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Evaluating Data for Atmospheric Models, an Example: 10+ NO; = IONO,'
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Data for the title reaction have been fit to the different formalisms used by the NASA and IUPAC data
evaluation panels. The data are well represented by either formalism. Reported values for the bond dissociation
energy at 0 K\Do(IO—NO,) vary from about 95 to 135 kJ mdl, with uncertainty ranges of about 20 kJ

mol~1. Master equation/RRKM methods were employed in an attempt to reconcile these values with the data.
This was possible within reasonable bounds and suggests a value in the neighborhood of 156.k@smol
always, there are sufficient assumptions and unknowns in such an attempt, that this value is somewhat uncertain,
but the true value is not expected to be too far from this result. Thus, it is possible to evaluate data of the type
addressed here in a manner reasonably consistent with the basic understanding of pressure dependent rate
coefficients for use in atmospheric or other models of “engineering” problems. There are, however, strict
limits on our ability to know specific details. It is possible that true anharmonicity corrections that include
stretch—bend interactions as well as effects due to averaging rotational contributions could combine to lower

this value by as much as 10 kJ mblIn addition collision and energy transfer parameters are somewhat
uncertain.

Introduction of states might allow one to distinguish between them. Herein
is described treatment of the title reaction using a Master
Equation/RRKM approach. (PK compute structures and energet-
ics for several isomers of IONOThe stability of these isomers

is so much less than that of IONChat they are not expected

to contribute to the association reaction of IO andN@n
earlier theoretical calculation was performed by Rayez and
Destriai reportedDo(I0—NO,)/kJ molt = 134+ 13. Cham-
bers et al® report an upper limit of the heat of formation of
IONO; of 21 kJ motl. However they used a value of the heat

It has been the author’s task for several years to evaluate
data for association reactions and equilibrium constants for the
NASA/JPL Evaluatiorl. By the nature of experimental limita-
tions, data, when available, are restricted in scope. It is therefore
very useful to compare extant data with theoretical understand-
ing in an attempt to extrapolate to all values of pressure and
temperature of interest. In this endeavor my attention was called
to the title reaction. A comprehensive study by Allan and Plane

[AP]? delineates the reasons for atmospheric interest andOf formation of NQ in deducing this value that has been
complements and extends data of earlier workers as well asi creased by 9.3 kJ motl, meaning that their upper limit
performing relevant quantum calculations. Papayannis and becomes 29.3 kJ mol '

Kosmas [PK}* have more recently performed theoretical ' '

calculations as well. Interestingly, there is significant disagree- Empirical Data Evaluation

ment between these two theoretical results. While the structure _ ) )

and vibrations for ION@are essentially identical, the heats of ~ For the NASA/JPL Evaluatiohdata for the title reaction were
formation are very different. AP compute at the B3LYP/6- taken fromrefs 711. (Data from a study by Blitz et &t.were
311+G(2d,p) level. They report a bond dissociation energy at Presented as a poster at a meeting and agrees with data from
0 K, Do(I0—NO,)/kJ mof™ = 94.9 with uncertainty of the order ref 7.) Values oﬂ<o, n, ko, andm were chosen to best describe

of 20 kJ mot L. PK have carried out single-point coupled cluster the data according to

calculations at the CCSD(T)/LANL2DZpl level on B3LYP/
LANL2DZpl optimized geometries and compudg(I0O—NOy)/ KM, T) = ky(MIM] 0.6 1HI0glkeMIMY k()13
kJ mol! = 146.0, which they then convert to 137.6 or 131.7, ' 1+ (ky(T[MY/ k,(T)) '

depending on the value they use for the sgonbit correction

in 10. (In their more recent wofkthey seem to have settled on  \ith the rate constants representedgE) = ko(300K)(T/300)™"
131.4.) They also computBo(I—ONO,)/kJ mol! = 157.3. and k..(T) = Ke..(300K)(T/300) ™.

They use the latter value to compuiei;o°(IONO) /kJ mol* The IUPAC Evaluatio#® uses a somewhat different version

= 42.6, but they usé\H;o°(NO3) /kJ mol't = 62.4, whereas  of the equation and has also evaluated the same data.
the correct valukis 71.1, yieldingAH¢ o°(IONO;) /kJ mol! =

51.3. Using the valdefor AH;o%(10)/kJ moll = 121, one k(M,T) =
computesDo(I0—NO,)/kJ mol? = 105.6, revealing some

uncertainty in the methods employed. These values are suf-
ficiently different, and the rate data are close enough to the low-
pressure regime, where the energy dependence of the density

ko(DIM] )F {1+ ll0g(ko(MIMY k(T)/(0.75-1.27I0gFe))2 *
1+ (K(MIMI k(M)

Both the evaluations describe the data adequately. The param-
T Part of the special issue “tyen Troe Festschrift”. eters from each evaluation are given in Table 1. (Most up to
* Corresponding author e-mail: david.golden@stanford.edu. date results of both the NASA and IUPAC evaluations are found

10.1021/jp058221k CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/03/2005



Evaluating Data for Atmospheric Models

TABLE 1. NASA and IUPAC Parameters Association
Direction?
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TABLE 2: Calculation of Centrifugal Maximum

V(r) = De[l—exp(—p(r—re))P+kT(rmaxk)?

k/cmPmoleculés™ k./cmPmolecules® F. n m IONOz(pkAH=150 ka/mol) T=300K
NASA 6.5E-31 7 6E-12 [06] 35 15 |0- -NO; stretching frequency w =627 cnt )
IUPAC 7.76-31 1.6E-11 04 5 0 bond energy Do = 12539 cm®
AP 1.3E-30 6.5E-12 575 13 change in zpe between #NO, and IONQ Azpe= 1201 cnt
D, + Azpe De= 13740 cm*
@Values in brackets were fixed. Rate constants representefTas mass of 10 Ma= 142.9 amu
= ko(300K)(T/300) ™ and k«(T) = k..(300K)(T/300) . mass of NQ Mb = 46 amu
reduced mass u=348amu
2D moment of inertia J=398.9amu A&
o 10+ NO, |0- -NO; bond length re= 1.434 A
NASA Equation vs Data COM bond length= (J/m)-2 ree=3.386 A
% : 0.12172v(u/De)2 p=3842 A1
> rmax (center of mass) 5.258 A
§ —— -, e rmax (bond distance¥ rmax (center of mass) 3.306 A
2 ' — (ree-re)
E i
£
3 . " . a small effect.) Lennard-Jones collision parameters and the value
2 e i g n | of [AELdown are given in Table 3.
- 5. Hindrance values were chosen to reproduce the high
" pressure rate constant from the NASA/JPL Evaluation, given a
DOE+0D

trial critical energy, at three separate temperatures (218, 277,
and 298 K), and critical energies were chosen in the range of
Figure 1. Measured rate constants vs values from NASA parameters those suggested by either AP or PK. (Past experience suggests
(Table 1). The line is the 1:1 linecrosses: ref 2; squares: ref 8;  that changing thé-factor, for example to fit the IUPAC values,
diamonds: ref 7; open circles: ref 11; filled circles: ref 10; triangles: \yquId change the hindrance values somewhat, but usually the
ref 9. data can still be accommodated.) Since the output of the
Multiwell code'® used for the calculations is the fraction of
dissociationkgis{ P, T)/kdisse(T), and since the output also yields
Kaisse-(T), the equilibrium constant was calculated from the
appropriate values of the enthalpy and the structure and
frequencies of ION@ IO, and NQ using the “Thermo” code
in the Multiwell suite, to compute the association rate constant,
The analysis proceeded in the following fashion: kass{P,T). Table 3 shows values used in the calculations. (The
1. Structure and frequencies for ION®ere taken from either  same value results when the fraction, which may also be written
ref 2 or 3. These are very similar. In this work values from PK a5 k. (P, T)/kassn(T), is multiplied by the NASA/JPL high-
were used. No conclusion reached herein is affected by thesepressure limit for association.) Values of the equilibrium
small differences. constant using a critical energy of 150 kJ mioare given in
2. Using the PK parameters, the moments of inertia shown Taple 4. (When other values of the critical energy were tried,
in Table 2 are computed. The center of mass distance in thethe value of the equilibrium constant was recalculated.)
molecule is computed from thé moment. Using a Morse
potential, computed using this center of mass coordinate, theqy,4
position of the centrifugal maximum was obtained by adding
the rotational energy at the maximum, assuthénl bekT and Using the value of the centrifugal maximum calculated above,
setting the derivative to zero. (Table 2 contains the constantsthe collision rate between 10 and N@t 300 K is 3.7x 10710
used and the result of the maximization of the potential at 300 cm?® molecules?® s™%, and this would be an upper limit for the
K. These values will change somewhat with values for the bond high-pressure limit of the association rate constant. Since both
energy.) This value can then be used to replace theNO, the NASA and IUPAC evaluations suggest A+factor much
equilibrium bond length, and moments of inertia can be smaller than this, the transition state must be tighter than the
calculated for this new entity, the transition state. (Using a collision complex represented by the centrifugal maximum in
Varshni potential changes the value slightly. A Lennard-Jones the potential energy surface. As pointed out several tithtss
potential gives a much larger value for the position of the tightening of the transition state can be modeled using the
centrifugal maximum and would require an even larger hin- methods of variational transition state theory by changing
drance of the rotors in the transition state than we use. Momentsfrequencies of the transitional modes or by using a hindered-
of inertia may also be calculated by computing maxima at Gorin transition state which is tightened by restricting the
individual values of] and then using suggestions by Tfot rotations of the IO and N@reactants to less than ther4
compute the centrifugal partition function, from which the steradians that could be available to them. Over the temperature
moment of inertia may be computed. There is a very small range addressed here, there may be no real difference, but over
difference in the value obtained using these methods.) a large temperature range, the differences in heat capacity of
3. Frequencies and moments of inertia for the transition state the loosened transitional modes, which have the heat capacity
were those of N@used previoushf and 10 from the JANAF of low-frequency vibrations (i.€R), and the restricted rotations,
Tables!’ which have energy spacing and thus heat capacity of a particle
4. Energy transfer with the nitrogen bath gas was computed in a box (i.e.R/2), can become apparent. Past experi&?e
using the exponential down probability function, and the value with systems where the data were available over much larger
of [AE[down could be adjusted in an attempt to reproduce the temperature ranges leads toward use of the hindered-Gorin
fitted curves. (ChangingAEldown Within rational limits has only model.

O.0E+0D 2.0E-12 4.0E-12 6.0E-12
Kiyasalem’molecules sec™

on their Web sites.) Figure 1 shows all the data compared with
the predictions from the NASA equation. (A similar plot using
the IUPAC parameters and equation looks similar.)

RRKM/Master Equation Analysis

“Hindered-Gorin” Transition State
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TABLE 3: Parameters for Multiwell Calculations

Golden

IONO;
critical energy at 0 K/kJ mof
vibrational frequenciéfcm™?
hindered rotor:frequency/cri moment of inertia/AMU A;
rotational symmetry (foldedness)
(J-rotor) adiabatic moments of inertia /AMUWPA
(K-rotor) active external rotor/AMU A
symmetry; electronic degeneracy; optical isomers

|O- - -NO; (Transition
frequencies/cmt
(J-rotor) adiabatic moments of inertia /AMUPA
(K-rotor) active external rotor/AMU A
moments of inertia active 2-D rotors/AMU?A
hindrance:#(300K); 7(277K); 7(218K)
symmetry; electronic degeneracy; optical isomers
collisions: E/AZ% €/K;) IONO,
N2
[AE [dowd cm™*

aFrequency in italics replaced with hindered rotor with no importan

TABLE 4: Equilibrium Constants

T (K) K/cm®molecule'®
200 1.986-12
218 1.068-09
277 1.948-01
300 1.26E-01

for 200-300 K: K = 5.04E28exp(18233)

150
1765,1336,837,769,627,371,188, 7138
108; 13.12; 3

399
40.93
1;1;1
State) NASA Fit
1318,749.65,1617.8,649
848.7 @300 K; 854.8@277 K; 873.5@218 K
60.6 @300 K;60.7@277 K;61.1@218 K
52.6(10); 9.34(NO,)
93%; 91%;87%
1;1;1
7.7;1000
3.7,82
400

t change in results, given the small temperature range considered.

although AP use a versihthat allows for the fornk = A®
(T/300)exp(—E™/KT).) It seems that in using this ILT method
AP set E* to zero while incorporating any temperature
dependence into tHE' type term. AP represent the high-pressure
limit of the rate constant for the association of 10 and N®
form IONG,, in the formk® = A*(T/300)", with A = 6.46 x
102 cm® molecule® st andn = —1.32. If this is translated
to the Arrhenius form,k* = A%exp(—(E*/R)/T), over the

Transition states were chosen to match the high-pressuretemperature range of their study, the value becokfésm?

parameters from fitting the NASA formula to the data!t1?

on association of 10 with N® The parameters are shown in
Table 3. As is often found, to fit the observed negative activation
energy for the high pressure limiting rate constant, the hin-

molecule’! s = 1.57 x 10712 exp(406.97). It is not clear
what the effect of this change would be. (PRites reevaluated
this procedure and finds that the data can be fit, using ILT
methods, withk® = A=(T/300)", with A* = 1.6 x 10~ cm?

drances are somewhat larger at higher temperatures. This ismolecule* st andn = —1.2 or 6 x 10 *%exp(300T).)

consistent with the fact that the centrifugal barriers are at an
increasingly shorter I©NO, distance as the temperature
increases.

In addition, there are several other places in the AP analysis
that cause some difficulty. Given the extent of falloff in all these
experimental studies, the parameters for energy transfer become

Once the values that lead to the high-pressure parameters wergmportant. AP quote Lennard-Jones collision parameters as

fixed, the values folfAE[own, the energy transfer parameter
used in the exponential down model of energy transfer, and the
Lennard-Jones collision diameters and well depths were chosen
The Lennard-Jones parameters for nitrogen were taken from
the table of such values in the notes to the MultiWetlode,

and the values for ION©were estimated using the same table.

= 5.7 A ande/k = 550 K. These values are quite large. The
usual way to compute the collision diametefor the IONGy/

N, pair would be to average the individual values for each
molecule. Since the value given in the Multiwélhotes for N
iso = 3.74 A, the value for ION@required is 7.7 A, which is

a bit large, but possible. As for the collision well depdfk,

(These latter values were chosen to produce the highest rationajne ysual computation for a pair is the geometric mean of the

value for the Lennard-Jones collision frequency, thus ensuring
that the value of the critical energy would be the lowest possible
to fit the data.) As is shown in Table 3, the value for fitting the
NASA expression is 400 cni for the three temperatures we

individual values. The recommended value from the Multiwell
notes for N is 82 K, which requires a value of 3689 K for

IONO,. This is really big! AP used the exponential down
probability function, with a value fofAEdow/cm™ = 500(T/

chose to fit. Changes in this parameter over a reasonable rangeyy-115 This negative temperature dependence is a bit unusual.
can have a small effect on the value of the critical energy used. gjng these values AP fit their data with a critical energy value

(CAEown can be temperature dependent; this kind of variation
was not required here. It is entirely conceivable that small
changes in some of the other fitting parameters would accom-
modate a temperature dependenceEdown.)

Discussion

In their paper AP have also performed a master equation
RRKM analysis. They fit their data using the inverse Laplace
transformation (ILT) method! They find the parameters that
fit the data, including the collision parameters and their

of 105 kJ mot?. (Plane?? now findso = 4 A ande/k = 400

K and [AE[dow/cm~1 = 350(T/300) 12 and a critical energy of

128 kJ motl) In a full RRKM master equation calculation,
using a hindered Gorin model for the transition state that fit
the correctedA-factor and critical energy above and all other
parameters from the recent communica#idh¢ould not fit the
data. Figure 2 shows the data near 298 K plotted together with
the values from the NASA parameters as well the results using
the parameters in Plafigwith the correctedd-factor fit by a
hindered-Gorin transition state) and master equation results using

temperature dependence, by statistical methods. For the ILTthe values in Table 3. It is apparent from Figure 2 that the
method to be applicable the rate coefficient should be expressedPlané? parameters do not fit the data, while an enthalpy
in Arrhenius terms. (An exact argument can be made if the difference in the neighborhood of 150 kJ mbidoes fit the
A-factor and activation energy are independent of temperature,data. (I was able to reconcile the newer values communicated
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Figure 2. Measured rate constants at about 298 K (symbols as in Figure

1) compared with values from NASA parameters (black dotted line);
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the only data, the evaluations and the master equation results
of this report lie a bit below the AP data. See Figure 4.

Only the higher value of about 150 kJ mékeproduces the
data. The higher value of the bond dissociation energy means
a higher value for the density of states of the reactant above
the critical energy. This raises tiefactor for the low pressure
limiting rate constant, and the higher activation energy is
effectively canceled by the equilibrium constant when calculat-
ing the association rate constant. (It is possible that true
anharmonicity corrections that include stretdiend interactions
as well as effects due to averaging rotational contributions could
combine to lower this value by as much as 10 kJ Thyl

My final point is that this, while a rational analysis, has so
many approximations that attempts to analyze data of this type
at a level more microscopic than used herein are an exercise in

master equation calculation with parameters from Table 3 (red solid futility!

line); master equation calculation with parameters from ref 22 (green

solid line). Also shown are ILT calculations using the equivalent inputs,
red and green dashed lines.
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Figure 3. Measured rate constants at about 277 K compared with
values from NASA parameters and master equation calculation with
parameters from Table 3. Symbols are as in Figure 2.
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Figure 4. Measured rate constants at about 218 K compared with
values from NASA parameters, master equation calculation with

parameters from Table 3, and an ILT calculation using parameters from

ref 22. Symbols are as in Figure 2.
by Plan&? with the data, using the ILT method, but when |
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