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Calculations of the Rate Constants for the HX+NO = HNO+X
Reactions (X=H, F, Cl, Br, and I)
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The rate constants for these hydrogen-transfer reactions:
HX+NO — HNO+X (X=H, F, Cl, Br, and I)
have been calculated by means of the transition-state theory combined with the BEBO method over the temperature
range of 250—4000 K. The calculated rate constants were then compared with the experimental kinetic data.

There have been many attempts to estimate the
rate constants theoretically for bimolecular reactions;
these attempts have been, for example, collision theories,
the transition-state theory combined with the BEBO
or LEPS method, trajectory calculation, and so on.
Although the bond energy-bond order (BEBO) method
is an empirical one, this method has many advantages:
calculations are easy, there are no parameters which
need to be adjusted for each reaction, and the predicted
activation energies are generally in good agreement
with the experimental kinetic data.

In this study, in order to clarify the effect of the
difference in X on the rate constants for these reactions:

HX + NO —= HNO + X (X=H, F, Cl, Br, and I),

the rate constants for these reactions were calculated
by using the transition-state theory combined with
the BEBO method. The rate constants for these
reactions:

H, + NO — HNO + H )
HCl + NO — HNO + Cl 3)
HBr + NO —— HNO + Br )
HI + NO — HNO + I )

have been determined by Ando and Asabal) for Reac-
tion 1 in shock waves, by Higashihara et al.2:3 for Re-
actions 3 and 4 in shock waves, and by Holmes® for
Reaction 5 in a static system. The rate constant
of Reaction —1:

H + HNO — H, + NO (-1
has also been determined by several groups® by using

various experimental methods over a wide temperature
range. Although many kinetic data have thus been
accumulated, there have been no theoretical studies
for these reactions. Therefore, it is also interesting to
try to explain these kinetic data consistently with a
theory.

Calculations

The following linear three-atom model was used
for the calculations of the BEBO potential energy

curve:
-—@®-

The detailed procedures of calculations were sum-
marized by Johnston (Ref. 6b, p. 339). It should,
however, be noted that the following two points were
modified in this calculation. First, the new Pauling
constant, 0.28, which was evaluated by Gillion,”
was used instead of 0.26 in Eq. I:

r=1,— 0.28lnm (or n), @

where the subscript s denotes the length of a single
bond and where m (or n) is the bond order of H-N
(or X-H). Second, the new f value, 0.45,7 in the
Sato anti-Morse function (Eq. II) was used instead
of 0.25:

Vie = f{Da(1+e P21}, ()

where B is the Morse parameter. All the molecular
parameters necessary for the calculations are sum-

TaBLE 1. MOLECULAR PARAMETERS

D, v D, 7s I F B

kcalmol*  c¢m—!  kcal mol-? A é 100gcm 108N A-t ? A1

H-H 103.27 4405.3 109.4 0.74 1 0.46 5.74 1.069 —_—
H-F 134.6 4138 140.5 0.92 1 1.335 9.59 1.034 —
H-CI 102.1 2989 106.4 1.27 1 2.64 5.16 0.948 —
H-Br 86.7 2649 90.5 1.42 1 3.316 4.12 0.897 —
H-I 70.6 2309 73.9 1.61 1 4.284 3.12 0.800 —
N-O — 1903.6 —_— — 2, 2 16.55 — — —
H-NO 48.6 3596 53.74 1.063 1 643.3» 7.1 0.984 1.794
F-NO 54.94 766 56.03 1.52 — — 2.79 —_ 1.891
CI-NO 37.15 605 38.01 1.95 — — 1.92 — 2.024
Br-NO 27.8 542 28.57 2.14 — — 2.06 — 2.278
I-NO 19.53 440 20.16 2.3 — — 1.44 — 2.265

a) 10120 (gcm)3.
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marized in Table 1. The bond-order index (p or g)
was calculated from this equation:

plor ¢)=0.281n (Do/Dy)/(re—1s), (III)

where D, and r_ are the bond strength and the length
of the corresponding noble gas molecule respectively.
The BEBO properties of the activated complexes
calculated by using this model are summarized in
Table 2. In the case of the HI-NO reaction, the
maximum value of the potential energy did not exist.
In this case, the distance of H-I in the activated complex
was assumed to be the same as the He-Kr Lennard-
Johnes internuclear distance, and from this distance
the bond orders, m and n, were calculated.

The vibrational frequencies of the activated com-
plexes were calculated according to the method of
the GF matrix by using the following model:

L#Y

H- N
5
o

X

As is shown in Table 2, the bond order of H-N (m)
in the activated complex is nearly unity in all cases.
This means that the bond angle of H-N-O and the
bond length of N-O in the complex may be nearly

TABLE 2. PROPERTIES OF ACTIVATED COMPLEXES
CALCULATED FROM THE THREE-ATOM BEBO MODEL

" m 1 Ty Ve e
A A kcal mol-?
H-H-NO 0.028 0.972 1.741 1.071 56.89
F-H-NO 0.019 0.981 2.030 1.068 88.1
Cl-H-NO 0.008 0.992 2.622 1.065 53.01
Br-H-NO 0.002 0.998 3.160 1.064 36.77
I-H-NO 0.0004 0.9996 3.8 1.063 20.16

a) V* is the maximum value of the potential energy.
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the same as those of the HNO molecule. Then, 6=
108.5° and r;=1.211 A, values which are the same
as those of the HNO molecule, were assumed. The
G matrix was constructed according to this model
from Table, 7-4 of Ref. 8 (p. 135). The force con-
stants used for each activated complex are listed in
Table 3. The values of F,; and F, in this table are
the same as those used by Brown and Pimentel® in
the calculations of the vibrational frequencies of the
HNO molecule.l® The values of Fy,, Fu, Fj, and
F, were calculated by means of the three-atom BEBO
method according to the procedures of Ref. 6b. The
rest of the interaction force constants were assumed
to be 0. The calculated vibrational frequencies are
listed in Table 3 for each activated complex. In this
table, the moments of inertia, I, of the activated com-
plex and the activation energies, E, of the forward
and backward reactions are also listed for each activated
complex. Though the bending-force constant of
H-N-O in the activated complex was assumed to be
the same as that of the HNO molecule, this force con-
stant might be appreciably affected by X. Therefore,
the vibrational analysis was also carried out using
a value one-half the normal F, value. The results
of the calculations shown in the parentheses of Table
3 indicate that the change in the value of F; does not
affect the vibrational frequencies very much.

The rate constants were calculated according to
this familiar expression from the transition-state the-
ory:

k= (KT/h)(Q*[Qxreact.) €xp (—Eo/RT), Iv)
where 0Qf and 0O ,,,... are the partition functions of
the activated complex and the reactants respectively
and where E; is the theoretical activation energy.

Furthermore, the rate constants of Reactions 1,
2, 3, 4, and 5 were calculated by using the simple col-
lision theory to check the reliability of the observed
kinetic data. The molecular diameters of the reactants

TABLE 3. PROPERTIES OF ACTIVATED COMPLEXES

H-H-N-O F-H-N-O  CI-H-N-O Br-H-N-O I-H-N-O

F,» —0.0194 —0.0738 —0.0202 —0.0021 0.0010
Fpp® 6.9516 7.0304 7.0726 7.0726 7.100
Fpp 0.0201 0.1377 0.0572 0.0142 0.0028
P, 0.0853 0.1068 0.0339 0.0083 0.0017
Fip® 10.54 10.54 10.54 10.54 10.54

F,® 0.52 (0.26) 0.52 0.52 (0.26) 0.52 0.52

»,(N-H),» 3523.8 (3523.6) 3506.0 3566.5 (3566.4) 3595.3 3604.2
7y (N-0),» 1598.3 (1588.4) 1530.4 1532.7 (1520.9) 1533.6 1536.0
v (H-N-O),» 1098.3 ( 883.1) 942.3 988.8 ( 737.1) 949.9 945.5
vy (X~H-N),» 245.6 ( 216.8) 607.4 89.6 ( 84.9) 58.2 21.2
vgh) 167.0i ( 196.9i) 103.1i 27.5i ( 27.8i) 18.9i 2.4
vg(X-H-N)» 620.6 ( 620.6) 619.2 322.5 ( 322.5) 152.0 66.0
1,9 8.528 13.859 14.50 18.91 15.18
J ) 27.688 222.49 423.91 729.57 985.52
Ie®) 36.22 236.36 438.413 748.58 1000.7
Eo 58.0 89.8 55.5 39.25 22.96
Ep® 2.4 2.68 0.88 0.04 0.0

a) 180NA-L b) cmL c) 100gcm. d) kcal mol-2
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TABLE 4. RATE CONSTANTS CALCULATED FROM THE SIMPLE COLLISION THEORY

M.D.» Rate expression? Steric factor
A cm?® mol—ts1
1) H,+NO 2.93 k=2.1x10% T2 exp (—54.6 kcal/RT) 2.6x10-2
2) HF+NO 3.0 k=8.4x10'2 TV2 exp (—86.0 kcal/RT") (7.1x1073)
3) HCI+NO 3.36 k=8.0x10%2 T2 exp (—53.5 kcal/RT) 6.4x10-2
4) HBr+NO 3.41 k=7.0x10%2 T%2exp (—38.1kcal/RT) 9.1x10-2
5) HI+NO 4.12 k=8.1x102 TY2 exp (—22.0 kcal/RT) 1.6x10-3

a) Molecular diameter of HX. The molecular diameter of NO was assumed to be 3.5 A.

b) The activation

energy was assumed to be the same as the standard enthalpy change of the reaction.

and the calculated rate constants are listed in Table
4. The last column of this table shows the steric factor
which was obtained from a comparison of the calcula-
ted rate constant with the experimental one at the
middle temperature of each experiment. The steric
factor of Reaction 2 was determined by comparison
with the calculated value by using the transition-
state theory combined with the BEBO method, since
there are no rate data for this reaction. In general,
the steric factors for abstraction reactions lie in the
0.01—0.1 range. As is shown in Table 4, the steric
factors for these reactions (except for that for Reaction
5) lie in this range; this fact indicates that the observed
rate constants are reasonable.

Discussion

As is shown in Table 2, in all the activated com-
plexes the bond order of H-N (m) is very large compared

10

©
T

log (k/cm3 mol-1s-1)

Fig. 1. Comparisons of the calculated and experiment-
al rate constants for the reaction HCl4-NO—-HNO--
Cl. Solid and dash-dot lines represent the calculated
rate constants by using Fy;=0.52x10-% and F,=
0.26x 10~ NJ/A, respectively. Circles are the ex-
perimental rate constants determined by Higashihara
et al.® The error bars represent +259%, maximum
uncertainty.

with that of X-H (n). This trend is always observed
in the cases of large endothermic or exthothermic
reactions, it can be ascribed to the large contribution
of the bonding term compared with that of the
repulsive one. The bond order, n, gradually decreased
as X changed from F to I because of the decrease
in the triplet repulsion energy.

Figure 1 compares the calculated rate constants
with the experimental ones for Reaction 3. The rate
constants were calculated by using two different values
of F,, since one can not precisely estimate the effect
of the X—H bond in the activated complex on the value
of F,. The solid and dash-dot lines in Fig. 1 show the
rate constants calculated by using values of F,=0.52
X 108 and F,=0.26x10-% N/A respectively. Thus,
the calculated rate constants were not sensitive to
the values of F,. The circles in this figure are the
rate constants determined by Higashihara et al.?) and
are compatible with the theoretical values.

Figure 2 compares the experimental rate constants
(broken lines) with the theoretical ones (solid lines)
for Reactions 1, 4, and 5. The experimental con-

11

10+

log (k/cm? mol-1s-1)

10¢K/T
Fig. 2. Comparisons of the calculated rate constants
(solid lines) with the experimental ones (broken lines)

for the reactions HX4+NO—-HNO+X. Experiment-
al rate constants are summarized in Table 5.
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TaBLE 5. KINETIC DATA OBTAINED EXPERIMENTALLY FOR THE HX-4+NOZ=HNO + X REAGCTIONS
_Rate constant Temperature Method Reference
cm?® mol-1 51 range/K
1) H,+NO k=108 exp (—55.2 kcal/RT) 2000—3500 Shock Tube 1) Ando and Asaba
3) HCI+NO £=108-2exp (—50.2 kcal/RT) 2650—3850 Shock Tube 2) Higashihara et al.
4) HBr+NO k=108 exp (—30kcal/RT) 2000—3300 Shock Tube 3) Higashihara et al.
5) HI+NO k=1011-8 exp (—22 kcal/RT) -368— 523 Static Sys.® 4) Holmes
—1) H+HNO i=3x10w 226— 294 Disch. Flow? 5a) Clyne and Thrush
k= (6+3) x 10 1600—2000 Flame 5b) Bulewicz and Sugden
k< (2.7+0.6) x 10 296 Disch. Flow® 5c) Lambert
k=6x101°—-6x 101 300 Static Sys.® 5d) Kohout and Lampe
k= (4.8+1.2) x 10 2000 Flame 5e) Halstead et al.
k= (2.3+1.1) x 102 2177 Flame 5f) Smith
£=9.63 x 1012 298 Disch. Flow® 5g) Washida et al.
k=3.0x 10" T2 exp (—2.4 keal]RT) — Estimated 5h) Nicolet
k=1.4x104" T%/2 — Estimated 5i) Lordi et al.
k=7x10% exp (—3.0 kcal/RT) — Estimated 5j) Wilde et al.
a) Static system. b) Discharge flow system.
ditions and techniques for the data cited in this figure 14 " " T
are summarized in Table 5. Unfortunately, there 1 \
are no rate data for Reaction 2: HF+-NO—->HNO-F.
For Reactions 1 and 4, the agreement between the
experiment and theory seems to be reasonable in the
temperature ranges within which experiments were 1l ]
carried out. The calculated rate constant for Reac- — .
tion 5 is greater by about two orders in magnitude T of
than that observed. This is the only example of a T,
large difference between the experimental and theoreti- g b
cal rate constants. T ol s |
As is listed in Table 5, there are many data for Reac- < S
tion —1 obtained over the wide temperature range o N
from room temperature to 2177 K by using various S \
experimental techniques. Therefore, this reaction is ‘\\ E
very suitable for use in testing the application of the S
BEBO method to the group of reactions considered ur d"/‘i\
here. Baulch et al'® recommended in their data i
book a value of £=4.8 x 1012 cm3 mol—* s at 2000 K La
based on the data of Halstead and Jenkin.5® At room ) ) =l
temperature they suggested that a value of k=3 X 10 20 30
10'° ¢cm3 mol-1s~! determined by Clyne and Thrush%) 18K/T
was likely. Recently, Ando and Asabal determined Fig. 3. Comparisons of the calculated rate constants

the rate constant for the H,4+NO—-HNO--H reaction
at 3000 and 3500 K by using a shock-tube method.
By combining their value of the rate constant with
the equilibrium constant, the rate constant of Reaction
—1 can be calculated. The value thus obtained is
about one order larger than that recommended by
Baulch et al. More recently, Washida et al.58) de-
termined the lower limit for this reaction at room tem-
perature as £=29.63 x 101! cm® mol-1s-1 by a method
combining a photoionization mass spectrometer with
a dischargeflow system. This value is also larger
(by more than one order) than that of Clyne and Thrush.
Thus, recent studies suggest that this reaction is very
fast. Figure 3 shows a comparison of the experimental
rate constants (broken lines and circles) with the the-
oretical ones (solid and dash-dot lines). It may be
found from Fig. 3 that the theoretical rate constants
are consistent with the recent rate data.

(solid (Fy=0.25%x10-8 N/A) and dash-dot (F,=
0.26x 10-8 N/A) lines) with the experimental ones
for the reaction H4+HNO-—H,+NO. The letters
a—j and the number 1 represent the referencies
indicated in Table 5.

There is a possibility of tunneling in the cases of
hydrogen-transfer reactions at temperatures lower than
1000 K. Therefore, tunneling correction was con-
sidered for this reaction. If ¥*=n, where u*=m /KT,
and wV*[hv;>1, where V* is the maximum value of
the potential energy, an approximate tunneling cor-
rection®) (this is generally known as a high-temperature
approximation) is sufficient and the correction factor
is given by

I’} = 0.54*/sin(0.5u*).

The value of I'} for this reaction was calculated
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log (k/cm® mol-!s~1)

11

1.0 2.0 30
18 K/T
Fig. 4. Calculated rate constants for the reactions
X+HNO—-HX+NO.

to be 1.04 at 250 K. Thus, this effect was negligibly
small and was not taken into account thereafter.
Figure 4 shows the calculated rate constants for Reac-
tions —1, —2, —3, —4, and —5. There are no rate
data for any of these reactions except Reaction —I1.

As is shown in Figs. 2 and 4, the rate constants for
both the forward (Reactions 1, 2, 3, 4, and 5) and
backward (Reactions —1, —2, —3, —4, and —5)
reactions become larger as X changes from F to I.
For the forward reactions, this trend may be attributed
to two reasons. First, the activation energy becomes
smaller as X changes from F to I. Second, as is shown
in Table 3, the partition functions of the activated
complexes, especially those of the rotation and X-H-N
bending modes, become much larger as X changes
from F to I, but those for the reactants do not change
so much. On the other hand, for the backward reac-
tions the activation energies do not differ very much.
Therefore, the trend is mainly a result of the difference
in the partition functions of the activated complexes,
and is the reverse of that for the X+4+H,-HX-+H
reactions,®®) in which the rate constant becomes smaller
as X changes from F to I, mainly because of the dif-
ference in the activation energy.

Conclusion

1. The rate constants determined experimentally
for the HX+NOZHNO--X reactions were in fair
agreement with those predicted by the transition-

Rate Constants for HX+4+NO—HNO+}+X
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state theory combined with the BEBO method. Thus,
the rate constants for analogous reactions may rea-
sonably be calculated by this method.

2. For the temperature dependence, some dif-
ference between the experiment and theory exist.
Apparently, more experimental data over a wide
temperature range are necessary for all the reactions.

The author wishes to thank Assistant Professor
Ichiro Murakami and Dr. Ko Saito for their helpful
discussions and guidance throughout this work. He
also acknowledges the helpful discussions of Mr.
Keijiro Taga and Miss Michiko Miura with respect
to the vibrational analysis.
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