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Statistical modeling of the reactions Fe+ + N2O -
FeO+ + N2 and FeO+ + CO - Fe+ + CO2

Vladimir G. Ushakov,ab Jürgen Troe,*acd Ryan S. Johnson,e Hua Guo,e

Shaun G. Ard,f Joshua J. Melko,fg Nicholas S. Shumanf and Albert A. Viggianoef

The rates of the reactions Fe+ + N2O - FeO+ + N2 and FeO+ + CO - Fe+ + CO2 are modeled by

statistical rate theory accounting for energy- and angular momentum-specific rate constants for

formation of the primary and secondary cationic adducts and their backward and forward reactions. The

reactions are both suggested to proceed on sextet and quartet potential energy surfaces with efficient,

but probably not complete, equilibration by spin-inversion of the populations of the sextet and quartet

adducts. The influence of spin-inversion on the overall reaction rate is investigated. The differences of

the two reaction rates mostly are due to different numbers of entrance states (atom + linear rotor or

linear rotor + linear rotor, respectively). The reaction Fe+ + N2O was studied either with 6Fe+ or with
4Fe+ reactants. Differences in the rate constants of 6Fe+ and 4Fe+ reacting with N2O are attributed to

different contributions from electronically excited potential energy surfaces, such as they originate from

the open-electronic shell reactants.

1. Introduction

The reaction CO + N2O - CO2 + N2 can be catalyzed by Fe+

cations in the sequence of reactions

Fe+ + N2O - FeO+ + N2 (1)

FeO+ + CO - Fe+ + CO2 (2)

whose rates have been measured in numerous studies.1–7 The
two reactions were found to have quite different rate constants at
room temperature, k1(300 K) = 3.2 � 10�11 cm3 molecule�1 s�1

and k2(300 K) = 3.1 � 10�10 cm3 molecule�1 s�1, and have
markedly different temperature dependences.7 A first attempt
from our group to rationalize the observations7 invoked the well-
known two-state reactivity concept8,9 with contributions from
sextet and quartet pathways to reaction (1) while it assumed the

dominance of a sextet contribution to reaction (2). The modeling
was done with a statistical rate theory accounting for energy
E- and angular momentum J-specific rate constants for formation
and forward-reaction as well as backward-dissociation of the
primary Fe+N2O and FeO+CO adducts. In addition, it employed
energetics determined by quantum-chemical calculations. The
failure of this approach in ref. 7 tentatively was attributed to
nonstatistical intrinsic dynamics of the adducts. A simple para-
metrization of this effect with a single fit parameter allowed
one to mimic the experimental rate constants in a reasonable
manner. Nevertheless, the question remained whether this
interpretation is unique.

After completion of our work on reactions (1) and (2), an
alternative analysis of rate constants for similar ion-molecule
reactions was developed and applied to the reactions10

FeO+ + CH4 - Fe+ + CH3OH (3)

- FeOH+ + CH3

and11

FeO+ + H2 - Fe+ + H2O (4)

- FeOH+ + H

It was confirmed that ‘‘rotational channel switching’’ was
important, i.e. that different J-dependences of the energies of
the loose entrance (E0a( J)) and rigid exit (E0b( J)) transition states
into and out of the primary adducts (with E0a( J) 4 E0b( J) at
small J and E0a( J) o E0b( J) at large J) had to be accounted for.
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In addition, an upper limit Jmax for J was introduced which
restricted the importance of primary adduct formation and
back-dissociation. This ‘‘restricted’’ statistical model, employing
two fit parameters (the quartet barrier E0b for forward reaction of
the adduct and Jmax), turned out to be successful in reproducing
not only absolute values of the rate constants, but temperature
and isotope dependences over a broad range of energies as well.
The fitted quartet transition state energy of reaction (4) was
even found very close to a high-level quantum-chemical deter-
mination.12 The success of the statistical model employed in
ref. 10 and 11 prompted us to revisit reactions (1) and (2). In the
present article, we analyze reaction (1) and (2) using the newer
methods to see if the earlier fitting of the experiments with a
single parameter representing ‘‘nonstatistical dynamics’’ could
be replaced.

2. Modeling rate constants for the
reaction Fe+ + N2O - FeO+ + N2 (1)

We started with refined quantum-chemical calculations for
reaction (1) such as described in Appendix A. Fig. 1 shows the
new potential energy diagram of reaction (1) which supersedes
the diagram shown in ref. 7. The vibrational frequencies and
rotational constants of the reactants, the adducts, and the sextet
and quartet transition states (TS) in the present modeling have
been taken unchanged from the calculations, while the usually
less precise energies of the barriers were used as fit parameters.
We here refrain from more advanced quantum-chemical calcu-
lations for several reasons. Besides the barrier heights, other
details of the potential energy surface are of relevance, such as
the anisotropy of the Fe+–N2O short-range potential which con-
tributes to the parameter Jmax in a complicated way (see below),
the magnitude of spin–orbit coupling and the geometry of the
crossing between sextet and quartet potential energy surfaces
which determine the extent of sextet–quartet equilibration, and
finally the possible contribution of electronically excited states

which arise from the open-electronic shell reactants. The details
of these features in the kinetics are lost such that the invested
effort would appear wasteful. In addition, the extraction of the
corresponding parameters from the kinetic data is not unique
such that a qualitative agreement of fitted parameters with
quantum-chemical values at best can be taken as an internal
consistency test.

Details of our statistical modeling have been described in
ref. 10 and 11 and are not repeated here. Instead, only the
results are discussed. First, in the most simple models I and II,
we assume a sufficiently long lifetime of the initial addition
complex INT1 formed from Fe+ and N2O, such that sextet and
quartet rovibrational states of INT1 can equilibrate. With this
assumption we calculate the rate constant k1 as a function of
temperature (we note that the Langevin capture rate constant
kLangevin E 8 � 10�10 cm3 molecule�1 s�1 is much larger than
the experimental k1). Assuming complete sextet–quartet equili-
bration in these models, the strength of spin–orbit coupling
does not further enter the calculated values of k1. Models with
incomplete equilibration and varying contributions from electro-
nically excited states are considered afterwards.

Model I

Assuming a very high TS energy in the sextet, in this model the
reaction would be governed by the quartet barrier only. The
comparison of the modeled k1 with the experiments then leads to
a fitted 4TS energy of�433 cm�1 relative to the reactants (omitting
the factor hc, all energies in this article are given in cm�1) and
Jmax = 47. Fig. 2 shows (black line) fair agreement between
modeling and experiment, however, without reproducing the
experimentally observed marked change of the temperature
coefficient near 300 K.

Model II

Next, a lower 6TS energy is assumed such that fluxes over 4TS
and 6TS both contribute to the rate. In this case, the best fitting

Fig. 1 Potential energy diagram of reaction (1) (red: quartet, black: sextet; numbers: energies/hc in cm�1, including zeropoint energy contributions;
results from quantum-chemical calculations of the present work, see Appendix A).
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to the experiments is obtained with E(4TS) = �464 cm�1,
E(6TS) = +609 cm�1, and Jmax = 45, see Fig. 2 (red line). Again fair
agreement is found. There is not, however, a major improvement
with respect to the observed marked change of the temperature
coefficient near 300 K. The dependence of the fitting on the
parameter Jmax is shown in Fig. 2 by a dashed blue line indicating
the results for Jmax = N, demonstrating a marked sensitivity to
Jmax (this applies to both of the models I and II).

Before proceeding to more sophisticated models, a few
details of our approach should be explained. First, our fitting
compares the measurements with the modeled rate constants,
optimizing the model parameters by a minimum least-squares
procedure. Second, while the meaning of the transition state
energies is clear, the meaning of Jmax is not. On the one hand,
J in reality cannot go to infinity, because then the well of the
primary adduct INT1 would disappear and long-range capture
into INT1 would cease to contribute to the rate. On the other
hand, the restriction of J by Jmax in our approach mimics ‘‘rigidity
effects’’ in the capture (and the reverse dissociation). In the
modeling we characterize the capture rate in terms of phase
space theory for an isotropic ion-induced dipole potential.13

However, during the ion-neutral approach, anisotropies of the
potential generated by valence (or ion-permanent dipole) forces
reduce the capture rate and introduce ‘‘rigidity’’ (for E- and
J-dependent rigidity factors frigid(E, J), see e.g. ref. 14 and 15).
We assume that this effect is qualitatively accounted for by the
restriction J o Jmax. We finally note that the modeled TS
energies of Fig. 2 are considerably different from the quantum-
chemical calculations which gave E(4TS) = �2334 cm�1 and
E(6TS) = �401 cm�1, see Appendix A. Since the described
quantum-chemical DFT calculations of the energies of 4TS and
6TS remain relatively uncertain12 and several fit parameters are
employed, one cannot prefer model II over model I. One can,
however, investigate whether the representation of the experiments

is improved by consideration of additional factors possibly also
influencing the rates. This will be done in models III and IV
described later in this text. A comment on the strong dependence
of the modeling results on the parameter Jmax in Fig. 2 should be
made. It was shown in ref. 10 for the reaction FeO+ + CH4 (3) that
the rate constant at large translational temperatures stops decreas-
ing and finally increases with temperature. This increase is stronger
for larger Jmax, and the effect sets in near 3000 K. A similar
phenomenon is observed in Fig. 2 at much smaller tempera-
tures. We attribute this earlier onset to the fact that the reaction
of N2O with an atomic species like Fe+ has a much smaller
number of rotational entrance states than the reaction with a
linear species like FeO+. This is accounted for in the statistical
modeling. When other processes like spin-inversion enter the
overall rate, this phenomenon becomes less important, see below.
The much stronger decrease of the rate constant of reaction (1)
with temperature in comparison to reactions (2)–(4), however,
survives and can be attributed to the difference of reactions with
atomic vs. linear reactants.

Model III

Models I and II assumed sufficiently long lifetimes of the
primary adducts INT1 such that complete equilibration of sextet
and quartet states could be achieved. Before we discuss this
assumption below, we investigate the consequences of incom-
plete equilibration. We do this by introducing an additional
spin-inversion step into the kinetic scheme which may or may
not influence the overall rate. In models I and II, the sequence

Fe+ + N2O 3 INT1 -TS - products (5)

was treated. Instead, we now consider the full mechanism

6Fe+ + N2O 3 6INT1 - 6TS - products (6)

6Fe+ + N2O 3 6INT1 3 4INT1 - 4TS - products

4Fe+ + N2O 3 4INT1 - 4TS - products

4Fe+ + N2O 3 4INT1 3 6INT1 - 6TS - products

The rate of the spin-inversions 6INT1 - 4INT1 and 4INT1 -
6INT1 in the language of statistical rate theory is expressed by
WSQ/hr6 and WSQ/hr4, respectively, where r6 and r4 are the
vibrational densities of states of INT1 in the sextet and quartet
and WSQ are effective numbers of activated complex states for
spin-inversion. The WSQ, such as given by numbers of states at
the sextet–quartet crossing seam multiplied by spin-inversion
probabilities, are treated as additional parameters. It may seem
non-intuitive that we treat WSQ as an energy independent fitting
parameter, as the included spin-inversion probability certainly
depends on energy in a Landau–Zener type way. Equally impor-
tant in determining the spin inversion probability, however,
are details of the multidimensional crossing of the sextet and
quartet potentials. As these details are not available at this
time, detailed theoretical treatment of WSQ in this system is
premature, and WSQ thus is treated as an effective fit parameter.

Fig. 2 Statistical modeling of the rate constant for reaction (1) (K: experi-
mental data from ref. 7; black line: model I with a single quartet transition
state only and fit parameters E(4TS) =�433 cm�1 and Jmax = 47, dashed blue
line: as black line, but with E(4TS) = �199 cm�1 and Jmax = N; red line:
model II with single quartet and sextet potentials and fit parameters E(4TS) =
�464 cm�1, E(6TS) = +609 cm�1 and Jmax = 45).
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Appendix B describes modeling details of the kinetic scheme
of reaction (6), including the given spin-inversion steps. Fig. 3
illustrates the results (black line). With the parameters E(4TS) =
�700 cm�1, E(6TS) = +244 cm�1, Jmax = 59 and WSQ = 829, the
fitted black line reproduces the marked change of the tempera-
ture coefficient of the rate constant much better than models I
and II. We tested the significance of the parameter Jmax and
Fig. 3 includes the results (dashed black line). With the para-
meters E(4TS) = �387 cm�1, E(6TS) = +1044 cm�1, Jmax = N and
WSQ = 1286, the fitted line also reproduces the experiments
acceptably. Unfortunately the non-uniqueness of the modeling
at this stage still prevents us from choosing one model over the
other. We note that the introduction of incomplete equilibration
even brought the nonstatistical model of ref. 7 into fairly good
agreement with the experimental temperature dependence. In
this situation one cannot judge the significance of the fitted
individual parameters, because changes in one can be compen-
sated by changes in other parameters. However, their importance
in statistical modeling illustrates places where further refine-
ments may be necessary. Meanwhile, a way out of the dilemma
has been provided by the new experiments presented in ref. 16.
This has led to the formulation of the extended model IV.

Model IV

In a separate study16 we measured the rate of reaction (1)
replacing 6Fe+ by electronically excited 4Fe+. Varying the fit
parameters of model III, in any case one predicts a larger rate
constant, k(4Fe+), such as e.g. shown by the black line in
comparison to the red line in Fig. 4 for the sextet rate constant,
k(6Fe+) (both lines calculated with the fit parameters of the black
line in Fig. 3). In contrast to this, the experimental rate constant
for 4Fe+ was found to be k(4Fe+) = 2.3� 10�11 cm3 molecule�1 s�1

at 300 K, i.e. being significantly smaller than k(6Fe+).16 We
emphasize that this observation could in no way be reproduced
by parameter variation in models I–III. This forced us to further

refine model III by taking into account the open-electronic shell
character of the Fe+ cations.

There are 7 potential energy surfaces originating from the
28 fine-structure states of Fe+(4F) while 5 potential energy surfaces
start from the 30 states of Fe+(6D). In the present work we neglect
fine-structure splittings of the Fe+ states, but we include electronic
partition functions for the 7 quartet and 5 sextet potentials of the
forming adducts. (The individual fine-structure splittings will be
accounted for in ref. 16.) We first arbitrarily assume that only
1 out of the 7 quartet potentials starting from Fe+(4F) leads to
the bound adduct INT1 while only a single out of the 5 sextet
potentials starting from Fe+(6D) contributes to the reaction. In
this case, with the fit parameters E(4TS) = �1260 cm�1, E(6TS) =
�130 cm�1, Jmax = 232, and WSQ = 868, the experimental k(6Fe+)
are well reproduced (magenta line in Fig. 4), while k(4Fe+) still is
much larger (yellow line in Fig. 4). Next, we assume that not only
attractive potentials may lead from 6Fe+ into INT1, but repulsive
potentials may also get there after crossing the attractive quartet
potential. This crossing may or may not involve additional
energy barriers such that the fitted 6TS barrier would correspond
to an average barrier height being higher than that of the lowest
sextet potential. Again fitting the modeled sextet rate constants
to the experiments, with five sextet and one quartet potential and
the fit parameters E(4TS) = �2214 cm�1, E(6TS) = +218 cm�1,

Fig. 3 As Fig. 2, but for model III, i.e. single quartet and sextet potentials
with finite rate of sextet 3 quartet transitions (black line: fit parameters
E(4TS) = �700 cm�1, E(6TS) = +224 cm�1, WSQ = 829 and Jmax = 59;
dashed black line: fit parameters E(4TS) = �387 cm�1, E(6TS) = +1044 cm�1,
WSQ = 1286 and Jmax = N).

Fig. 4 As Fig. 3, but for model IV, i.e. quartet and sextet potentials with
finite rates of sextet 3 quartet transitions and variable numbers of
reacting quartet and sextet states (red line: sextet and black line: quartet
rate constants for single reacting quartet and sextet potentials without
contribution of additional electronically excited potentials, modeling with
the parameters of the black line from Fig. 3; magenta line: sextet and
yellow line: quartet rate constants for single reacting quartet and sextet
potentials out of 7 quartet and 5 sextet potentials, modeling with the
parameters E(4TS)= �1260 cm�1, E(6TS) = �130 cm�1, Jmax = 232 and
WSQ = 868; dashed green line: sextet and blue line: quartet rate constants
for single contributing quartet and 5 contributing sextet potentials out of
7 quartet and 5 sextet potentials, modeling with the parameters E(4TS) =
�2214 cm�1, E(6TS) = +218 cm�1, Jmax = 59 and WSQ = 3059; green line:
sextet and brown line: quartet rate constants for single contributing
quartet and 5 contributing sextet out of 7 quartet and 5 sextet potentials,
modeling with the parameters E(4TS) = �740 cm�1, E(6TS) = +587 cm�1,
Jmax = 58 and WSQ = N; for more details, see the text) as well as the
experimental data (closed circles: 6Fe*, open circle: 4Fe*).
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Jmax = 59, and WSQ = 3059, the experimental k(6Fe+) are well
reproduced (dashed green line in Fig. 4). On the other hand,
k(4Fe+) drops to the blue line in Fig. 4, giving a value not much
larger than the experimental value at 300 K. Finally, increasing
WSQ to infinity such that spin-conversion completely equilibrates
4INT1 and 6INT1, with five sextet and one quartet potential and
the fit parameters E(4TS) = �740 cm�1, E(6TS) = +587 cm�1, and
Jmax = 58, again the experimental sextet rate constants are well
reproduced (green line in Fig. 4), while the quartet rate constant
further drops to the brown line in Fig. 4, giving about one half the
experimental value at 300 K. This could be compensated by
assuming that more than a single potential originating from
4Fe+ contributes to the reaction. Clearly we cannot conclude on
more details of the contribution of excited electronic states to the
overall reaction. Nevertheless it appears certain that only a minor
fraction of the states originating from 4Fe+ contribute signifi-
cantly while a major fraction of the states originating from 6Fe+

does. More details of the modeling of the quartet rate constant
are given in ref. 16. Here we conclude that model IV is able to
reproduce the available rate constants for both the reactions of
4Fe+ and 6Fe+ with N2O remarkably well.

Below we further discuss the role of spin-inversion in these
reactions. We treat the models with the rate constants in Fig. 4 as
limiting cases, because they embrace the experimental quartet
rate constants within the estimated experimental uncertainties.16

The fitted values for E(4TS) are in qualitative agreement with
the quantum-chemical values of Appendix A, values for E(6TS)
being somewhat higher than the quantum-chemical calculations,
which may be due to the averaging over barriers from several sextet
states, and values for WSQ which correspond to only partial equili-
bration of sextet and quartet adducts such that spin-inversion rates
enter into the overall rate constant.

3. Average adduct lifetimes

In this section we come back to the question whether the rate
of spin-inversion enters the rate of the overall process or is fast
enough to allow for a complete equilibration of sextet and
quartet INT1. Model IV is the only model that has been found to
fit the data for both the 4Fe+ and 6Fe+ states reacting with N2O.
However, both partial and complete equilibration of sextet and
quartet adducts INT1 fit the data within this model. We further
approach this aspect of the reaction by calculating average
decay rate constants of INT1 employing the statistical models
after their fitting to the rate measurements. Since the specific
rate constants k(E, J) = W(E, J)/hr(E, J) for forward- and backward-
dissociation of INT1 depend on the density of states r(E, J) of INT1,
the well depth of INT1 is of relevance. We estimate r(E, J) with the
parameters from the DFT calculations given in Appendix A. At
steady-state, capture into the adduct and forward-plus backward-
reaction fluxes are equal. The concentration of adducts at an
angular momentum J and in the energy interval (E,E + dE) is
given as dC. One then has

kcapdE = (2J + 1)WA(E, J) exp(�E/kBT) dE/hQ

= [WA(E, J) + WTS(E, J)] dC/hr(E, J) (7)

and, hence, the total concentration of adducts is given by

C ¼ 1

Q

ðX
2J þ 1ð Þr E; Jð Þ exp �E=kBTð Þ

� WA E; Jð Þ=WA E; Jð Þ þWTS E; Jð Þ½ �f gdE
(8)

(Q denotes products of partition functions canceling later on;
WA is the number of open rovibrational channel states in the
entrance leading into the adduct; WTS is the number of states at
the transition state between adduct and products). The average
decay rate constant hki of the adducts finally follows as

kh i ¼ 1

C

ð
WA þWTS

hr
dC

¼ 1

h

ÐP
2J þ 1ð ÞWA exp �E=kBTð ÞdEÐP

2J þ 1ð Þ exp �E=kBTð Þ WA=WA þWTS½ �f gr E; Jð ÞdE
(9)

The average lifetime t is expressed through t = 1/hki. One
obtains results such as shown in Fig. 5. The figure includes
lines for a model with full sextet–quartet equilibration (black
line) in INT1 and a model without any spin-inversion (red line).
The fact that the lines are close to each other is accidental and
due to the fact that the two cases involve individual fittings to
the experiments (for the fitting parameters, see the caption of
Fig. 5). What is relevant, however, is the observation that hki in
the shown temperature range is at least 20 times smaller than
the smallest adduct vibrational frequency ((3�5) � 1012 s�1, see
Appendix A). It is, therefore, plausible that spin-inversion at
least partly equilibrates sextet and quartet adducts INT1. Our
calculations with model IV are compatible with this conclusion.
It should be noted that hki for this system is similar to those
calculated for reactions (3) and (4)10,11 where full equilibration
between sextet and quartet adducts was found to model the
data well. A more detailed discussion of spin-inversion rates
will be given in ref. 16.

Fig. 5 Average decay rate constants of adducts INT1 (black curve: full
equilibration of sextet and quartet adducts by efficient spin-inversion,
model parameters corresponding to the black line in Fig. 3; red line: sextet
adducts only, without spin-inversion i.e. WSQ = 0, model parameters
otherwise also corresponding to the black line in Fig. 3).
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4. Modeling rate constants for the
reaction FeO+ + CO - Fe+ + CO2 (2)

In ref. 7 we modeled the experimental rate constants of reaction (2)
without spin-inversion on a single sextet potential surface. Again
we attributed the difference between statistical modeling and
experiment to nonstatistical dynamics, employing a similar
parameter for the latter as for reaction (1). Based on our experi-
ence with the restricted statistical modeling used in Sections 2
and 3, we now also apply the latter to reaction (2). Before doing
this, we extend our quantum-chemical calculations to include
potentials originating from quartet FeO+. Fig. 6 shows the derived
energy diagram. Details of the corresponding molecular para-
meters are given in Appendix A. The calculated diagram suggests
a possibility for a contribution from a low quartet TS pathway
after sextet–quartet spin-inversion has taken place.

Employing the rotational constants and vibrational frequen-
cies from our present calculations (see Appendix A), but leaving
the TS energies and Jmax as adjustable parameters, we proceed
as described for models I and II in Section 2. (We note that the
Langevin rate constant for reaction (2) similar to reaction (1)
amounts to about 7 � 10�10 cm3 molecule�1 s�1) First assum-
ing reaction with a single TS only, one can well reproduce the
measurements with the fitted parameters E(TS) = �6471 cm�1

and Jmax = 74. Fig. 7 illustrates the results. However, the fitted
barrier of E(TS) is much smaller than the calculated sextet
barrier E(6TS) of �1387 cm�1. This supports the assumption of
a dominant pathway involving spin-inversion, as the calculated
energy of the quartet barrier is equal to �6602 cm�1. Next, we
again inspect the possibility of two pathways, one governed by
the 4TS and one by the 6TS. The fit to the experiments with this
approach leads to E(6TS) = �2116 cm�1, E(4TS) = �10 108 cm�1

and Jmax = 73. If E(6TS) is fixed at the calculated value
�1387 cm�1 from Fig. 6, E(4TS) = �10 169 cm�1 and Jmax = 73
are obtained. Fig. 8 demonstrates that the two fits reproduce
the measurements equally well and no advantage over Fig. 7 is

obtained because the sextet channel makes only a minor
contribution. We note that the fitted energy parameters again
are in fair agreement with our quantum-chemical calculations,
see Appendix A and Fig. 6. We finally calculate average lifetimes
of the adduct INT1, see Fig. 9. If there were no spin-inversion,
the fitted decay rate constant between 1010 and 1011 s�1 would
correspond to many passages of the sextet–quartet crossing
seam. As the best fitting of the experiments corresponds to
a dominant pathway with low TS energy, complete equili-
bration between sextet and quartet states in INT1 corresponds
to a larger decay rate constant of the adduct. Nevertheless, its
average value around 1012 s�1 still corresponds to multiple
passages of the crossing during the lifetime of INT1 such that
spin-inversion should again be effective. Because we have no
quartet rate measurement, we cannot establish whether spin-
inversion partly or completely equilibrates sextet and quartet
adducts INT1.

Fig. 6 Potential energy diagram of reaction (2) (red: quartet, black: sextet, numbers = energies/hc in cm�1 including zeropoint energies; results from
present work, see Appendix A).

Fig. 7 Statistical modeling of the rate constant for reaction (2) (K: experi-
mental data from ref. 7; black line: modeling with sextet potential only and
fit parameters E(TS) = �6483 cm�1 and J = 74).
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5. Discussion

One may ask why reactions (1) and (2) have so different proper-
ties, i.e. rate constants with markedly different absolute values
and different types of temperature dependences. Although the
present fitting of restricted statistical rate models to the experi-
mental data is not unique, the present approach provides an
internally consistent general picture. Reaction (2) is faster than
reaction (1), first, because there is a quartet pathway with lower
TS energy. The similarity between fitted and calculated TS
energies confirms that the reactions both involve sextet–quartet
spin-inversion, partly or completely equilibrating the states of
INT1. Although the accuracy of our quantum-chemical calcula-
tions is limited and the fitting of the experiments is not unique
(and the employed rate theory is certainly oversimplified), there
is little doubt about the marked participation of spin-inversion.
The question, whether the rate of spin-inversion enters the

overall rate constant or is so effective that sextet- and quartet
adducts INT1 are fully equilibrated, is more difficult to answer.
The marked change of the temperature coefficient of the rate
of reaction (1) near room temperature in principle could be
attributed to a contribution of spin-inversion to the overall rate.
However, it could also be reproduced for reaction (1) by a model
with equilibration of sextet and quartet adducts and the con-
tribution of only a single potential out of the multitude of
quartet potentials originating from the open-shell reactants.
The measurement for the reaction of 4Fe+ with N2O clearly
corresponds to the latter situation. One may ask whether a
similar effect is not observed for reaction (2). The quartet path-
way dominates over the sextet pathway in reaction (2) to a greater
extent than for reaction (1). Therefore, different temperature
dependences of the two pathways do not become noticeable in
the overall rate. In addition, there are fewer electronically excited
potentials starting from sextet and quartet FeO+. There is,
however, another basic difference between reactions (1) and
(2)–(4). The number of entrance states in reaction (1) corre-
sponds to an atomic ion + linear neutral rotor situation while
reactions (2)–(4) correspond to linear rotor + linear rotor (or
symmetric top in reaction (3)) situations. That difference has
severe consequences for the numbers of entrance states WA(E, J)
in the two reactions. This is accounted for in statistical model-
ing: it causes a much earlier decrease followed by an earlier
increase of the rate constants with increasing temperature for
reaction (1) than for reactions (2)–(4).

6. Conclusions

After our success in modeling the reactions of FeO+ with H2 and
CH4 using restricted statistical modeling, we have revisited the
modeling of the title reactions. Previously, we had introduced
non-statistical terms which we show here are no longer neces-
sary. For the reaction of Fe+ with N2O, models where that the
sextet and quartet rovibrational states of the entrance channel
complex can equilibrate do not reproduce the temperature
dependence of the rate constant for sextet reactant. Incorporating
a spin-inversion step then allows for a fitting of the 6Fe+ data.
However, such models predict that 4Fe+ will react faster than that
for 4Fe+ in contradiction to the experimental results presented in
ref. 16. The way out of that dilemma is to allow for only some of
the fine-structure states to contribute to the reaction. The best fit is
when a minority of the quartet surfaces contribute to the reaction,
while a majority of the sextet surfaces play a role. Similarly,
modeling the reaction of FeO+ with CO can also be done with
the restricted statistical modeling. Lifetime calculations show
that spin-inversion is likely not complete.

Experiments of the described type unfortunately cannot fit
the relevant molecular parameters in a unique way. They can
only highlight which properties are of relevance and thus should
be analyzed in more detail in future work. One is even unable to
clearly distinguish between fully statistical and nonstatistical
dynamics. However, our work shows that energy- and angular
momentum-specific statistical rate theory, in connection with

Fig. 8 As Fig. 7, but with sextet and quartet potentials assuming full
equilibration of sextet and quartet states of adduct INT1 (red line: fit para-
meters E(4TS) = �10 108 cm�1, E(6TS) = �2116 cm�1 and Jmax = 73; dashed
black line: fit parameters E(4TS) = �10 169 cm�1, E(6TS) = �1387 cm�1 and
Jmax = 73, E(6TS) here being fixed to the calculated value from Fig. 6).

Fig. 9 As Fig. 5, but for reaction (2) (calculations for the potential with fit
parameters used for Fig. 8).

PCCP Paper

Pu
bl

is
he

d 
on

 2
5 

Ju
ne

 2
01

5.
 D

ow
nl

oa
de

d 
on

 0
3/

08
/2

01
5 

09
:5

0:
23

. 
View Article Online

http://dx.doi.org/10.1039/c5cp01416f


This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 19700--19708 | 19707

semi-quantitative quantum-chemical information, can account
for the available experimental data and allows for an extrapola-
tion into unexplored conditions.

Appendix A: Molecular parameters
A1: quantum-chemical calculations

The stationary points of the sextet and quartet potential energy
surfaces of reactions (1) and (2) were determined using density
functional theory (DFT) at the B3LYP level. This functional has
been found to give reasonable geometric parameters for reac-
tions (3) and (4), see ref. 10 and 11. Furthermore, atom-pairwise
dispersion corrections17 were included using Becke–Johnson
dampening.18 Triple-zeta valence basis sets were augmented
with 2d polarization functions and sp diffuse functions on N, O,
and C atoms and 2f polarization and sppd polarization func-
tions on the Fe atom.19 Resolution of Identity (RI-J) and Chain
of Spheres (COSX) approximations20 were utilized with equiva-
lent quality auxiliary basis sets. Vibrational frequencies were
determined by the method of finite differences in which atoms
are displaced by 0.005 a0. Calculations were carried out using
the ORCA 3.0 electronic structure package.21

A2: parameters for reactions (1) and (2)

Energies of stationary points, rotational constants, and vibra-
tional frequencies (all in cm�1) as calculated with the method
from A1 (IS = reactants, FS = products, 6 = sextet, 4 = quartet).

Fe+ + N2O - FeO+ + N2 (1)

(see Fig. 1).
Energies (including zeropoint energy contributions). Sextet:

0.0(IS), �5932.5(INT1), �401.3(TS), �22 075.7(INT2), �13 587.1(FS)
Quartet: 860.3(IS)�8897.6(INT1),�2333.8(TS),�18 864.0(INT2),

�8837.0(FS)
Rotational constants. FeO+(4): 0.559; FeO+(6): 0.504; N2:

2.02; N2O: 0.423; INT1(4): 0.0654, 0.0677, 2.07;
INT1(6): 0.0610, 0.0627, 2.07; TS(4): 0.0674, 0.0687, 3.28;

TS(6): 0.0811, 0.0897, 0.815;
INT2(4): 0.0937, 0.110, 0.641; INT2(6): 0.0747, 0.0747, 94.5.
Vibrational frequencies. FeO+(4): 974.7; FeO+(6): 836.4;

N2: 2448.0; N2O: 605.5,1315.0, 2317.7; INT1(4): 111.0, 264.2,
542.9, 568.1, 1228.5, 2363.4; INT1(6): 105.6, 239.2, 534.8, 547.3,
1215.1, 2357.9;

TS(4): �849.2, 118.6, 132.1, 284.1, 583.1, 2179.1; TS(6):
�578.6, 56.5, 212.3, 435.2, 538.5, 1967.6; INT2(4): 177.9,
249.8, 283.3, 341.5, 917.4, 2443.4; INT2(6): 120.3, 215.7, 231.7,
270.5, 822.2, 2451.1

FeO+ + CO - Fe+ + CO2 (2)

(see Fig. 6).
Energies (including zeropoint energy contributions).

Sextet: 0.0(IS), �11 426.1(INT1), �1387.0(TS), �22 361.6(INT2),
�16 599.5(FS)

Quartet: 4750.1(IS), �9822.6(INT1), �6602.1(TS),
�16 760.8(INT2), �15 739.2(FS)

Rotational constants. CO: 1.94; CO2: 0.391; INT1(4): 0.0961,
0.116, 0.552; INT1(6): 0.0694, 0.0694, 818; TS(4): 0.105, 0.127,
0.603; TS(6): 0.0917, 0.106, 0.686; INT2(4): 0.0567, 0.0567, 1760;
INT2(6): 0.0534, 0.0534, 40.4.

Vibrational frequencies. CO: 2201.4; CO2: 679.7, 1362.1,
2387.8; INT1(4): 210.5, 325.0, 360.1, 402.3, 1003.0, 2297.8;
INT1(6): 173.3, 273.3, 277.8, 309.7, 796.8, 2314.5; TS(4):
�474.4, 322.8, 363.9, 421.4, 826.2, 2178.2; TS(6): �574.7,
174.1, 241.7, 358.8, 719.0, 2115.2; INT2(4): 111.3, 240.9, 631.6,
644.8, 1383.2, 2441.0; INT2(6): 31.9, 208.8, 631.5, 646.9, 1360.5,
2418.3.

Appendix B: Statistical modeling
including finite spin-inversion rates

Assuming that spin-inversion equilibrates sextet and quartet
adducts, the overall rate constant of the reaction is given by

k¼kBT
hQ

ðX
J

2Jþ1ð Þexp �E=kBTð ÞWA WTS= WAþWTSð Þ½ �dE=kBT

(a1)

where WTS = WTS(4) + WTS(6) is the number of states of the
quartet and sextet transition states, WA = WA(4) + WA(6) is the
number of quartet and sextet reactant entrance states, and Q is
the relevant product of partition functions. For WTS c WA, the
expression [ ] in eqn (a1) goes to unity and k approaches the
capture rate constant, here given by the Langevin rate constant.

The expression [ ] in eqn (a1) corresponds to the fraction of
adducts reacting by forward-flux from the adduct over the TS to
products and it is obtained from the simple kinetic scheme
operating for equilibrated sextet and quartet adducts. When the
full scheme of eqn (6) is treated, the spin-inversion rate con-
stants k6 and k4, as represented and given below eqn (6), also
enter the rate constant k. The product WA[ ] in eqn (a1) then is
replaced by an expression G(E, J) given by

G E;Jð Þ¼

WSQWAþWAð4Þ WAð6ÞþWTSð6Þf g
WSQ WAþWTSð Þþ WAð4ÞþWTSð4Þf g WAð6ÞþWTSð6Þf gWTSð4Þ

þ WSQWAþWAð6Þ WAð4ÞþWTSð4Þf g
WSQ WAþWTSð Þþ WAð4ÞþWTSð4Þf g WAð6ÞþWTSð6Þf gWTSð6Þ

(a2)

In the limit of WSQ -N, i.e. full equilibration of sextet and
quartet adducts, eqn (a1) is obtained. When WSQ - 0, eqn (a1)
and (a2) reduce to two separate sextet and quartet rate constants.
(It should be noted that the difference in partition functions of
sextet and quartet reactants in eqn (a1) is neglected. Furthermore,
in eqn (a2) WSQ for simplicity is used as a constant fit parameter
independent of E and J.)
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