDEC T PARR CODE 3895 
AMSTA AR AEE J A LANNON CHINA LAKE CA 93555-6001 
PICATINNY ARSENAL NJ 
07806-5000 1 SUPERINTENDENT 

NAVAL POSTGRDTE SCHL 
1 COMMANDER DEPT OF AERONAUTICS 

US ARMY ARDEC DWNETZER 
AMSTA AR AEE BR MONTEREY CA 93940 
L HARRIS 
PICATINNY ARSENAL NJ 3 ALLSCF 
07806-5000 

31 

RCORLEY 
R GEISLER 
JLEVINE 
EDWARDS AFB CA 93523-5000 



NO. OF 
COPIES 

l 

ORGANIZATION 

AFOSR 
JMT1SHKOFF 
BULLING AIR FORCE BASE 
WASHINGTON DC 20332 

OSD SDIO 1ST 
LCAVENY 
PENTAGON 
WASHINGTON DC 20301-7100 

COMMANDANT 
USAFAS 
ATSFTSMCN 
FORT SILL OK 73503-5600 

UNIV OF DAYTON RSRCHINST 
D CAMPBELL 
AL PAP 
EDWARDS AFB CA 93523 

NASA 
LANGLEY RESEARCH CENTER 
LANGLEY STATION 
G B NORTHAM MS 168 
HAMPTON VA 23365 

NTNL BUREAU OF STNDRDS 
JHASTIE 
M JACOX 
TKASHIWAGI 
HSEMERJIAN 
US DEPT OF COMMERCE 
WASHINGTON DC 20234 

DIRECTOR 
LLNL 
C WESTBROOK 
WTAOMSL282 
P O BOX 808 
LIVERMORE CA 94550 

DIRECTOR 
LOS ALAMOS NATIONAL LAB 
B NICHOLS T7 MS-B284 
P O BOX 1663 
LOS ALAMOS NM 87545 

NO. OF 
COPIES   ORGANIZATION 

PRINCETON COMBUSTION 
RSRCH LABORATORIES INC 
N A MESSINA 
MSUMMERFffiLD 
PRINCETON CORPORATE PLAZA 
BLDGIV SUITE 119 
11DEERPARK DRIVE 
MONMOUTH JUNCTION NJ 08852 

DIRECTOR 
SANDIA NATIONAL LABS 
DIVISION 8354 
S JOHNSTON 
P MATTERN 
D STEPHENSON 
LIVERMORE CA 94550 

BRIGHAM YOUNG UNIVERSITY 
DEPT OF CHMCL ENGNRNG 
M W BECKSTEAD 
PROVO UT 84058 

CALIFORNIA INST OF TECH 
JET PROPULSION LAB 
L STRAND MS 125 224 
4800 OAK GROVE DRIVE 
PASADENA CA 91109 

CALIFORNIA INSTITUTE OF 
TECHNOLOGY 
FECCULICK MC 301-46 
204KARMANLAB 
PASADENA CA 91125 

UNIV OF CALIFORNIA 
LOS ALAMOS SCNTFC LAB 
P O BOX 1663 
MAIL STOP B216 
LOS ALAMOS NM 87545 

UNIV OF CA BERKELEY 
CHEMISTRY DEPARMENT 
C BRADLEY MOORE 
211 LEWIS HALL 
BERKELEY CA 94720 

UNTV OF CA SAN DIEGO 
FAWEUAMS 
AMESB010 
LA JOLLA CA 92093 

32 



NO. OF 
COPIES ORGANIZATION 

2 UNIV OF CA SANTA BARBARA 
QUANTUM INSTITUTE 
KSCHOFIELD 
M STEINBERG 
SANTA BARBARA CA 93106 

1 UNIV OF CO AT BOULDER 
ENGINEERING CENTER 
J DAILY 
CAMPUS BOX 427 
BOULDER CO 80309-0427 

3 UNIV OF SOUTHERN CA 
DEPT OF CHEMISTRY 
RBEAUDET 
S BENSON 
CWITTIG 
LOS ANGELES CA 90007 

1 CORNELL UNIVERSITY 
DEPT OF CHEMISTRY 
T A COOL 
BAKER LABORATORY 
ITHACA NY 14853 

1 UNIV OF DELAWARE 
T BRILL 
CHEMISTRY DEPARTMENT 
NEWARK DE 19711 

1 UNIVERSITY OF FLORIDA 
DEPT OF CHEMISTRY 
J WINEFORDNER 
GAINESVILLE FL 32611 

3 GAINST OF TECHNOLOGY 
SCHL OF AERSPCE ENGNRNG 
E PRICE 
WC STRAHLE 
BTZINN 
ATLANTA GA 30332 

1 UNIVERSITY OF ILLINOIS 
DEPTOFMECHENG 
HKRIER 
144MEB 1206 W GREEN ST 
URBANAIL 61801 

33 

NO. OF 
COPIES 

1 

ORGANIZATION 

THE JOHNS HOPKINS UNIV 
CPIA 
TW CHRISTIAN 
10630 LTLE PTXNT PKWY STE 202 
COLUMBIA MD 21044-3200 

UNIVERSITY OF MICHIGAN 
GAS DYNAMICS LAB 
AEROSPACE ENGNRNG BLDG 
GMFAETH 
ANN ARBOR MI 48109-2140 

UNTVERSITY OF MINNESOTA 
DEPT OF MCHNCL ENGNRNG 
E FLETCHER 
MINNEAPOLIS MN 55455 

PA STATE UNIVERSITY 
DEPT OF MCHNCL ENGNRNG 
KKUO 
MMICCI 
STHYNELL 
VYANG 
UNIVERSITY PARK PA 16802 

PRINCETON UNIVERSITY 
FORRESTAL CAMPUS LIB 
K BREZINSKY 
IGLASSMAN 
PO BOX 710 
PRINCETON NJ 08540 

PURDUE UNIVERSITY 
SCHOOL OF AERO & ASTRO 
J R OSBORN 
GRISSOM HALL 
WEST LAFAYETTE IN 47906 

PURDUE UNIVERSITY 
DEPT OF CHEMISTRY 
EGRANT 
WEST LAFAYETTE IN 47906 

PURDUE UNIVERSITY 
SCHL OF MCHNCL ENGNRNG 
N M LAURENDEAU 
SNBMURTHY 
TSPCCHAFFEEHALL 
WEST LAFAYETTE IN 47906 



NO. OF NO. OF 
COPIES ORGANIZATION COPIES ORGANIZATION 

1 RENSSELAER PLYTCHNCINST 1 GENERAL APPLIED SCIENCE 
DEPT OF CHMCL ENGNRNG LABORATORIES INC 
AFONTIJN 77 RAYNOR AVENUE 
TROY NY 12181 RONKONKAMA NY 11779-6649 

1 STANFORD UNIVERSITY 1 GENERAL MOTORS RSCH LABS 
DEPT OF MCHNCL ENGNRNG PHYSCL CHMSTRY DEPT 
R HANSON TSLOANE 
STANFORD CA 94305 WARREN MI 48090-9055 

1 UNIVERSITY OF TEXAS 2 HERCULES INC 
DEPT OF CHEMISTRY ALLEGHENY BALLISTICS LAB 
W GARDINER WBWALKUP 
AUSTIN TX 78712 EAYOUNT 

PO BOX 210 
1 VIRGINIA PLYTCHNC INST 

Avm CTATTJ TTvmrcDcrrv 
ROCKET CENTER WV 26726 

ASCHETZ 
BLACKSBURG VA 24061 

APPLIED COMBUSTION 
TECHNOLOGY INC 
AMVARNEY 
P O BOX 607885 
ORLANDO FL 32860 

APPLIED MCHNCS REVIEWS 
THE AMERICAN SOCIETY OF 
MECHANICAL ENGINEERS 
REWHTTE 
AB WENZEL 
345 E 47TH STREET 
NEW YORK NY 10017 

HERCULES INC 
R V CARTWRIGHT 
100 HOWARD BLVD 
KENVILNJ 07847 

ALLIANT TECHSYSTEMS INC 
MARINE SYSTEMS GROUP 
D E BRODEN MS MN50-2000 
600 2ND STREET NE 
HOPKINS MN 55343 

ALLIANT TECHSYSTEMS INC 
RETOMPKINS 
MN 11 2720 
600 SECOND ST NORTH 
HOPKINS MN 55343 

BATTELLE 
TWSTIAC 
505 KING AVENUE 
COLUMBUS OH 43201-2693 

COHEN PRFSSNL SERVICES 
NS COHEN 
141 CHANNING STREET 
REDLANDS CA 92373 

EXXON RSRCH & ENGRNG CO 
A DEAN 
ROUTE 22E 
ANNANDALE NJ 08801 

IBM CORPORATION 
ACTAM 
RESEARCH DIVISION 
5600 COTTLE ROAD 
SAN JOSE CA 95193 

HT RESEARCH INSTITUTE 
RFREMALY 
10 WEST 35TH STREET 
CHICAGO IL 60616 

LOCKHEED MSLS & SPACE CO 
GEORGE LO 
3251 HANOVER STREET 
DEPT 52-35 B204 2 
PALO ALTO CA 94304 

34 



NO. OF 
COPIES 

1 

ORGANIZATION 

OLIN ORDNANCE 
V MCDONALD LIBRARY 
P O BOX 222 
ST MARKS FL 32355-0222 

PAUL GOUGH ASSOCIATES INC 
P S GOUGH 
1048 SOUTH STREET 
PORTSMOUTH NH 03801-5423 

HUGHES AIRCRAFT COMPANY 
TEWARD 
8433 FALLBROOK AVENUE 
CANOGA PARK CA 91303 

ROCKWELL INTRNTNL CORP 
ROCKETDYNE DIVISION 
JE FLANAGAN HB02 
6633 CANOGA AVENUE 
CANOGA PARK CA 91304 

SCIENCE APPLICATIONS INC 
RBEDELMAN 
23146 CUMORAH CREST 
WOODLAND HILLS CA 91364 

SRI INTERNATIONAL 
G SMITH 
D CROSLEY 
DGOLDEN 
333 RAVENSWOOD AVENUE 
MENLO PARK CA 94025 

STEVENS INST OF TECH 
DAVIDSON LABORATORY 
R MCALEVYIJJ 
HOBOKEN NJ 07030 

NYMAINC 
LERC GROUP 
RJLOCKEMSSVR2 
2001 AEROSPACE PKWY 
BROOK PARK OH 44142 

NO. OF 
COPIES ORGANIZATION 

THIOKOL CORPORATION 
ELKTON DIVISION 
RBIDDLE 
RWILLER 
TECH LIB 
PO BOX 241 
ELKTON MD 21921 

THIOKOL CORPORATION 
WASATCH DIVISION 
SJBENNETT 
P O BOX 524 
BRIGHAM CITY UT 84302 

UNITED TCHNLGS RSRCH CTR 
ACECKBRETH 
EAST HARTFORD CT 06108 

UNITED TECHNOLOGIES CORP 
CHEMICAL SYSTEMS DIVISION 
RRMELLER 
P O BOX 49028 
SAN JOSE CA 95161-9028 

UNIVERSAL PRPLSN CO 
H J MCSPADDEN 
25401 NORTH CENTRAL AVE 
PHOEMX AZ 85027-7837 

VEPJTAY TECHNOLOGY INC 
EB FISHER 
4845 MILLERSPORT HWY 
P O BOX 305 
EAST AMHERST NY 14051-0305 

FREEDMAN ASSOCIATES 
EFREEDMAN 
2411 DIANA ROAD 
BALTIMORE MD 21209-1525 

ALLIANT TECHSYSTEMS INC 
JBODE 
600 SECOND ST NE 
HOPKINS MN 55343 

ALLIANT TECHSYSTEMS INC 
CCANDLAND 
600 SECOND ST NE 
HOPKINS MN 55343 

35 



NO. OF NO. OF 
COPIES ORGANIZATION COPES 

1 ALLIANT TECHSYSTEMS INC 
LOSGOOD 
600 SECOND ST NE 41 
HOPKINS MN 55343 

ALUANT TECHSYSTEMS INC 
RBURETTA 
600 SECOND ST NE 
HOPKINS MN 55343 

ALLIANT TECHSYSTEMS INC 
RBECKER 
600 SECOND ST NE 
HOPKINS MN 55343 

ALLIANT TECHSYSTEMS INC 
M SWENSON 
600 SECOND ST NE 
HOPKINS MN 55343 

BENET LABORATORIES 
SAM SOPOK 
AMSTA AR CCB B 
WATERVLIETNY 12189 

ORGANIZATION 

ABERDEEN PROVING GROUND 

DIR.USARL 
ATTN:   AMSRL-WM-P, 

A.W. HORST 
AMSRL-WM-PC, 

B.E. FORCH 
G.F. ADAMS 
W.R. ANDERSON 
R.A. BEYER 
S.W. BUNTE 
C.F. CHABALOWSKI 
K.P. MCNEILL- 

BOONSTOPPEL 
A. COHEN 
R.CUMPTON 
R. DANIEL 
D. DEVYNCK 
R.A.FIFER 
J.M. HEIMERL 
B.E. HOMAN 
A.JUHASZ 
A J. KOTLAR 
R. KRANZE 
E. LANCASTER 
W.F. MCBRATNEY 
K.L. MCNESBY 
M. MCQUAID 
N.E. MEAGHER 
M.S. MILLER 
A.W. MIZIOLEK 
J.B. MORRIS 
J.E NEWBERRY 
S.V. PAI 
R.A. PESCE-RODRIGUEZ 
J. RASMAS 
P. REEVES 
B.M. RICE 
P. SAEGAR 
R.C. SAUSA 
M.A. SCHROEDER 
R. SCHWEITZER 
L.D. SEGER 
J.A. VANDERHOFF 
D.VENIZELOS 
A.WHREN 
H.L. WILLIAMS 

36 



NO. OF 
COPIES 

1 

ORGANIZATION 

THERMOSCIENCES INST 
MS 230-3 
NASA AMES RESRCH CTR 
DRSPWALCH 
MOFFETT FIELD CA 94035-1000 

DEPT OF MECHANICAL AND 
AEROSPACE ENGINEERING 
PRINCETON UNIVERSITY 
PROF FL DRYER 
DRRAYETTER 
PRINCETON NJ 08544 

PHYSICS DIVISION 
ARGONNE NATIONAL LAB 
DRJBERKOWITZ 
ARGONNE IL 60439 

DEPT OF CHEMISTRY 
EMORY UNIVERSITY 
PROF MC LIN 
ATLANTA GA 30322 

COMBUSTION RSRCH FACLTY 
SANDIA NATIONAL LAB 
DR JA MILLER 
DRJDURANT 
LIVERMORECA 94551 

DEPT OF MECHL ENGRG 
STANFORD UNIVERSITY 
PROF R K HANSON 
PROF C T BOWMAN 
STANFORD CA 94305 

CORP RESEARCH LAB 
EXXON RSRCH AND ENGRG CO 
DR A M DEAN 
ANNANDALENJ 08801 

DEPT OF CHEML ENG AND 
AND CHEMISTRY 
NJ INSTITUTE OF TECHN 
PROFJWBOZZELLI 
NEWARK NJ 07039 

DEPT OF CHEMICAL ENG 
RENSSELAER PLYTCHNC INST 
PROF A FONTHN 
TROY NY 12180-3590 

NO. OF 
COPIES 

1 

ORGANIZATION 

DEPT OF APPLIED MECHANICS 
AND ENGINEERING SCIENCES 
UNIV OF CA AT SAN DIEGO 
PROFKSESHADRI 
LA JOLLA CA 92093-0411 

CHEMICAL PHYSICS LAB 
SRI INTERNATIONAL 
DRGPSMJTH 
DRDRCROSLEY 
MENLOPARKCA 94025 

DEPT OF CHEMISTRY 
UNJV OF SOUTHERN CA 
PROF c WJTTIG 
LOS ANGELES CA 
90089-0482 

MAILSTOP 5-11 
NASA-LEWIS RESEARCH 
CENTER 
MS B MCBRJDE 
2100BROOKPARKRD 
CLEVELAND OH 44135 

NATIONAL INST OF 
STANDARDS AND TECH 
DR M CHASE 
DR S ABRAMOWTTZ 
GATTHERSBURG MD 20899 

US NAVAL RESEARCH LAB 
DR J W FLEMING CODE 6185 
DR B WILLIAMS CODE 6185 
DR L PASTERNACK CODE 6111 
DR D LADOUCEUR CODE 6110 
WASHINGTON DC 20375-5342 

CHEMDATA RESEARCH 
PROFKSCHOFIELD 
PO BOX 40481 
SANTA BARBARA CA 
93140 

DR N E MEAGHER 
1802 PLANTATION CIRCLE 
GREENVILLE NC 27858 

37 



NO. OF 
COPIES ORGANIZATION 

1 SCHOOL OF CHEMISTRY 
THE UNIV OF BRISTOL 
PROFRNDKON 
BRISTOL BS81TS.UK 

38 



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

B«thMtnaindmalmiMngtM(t«Unwt«d,*ndco<npMng«>drwim*ngtto sand comnwnn ™gin«nfl thli buntoo •«*»«• or tnyotlwaspKtot this 
eol«ctkMO<tatonn«k>n,kKkK^tugoMtlon*torr*ckidngm^ 
Dtvll Hlahwiv. Suit. 1»4, Arlington. VA 22202-4302. ind to Hp Cfflc« of Minmrnwil mi Budn«i. P.n.n^prt, Wdurtlon Prol^OTO^I««. Wwhlnoton. PC 20808. 
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 

November  1997 

3. REPORT TYPE AND DATES COVERED 

Final, 1992-1997 
4. TITLE AND SUBTITLE 

Critical Review of the Heats of Formation of HNO and Some Related Species 

8. AUTHOR(S) 

William R. Anderson 

5. FUNDING NUMBERS 

PR:  1L161102AH43 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

U.S. Army Research Laboratory 
ATTN: AMSRL-WM-PC 
Aberdeen Proving Ground, MD 21005-5066 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

ARL-TR-1557 

9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES) 10.SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 

12a. DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution is unlimited. 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 wonts) 

A critical review of the heat of formation of HNO is presented. This molecule and, therefore, its 
thermodynamics parameters play crucial roles in the chemical mechanism of propellant combustion and NO, 
pollutant chemistry. It was found that predissociation experiments, which have gone largely unnoticed for 
over 15 yr, lead to a significant revision in the recommended value. The new value, 25.6^ kcal/mol (298 K; 
26.3 kcal/mol at 0 K), is 1 to 2 kcal/mol higher than previous recommendations and has much narrower error 
limits. Heats of formation of NO, NH2OH, HNO+, and HNO" are also briefly examined, and 
recommendations are made. Finally, recommendations for future experiments and a brief survey of methods 
of production of HNO are given in the hope that these will facilitate future studies. 

14. SUBJECT TERMS 

heat of formation, thermodynamics, critical review, HNO, NO, NH2OH, 
HNO+, HNO" 

15. NUMBER OF PAGES 

41 
16. PRICE CODE 

17. SECURITY CLASSIFICATION 
OF REPORT 

UNCLASSIFIED 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

UNCLASSIFIED 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

UNCLASSIFIED 

20. LIMITATION OF ABSTRACT 

UL 
NSN 7540-01-280-5500 

39 
Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. 239-18 298-102 



INTENTIONALLY LEFT BLANK. 

40 



USER EVALUATION SHEET/CHANGE OF ADDRESS 

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes. Your comments/answers 
to the items/questions below will aid us in our efforts. 

1. ARL Report Number/Author ARL-TR-1557 (Anderson') Date of Report November 1997 

2. Date Report Received  

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest for which the report will 
be used.)  

4. Specifically, how is the report being used? (Information source, design data, procedure, source of ideas, etc.) 

5. Has the information in this report led to any quantitative savings as far as man-hours or dollars saved, operating costs 
avoided, or efficiencies achieved, etc? If so, please elaborate.  

6. General Comments. What do you think should be changed to improve future reports? (Indicate changes to organization, 
technical content, format, etc.)  

Organization 

CURRENT Name E-mail Name 
ADDRESS 

Street or P.O. Box No. 

City, State, Zip Code 

7. If indicating a Change of Address or Address Correction, please provide the Current or Correct address above and the Old 
or Incorrect address below. 

Organization 

OLD                                      Name 
ADDRESS   

Street or P.O. Box No. 

City, State, Zip Code 

(Remove this sheet, fold as indicated, tape closed, and mail.) 
(DO NOT STAPLE) 



DEPARTMENT OF THE ARMY 

OFFICIAL BUSINESS 

BUSINESS REPLY MAIL 
FIRST CLASS PERMIT NO 0001,APG,MD 

POSTAGE WILL BE PAID BY ADDRESSEE 

DIRECTOR 
US ARMY RESEARCH LABORATORY 
ATTN AMSRL WM PC 
ABERDEEN PROVING GROUND MD 21005-5066 

NO POSTAGE 
NECESSARY 

IF MAILED 
IN THE 

UNITED STATES 


