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31 ° for ZrH, and HfH,, respectively.

The smallest barrier for the insertion of Zr(°F) into H, is 11.2
kcal/mol. For HfH, this barrier is larger (34 kcal/mol) in the
absence of spin—orbit coupling. However, as discussed before,
spin-orbit coupling induces small nonadiabatic transition prob-
ability for insertion of Hf(*F) into H, through the crossing of
triplet and 'A, surfaces. This effectively reduces the barrier to
11 kcal/mol, making it comparable to that of ZrH,.

The ground state (X'A,) Mulliken population of the Zr atom
is 4d!9155115p%42 and the corresponding population of Hf is
5d'476s'466p%52, The larger 6s population in HfH, is attributed
to the relativistic mass-velocity stabilization of the 6s orbital. The
other main difference between HfH, and ZrH, is that HfH,
exhibits enhanced 6p character and less 5d character, and ZrH,
exhibits the opposite trend. This explains the bond angles and
differences in energy separations. This is primarily because the
atomic 5d-6p promotion energy is smaller (14000 cm™) for Hf
than for Zr.

The dipole moment of ZrH, (0.74 D) is larger than the u, of
HfH, (0.31 D). Since the bond lengths are comparable, we
conclude that the ionicity of bonds in HfH, is reduced compared
to that in ZrH,.

Conclusion

We studied the bent-structure potential energy surfaces of 12
electronic states of HfH, arising from Hf(a’F), Hf(a'D), and
Hf(a’F) states. We find that the Hf(a*F) ground state does not
insert into H,, whereas the excited Hf(a!D) state inserts into H,
to form the X'A| bent ground state for HfH, (r, = 1.842 A, 6,
= 126.7°). The HfH,; molecule was found to be 30 kcal/mol more
stable than Hf(°F,) + H,, thereby making it an attractive can-
didate for molecular beam studies. The Hf(*F) atom forms only
weak complexes with H,. The spin—orbit couplings between 3B,
and 3A, spin—orbit components were found to be very significant.
A critical comparison of HfH, with ZrH, revealed enhanced 6s
population in HfH, due to relativistic mass—-velocity stabilization
of the 6s orbital. Furthermore, ZrH, exhibits enhanced 4d
character, but HfH, exhibits enhanced 6s and 6p character.
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Rate coefficients for the H + NO, — OH + NO reaction have been measured by using the high-temperature photochemistry
(HTP) technique. H atoms are generated by flash photolysis of CH,, and their relative concentration is monitored by
time-resolved resonance-fluorescence detection. The data are well-fitted by the empirical expression k(T) = 2.2 X 10710
exp(-182 K/7) cm® molecule™ s™! for the 296-760 K temperature range. The precision of the data is 7%, and thé accuracy
is estimated to be 21%, where both figures represent 2¢ statistical confidence intervals. Comparison of the ratio of the experimental
reaction cross sections, at the temperature extremes, to the theoretical ratio supports a zero energy barrier. The potential

stabilization channel leading to HONO is discussed.

Introduction
The fast reaction of ground-state H atoms with NO,

H+NO,—~OH+NO  AH%=-123kImol" (1)

has been studied extensively. Rate coefficient determinations have
been reported,'™ and the reaction has been used for (i) gas-phase
titrations to estimate absolute H atom concentrations in flow
reactor experiments'*$ and (ii) generation of ground-state OH
for kinetic studies.” The energy distribution in the products of
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reaction 1 has been investigated.®!> Recently, reaction 1 has
been shown to be important to the study of nitramine propellant
combustion,'* the modeling of which requires knowledge of the
temperature dependence of the rate coefficients. The k; mea-
surements made thus far, which cover the 195-653 K range, reveal
a significant uncertainty in the temperature dependence. The
reported activation energies from direct measurements vary from
0to 4.2 kJ mol™.'? The present study was undertaken to increase
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the temperature range of the experimentally measured &, and
determine the temperature dependence more accurately.

Experimental Technique

The HTP reactor used and the extensive accuracy checks made
as an inherent part of the current operational procedures have
recently been described.!5!1¢ However, in the present work CH,
is used as the photolyte instead of NHj,, as negative rate coefficient
pressure dependences were observed with NH,, possibly due to
a chain reaction initiated by the photolytic flash.'” NO, is
introduced through the cooled inlet (except in measurements at
the lower temperatures as noted below) and CH, either through
the cooled inlet or with the bulk of the bath gas at the entrance
to the reactor. The gases entering from the cooled inlet are mixed
with the heated Ar bath gas and flow to the reaction zone, defined
by the volumetric intersection of the field of view of the photo-
muitiplier tube and the beams of light from the flash lamp and
the cw H atom resonance lamp. H atoms are generated by flash
photolysis of CH,, and their relative concentration is monitored
by time-resolved resonance-fluorescence detection at 121.6 nm
with pulse counting and signal averaging. The radiation from the
N,-filled flash lamp is filtered through a MgF, window, and a
dry-air filter in front of the photomultiplier tube eliminates de-
tection of any O atom radiation. The gas used for the resonance
lamp is 1% H, in He from Linde. The reactor gases used are Ar
(from the 99.998% liquid) from Linde, CH, (99.99%) from
Matheson, 109 ppm of NO, (99.5% minimum purity) in Ar
(99.999%) from MG Industries, and 1140 ppm of NO, (99.5%
minimum purity) in Ar (99.998%) from Matheson. The 1140
ppm of NO, can be calculated from equilibrium'® considerations
to be 48% dimerized in the cylinder. N,O, dissociation will occur
in each of the steps in which the mixture flows to the reaction
zone. The dissociation rate for each step can be calculated by
using!® k(296 K) = 3.0 X 107! cm® molecule™! s™1. In the final
step, i.e. flow from the cooled inlet to the reaction zone and mixing
with the bath gas, reduction to the reaction zone equilibrium value
of 2.5 X 10% at 296 K takes only 1.4 X 10~* and 5.2 X 10™%s
at 132 and 400 mbar, respectively. These times, and a fortiori
those for higher temperatures, are short compared to the >0.3
s mixing times used (see below). Thus, the influence of N,O, on
our measurements is negligible.

In an attempt to obtain &, above 755 K, the usual reaction tube
material, alumina, was replaced with quartz to possibly reduce
heterogeneous decomposition during the mixing period prior to
the photolytic flash. The reflectivity of the quartz surface was
reduced in the area around the optical ports by blackening with
a sooting natural gas flame.

Under the pseudo-first-order conditions used, [H] « [NO,]
and [CH,], the loss of H atoms following the photolytic flash is
given by

-d[H]/dr = (k[NO;} + kcy,[CHy] + kp)[H] = ki [H] (2)
where kp accounts for H atom loss essentially by diffusion out

of the observed reaction zone and ky is the pseudo-first-order
rate coefficient. Hence

[H] = [H]o exp(-kpu?) 3)

and since the fluorescence intensity, I, is proportional to [H],
ko can be found from

I = Liag exp(-kyt) + B 4)

where B.is the background signal due to scattered light. For such
analyses, the computational routine developed by Marshall!? is
used. k; is then found from plots of ky vs [NO,). For each k,
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Figure 1. Plot of the HTP rate coefficient measurements for the H +
NO, reaction. Conditions: (A) alumina reaction tube with 109 ppm
NO,/Ar; (O) alumina tube with 1140 ppm of NO,/Ar; (A) quartz tube
with 109 ppm of NO,/Ar; (O) quartz tube with 1140 ppm of NO,/Ar;
(—) best fit to all these data (eq 5).

determination, typically five or six k,; measurements are used,
with [NO,] varying from zero to [N(E)'z],m (given in Table I) at
constant P, T, and [CH,].

Results and Discussion

The 43 measurements of k; made from 296 to 755 K are
summarized in Table I, along with the conditions for each mea-
surement. The variations in the experimental parameters are as
follows: total pressure P, 104—413 mbar; total gas concentration
[M], 1.5 X 10'¥-9.8 X 10'® cm™3; photolyte concentration [CH,],
7.8 X 10'4-7.2 X 10" ¢cm™3; flash energy F, 2.2-35 J; cooled-in-
let-to-reaction-zone distance z,2° 6-47 cm; average gas velocity
D, 4.3-31 cm s7'; and residence time for mixing (z/0), 0.33-4.9
s. Within the scatter of the data, no apparent dependence of the
rate coefficients on these parameters is observed. The inde-
pendence of the k, measurements of P, and more importantly [M},
and F indicates that interference from secondary reactions of
photolytic fragments or reaction products was negligible. The
absence of a dependence on residence time shows that thermal
decomposition of NO, was not significant in the present exper-
imental temperature range and that the reactor gases were
well-mixed. The highest temperature that could be reached in
this study was dictated by the residence time of NO, calculated!*1¢
for mixing to be at least 95% complete. For those times, the k,
measurements were significantly reduced above about 760 K
(presumably due to NO, decomposition), whether an alumina or
quartz reaction tube was used.

As can be seen from Figure 1, the present measurements are
well-fitted by an expression of the form k(7) = A exp(~E/T) to
yield

k(T) = 2.15 X 10719 exp(-182 K /T) cm® molecule™! s™! (5)

Here, the variances and the covariance are ¢, = 4.80 X 107342,
oz = 814, and o,z = 1.904. Combining the variances and the
covariance,?' the statistical 2o confidence interval for the precision
of the data is better than 7% over the entire experimental tem-
perature range. If we allow a 20% uncertainty for systematic
errors, which should be the same for all measurements, then by
vector addition the accuracy of the present data is estimated to
be about 21% at the 2¢ level. This increased error limit, from

(20) The distance of 47 cm corresponds to premixing of NO, and the bath
gas; the cooled inlet was not used.
(21) Wentworth, W. E. J. Chem. Educ. 1965, 42, 96.
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TABLE I: Summary of Rate Coefficient Measurements for the H + NO, Reaction

k£ Oy,

[ML [CHJ]w [NO2]mu9 10_‘0 cm’
T2K P, mbar 108 ¢m™3 10¥ em™ F ] 102 ¢m™? z, cm &, em 57! molecule™ 5!
296AH 387 9.6 4.6 8.5 5.48 47% 12 1.12 £ 0.03¢
296AH 387 9.6 4.6 25 5.48 47 12 1.00 £ 0.35
297AH 133 33 5.6 5.0 4.08 47 12 1.33 £ 0.07
297AH 133 33 6.0 2.2 4.17 47 12 1.19 £ 0.15
297AH 133 33 6.0 6.8 4.17 47 12 1.20 £ 0.15
297AH 400 9.8 6.8 2.2 3.12 47 10 1.20 £ 0.04
297AH 400 9.8 6.8 6.8 312 47 10 1.04 £ 0.05
297AH 131 3.2 4.9 5.0 4.07 47 13 1.37 £ 0.06
298QL 400 9.7 6.1 11 3.46 21 43 1.21 £ 0.10
298QH 133 3.2 49 5.0 4.90 21 13 1.42 £ 0.02
298QH 133 33 5.6 5.0 5.22 21 12 1.19 £ 0.06
32304 124 2.8 7.2 5.0 4,58 21 7.5 1.59 £ 0.05
329QH 187 4.0 44 5.0 3.82 21 7.8 1.56 £ 0.05
334AH 240 5.2 3.54 5.0 3.56 21 14 1.14 £ 0.03
339AH 267 5.6 3.44 5.0 4.86 21 7.1 1.50 £ 0.04
3400QL 400 8.6 5.6 11 3.70 21 49 1.12 £ 0.04
344QL 400 8.5 5.5 11 3.90 15 4.9 1.02 £ 0.03
344QL 400 8.5 5.5 5.0 3.77 15 4.9 1.09 £ 0.01
385AH 400 7.5 1.7 11 4.22 47 16 1.37 £ 0.04
385AH 400 7.5 1.7 25 4.22 47 16 1.27 £ 0.02
388AH 133 2.6 6.0 17 3.60 47 16 1.32 £ 0.05
390AL 147 2.6 5.3 17 2.80 47 16 1.48 £ 0.05
395AH 104 1.9 2.5 5.0 4.34 47 16 1.52 £ 0.05
4]1QH 267 4.7 32 5.0 2.85 21 10 1.50 £ 0.05
436AL 400 6.5 5.1 35 3.11 47 9.3 1.25 £ 0.04
474QH 293 4.4 4.7 5.0 3.82 10 8.3 1.41 £ 0.03
484QL 373 5.6 1.9 5.0 3.16 15 11 1.53 £ 0.02
4909 133 2.0 2.2 5.0 2.59 15 11 1.81 £ 0.05
555AL 133 1.8 34 17 1.45 21 31 1.39 £ 0.06
556AL 133 1.7 3.3 17 1.51 47 31 1.35 £ 0.05
5759H 400 5.1 2.0 5.0 3.80 14 12 1.52 £ 0.08
575QH 400 5.1 2.0 18 4.32 14 12 1.33 £ 0.04
575QH 400 5.1 20 11 3.59 14 12 1.45 £ 0.05
584QH 160 1.9 2.5 5.0 3.56 10 11 1.81 £ 0.03
585QH 160 1.9 2.5 5.0 3.81 6 11 1.77 £ 0.03
66294 267 29 2.1 5.0 3.54 8 14 1.64 = 0.07
713AH 413 4.1 3.94 5.0 3.10 12 14 1.69 £ 0.04
717QL 160 1.6 0.80¢ 5.0 2.40 6 18 1.88 £ 0.09
718QH 160 1.6 0.947 5.0 3.20 6 18 1.56 £+ 0.05
72991 400 4.0 1.14 5.0 3.33 12 15 1.53 £ 0.07
733QH 160 1.6 0.78¢ 5.0 2.74 12 19 1.73 £ 0.04
734QL 160 1.6 1.14 5.0 1.81 10 19 1.54 £ 0.09
755AH 160 1.5 3.24 5.0 2.51 12 20 1.64 £ 0.07

?Conditions: AH, aluminum reaction tube and 1140 ppm of NO,/Ar; AL, aluminum reaction tube and 109 ppm of NO,/Ar; QH, quartz reaction
tube and 1140 ppm of NO,/Ar; QL, quartz reaction tube and 109 ppm of NO,/Ar. ¢;/T = 2%. %z = 47 ¢m corresponds to premixing of the
reactant and bath gases; the cooled inlet was not used. ¢Should be read as (1.12 % 0.03) X 10°'°. 4CH, was introduced through the cooled inlet.

consideration of accuracy, thus largely pertains to the preexpo-
nential factor.

In Figure 2, the present data are compared with recommen-
dation of Baulch et al.* and the three k,(7) studies'-* made since
that recommendation. The Baulch recommendation is based on
observations in multireaction media and a room-temperature study
in an isolated reaction environment, i.e. a direct measurement,
while each of these later studies involved direct measurements of
k;. Comparison of the latter three direct measurements with the
present work shows good agreement at room temperature.
Room-temperature rate coefficients range from 1.17 X 107'% to
1.50 X 10779 ¢cm? molecule™! s! and are within 15% of the simple
average 1.32 X 107'° cm® molecule! s7!. While we find the
activation energy to be about 1.5 kJ mol™, Michael et al.! reported
no temperature dependence from the combined FP-RF (flash-
photolysis resonance-fluorescence) and DF-RF (discharge-flow
resonance-fluorescence) studies over the 230-400 and 195-368
K ranges, respectively. In the overlapping 296-400 K range, the
present data are in excellent agreement with theirs (Figure 2),
yet the extension to higher temperatures by the present work
suggests a small temperature dependence. The older measure-
ments of Clyne and Monkhouse® and Wagner et al.? indicated
higher activation energies, 3.9 and 4.2 kJ mol™, respectively, than
those of Michael et al.! and the present work. The accuracies
of the data of ref 1, 18% and 35% for the FP-RF and DF-RF

studies, respectively, may be comparable to that of the present
work. The larger uncertainties of the data reported by Clyne and
Monkhouse and Wagner et al. may be calculated from the in-
formation given in those papers to vary in the 23-32% and 46-55%
ranges, respectively.??  Further information on the activation
energy is available from the work of Michael et al., who calculated
Lennard-Jones collision rate constants of about 1 X 107 cm?
molecule™ s™ for the 195-400 K range, yielding k, estimates of
about 2.5 X 107° cm® molecule™ s and a 0.95 kJ mol™! activation
energy.?® The latter value is intermediate between that of the
present work and their experimental work and lends further
credence to a small activation energy.

The reactants and products of reaction 1 are known to correlate
on both 'A’ and *A’ potential energy surfaces."!! On the basis
of their chemical intuition that interaction on the triplet surface
would have a significant barrier, Michael et al. argued against
interaction on that surface, since they observed no temperature
dependence of k,.! From their molecular beam study, Haberland
et al. also showed that the energy barrier is zero or very small.!!

(22) Neither work states whether the uncertainties in the fitted parameters
given pertain to precision or accuracy or whether their figures are at the 1o
or 20 level. The uncertainty values of those studies given here are on the
assumption of a 2¢ uncertainty.

(23) The 0.95 kJ mol™' figure does not appear in ref 1, but may be cal-
culated by using their model, as was pointed out to us by Dr. J. V. Michael.
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Figure 2. Comparison of rate coefficient measurements for the H + NO,
reaction: (@) present study; (—) best fit to the present data (eq 5); (O)

Michael et al.;' (A) Wagner et al.;2 (Q) Clyne and Monkhouse;? (---)
recommendation by Baulch et al.4

The present kinetic results confirm the conclusion of a zero energy
barrier. It has been noted that the reaction cross section og varies
inversely with the square root of the translational energy when
reactions proceed with no threshold energy.# The reaction cross
section is related to k(T) by?*

k(T) = og(v) ()]

where (v) represents the average velocity of the reactants. From
the k,(7) values of eq 5 and the (v) from the kinetic theory of
gases, the ratio o5 (296 K)/ar(755 K) for reaction 1 is calculated
to be 1.10, while the inverse square root dependence indicates 1.60.
This qualitative agreement, though not a sufficient condition,
supports a zero energy barrier. We note that the k(7 expressions
reported by Clyne and Monkhouse® and by Wagner et al.2 lead
to og(298 K)/ar(653 K) = 0.71 and o5(240 K)/ag(460 K) =
0.49 for their respective temperature ranges, in poorer agreement
with a zero barrier.

Reaction 1 has been reported to proceed through a HONO*
intermediate that lives long enough to permit at least partial
randomization of the available energy.” This suggestion is sup-
ported by the molecular beam study of Haberland et al.,!! in which
the angular distribution of the products was observed. The absence
of any forward-backward asymmetry in that work, done at
collision energies of 42 kJ mol!, indicates that the lifetime of the
energized complex must be longer than the calculated rotational

(24) Levine, R. D.; Bernstein, R. B. Molecular Reaction Dynamics and
Chemical Reactivity, Oxford University Press: New York, 1987; Chapter 2.
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period of about 4 X 10712 s.!! However, in a recent study at
collision energies of 3.9 kJ mol™!, Sauder and Dagdigian'? observed
forward peaking in the product angular distribution and suggested
that the lifetime of the energized complex may be shorter than
that. Their possible disagreement with the earlier studies was not
discussed. Either way, it is interesting to investigate the potential
stabilization channel leading to HONOQ %

LN « kelB)
H 4 NO; === HONO* ——= OH +NO (7
1bde!
HONO

A detailed treatment would require individual values for the
formation rate of the excited HONO* intermediate and the en-
suing stabilization, 8k,[M], and the energy-dependent dissociation
rates.?® However, for the purpose of comparing stabilization to
dissociation to OH + NO, a simplified calculation using reasonable
assumptions can be used. Taking the lifetime of HONO®* as 4
X 10712 5, the dissociation rate to OH + NO would be about 3
X 10" 7!, Assuming the hard-sphere collision rate, ,, to be about
3 X 107! ¢cm?® molecule™! s7! and the collisional deactivation
efficiency, 8,7 to be 0.25, an [M] value of 4 X 10*! cm™ is required
to obtain a 8k,[M] comparable to the dissociation rate. Although
this value of [M] is much higher than is usually obtainable in
laboratory experiments, it is routinely surpassed in the high-
pressure environments of propellant combustion.?® A higher
required [M] would be implied by the Sauder and Dagdigian work.
Nonetheless, up to 2500 K, AG® values for the reaction H + NO,
= HONO are negative for both the cis and trans isomers of
HONO,? indicating that the forward reaction is favorable up to
that temperature. Thus, under the conditions of nitramine pro-
pellant combustion, the formation of HONO from H + NO,
might have to be considered, as well as its presence® as a de-
composition product.

In conclusion, we have increased the temperature range of the
measured k, to 760 K and find the activation energy to be about
1.5 kJ mol™!. The temperature dependence found here is consistent
with a zero energy barrier. In addition, we suggest that the
stabilization channel leading to HONO may need to be included
in models of nitramine propeliant combustion.
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