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Iron cation catalyzed reduction of N2O by CO:
gas-phase temperature dependent kinetics

Joshua J. Melko,a Shaun G. Ard,a Joseph A. Fournier,b Jun Li,c Nicholas S. Shuman,a

Hua Guo,c Jürgen Troede and Albert A. Viggiano*a

The ion–molecule reactions Fe+ + N2O - FeO+ + N2 and FeO+ + CO - Fe+ + CO2, which catalyze

the reaction CO + N2O - CO2 + N2, have been studied over the temperature range 120–700 K using a

variable temperature selected ion flow tube apparatus. Values of the rate constants for the former two

reactions were experimentally derived as k2 (10�11 cm3 s�1) = 2.0(�0.3) (T/300)�1.5(�0.2) + 6.3(�0.9)

exp(�515(�77)/T) and k3 (10�10 cm3 s�1) = 3.1(�0.1) (T/300)�0.9(�0.1). Characterizing the energy para-

meters of the reactions by density functional theory at the B3LYP/TZVP level, the rate constants are

modeled, accounting for the intermediate formation of complexes. The reactions are characterized by

nonstatistical intrinsic dynamics and rotation-dependent competition between forward and backward

fluxes. For Fe+ + N2O, sextet–quartet switching of the potential energy surfaces is quantified. The rate

constant for the clustering reaction FeO+ + N2O + He - FeO(N2O)+ + He was also measured, being

k4 (10�27 cm6 s�1) = 1.1(�0.1) (T/300)�2.5(�0.1) in the low pressure limit, and analyzed in terms of

unimolecular rate theory.

Introduction

Transition metal compounds are the backbone of many catalysts
due to their ability to bind and activate reactant species via a
change in the oxidation state of the metal center. In gas-phase
ion catalysis, the active transition metal species can be studied in
an isolated manner, providing a molecular level understanding
of the catalytic active sites and reaction mechanisms that take
place in the solution or solid state.1–6 An important example of
gas-phase transition metal catalysis was reported by Kappes
and Staley in 1981.7 Their experiments employed ion-cyclotron
resonance spectrometry to investigate the Fe+ catalyzed reduction
of nitrous oxide by carbon monoxide. While the overall reac-
tion, depicted below as reaction (1), is highly exothermic (DH0 =
�365.5 kJ mol�1),8 it is not spontaneous at room temperature.
However, Kappes and Staley were able to conduct experiments

on reactions (2) and (3) shown below, which together represent
the overall iron cation catalyzed process depicted in reaction (1).

CO + N2O - CO2 + N2 DrH
0 = �365.5 � 0.1 kJ mol�1 (1)

Fe+ + N2O - FeO+ + N2 DrH
0 = �172.2 � 1.9 kJ mol�1 (2)

FeO+ + CO - Fe+ + CO2 DrH
0 = �192.6 � 1.9 kJ mol�1 (3)

Kappes and Staley measured the rate constants for reactions
(2) and (3) at room temperature, finding 7 � 10�11 cm3 s�1 and
9 � 10�10 cm3 s�1, respectively.7 In 1995, Bohme et al. conducted
selected ion flow tube experiments on reactions (2) and (3), and
obtained rate coefficients of 3.1(�0.1) � 10�11 cm3 s�1 and
2.05(�0.2) � 10�10 cm3 s�1, respectively.9 These values have since
been remeasured by Bohme et al. to be 3.7(�1.1) � 10�11 cm3 s�1

and 1.8(�0.7) � 10�10 cm3 s�1, respectively.10,11 Importantly, the
studies also revealed that the FeO+ ion can cluster with N2O,
depicted in reaction (4), representing a possible poisoning of the
overall cycle. However, it was shown that FeO(N2O)n

+, at least for
n = 1–3, readily oxidizes CO to CO2 as shown in reaction (5),
indicating that the cycle is not poisoned by reaction (4).

FeO+ + nN2O + He - FeO(N2O)n
+ + He (4)

FeO(N2O)n
+ + CO - Fe+ + CO2 + n(N2O) (5)

Additional experiments on reaction (2) have been performed
by Armentrout et al., who have measured the reaction cross
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section as a function of ion translational energy.12 They found
that the reaction of Fe+ with N2O proceeds with little or no
activation energy, but with a cross section of only about 10% of
the Langevin collisional cross section.13 Attempts to explain the
low efficiency without an activation energy were made in 1996
by Plane and Rollason, who performed temperature dependent
rate constant measurements for reaction (2) using time-
resolved laser induced fluorescence.14 They observed a room
temperature rate constant that agreed with that of Bohme et al.,
but also discovered a positive temperature dependence over a
temperature range of 294–773 K. Plane and Rollason reported
an activation energy for reaction (2) of 6.2(�1.3) kJ mol�1, in
contrast to the results of Armentrout et al., and proposed that
the reaction involves vibrationally excited modes of N2O.
A significant portion (11%) of the bending mode of N2O
is excited at room temperature,14 and thus a mechanism
involving vibrationally excited N2O would explain both the
positive temperature dependence14 and the reaction cross
section measurement by Armentrout et al.12

In the current work, we investigate reactions (2)–(4) over a
broad temperature range, from approximately 120 K to 700 K.
We confirm the previous room temperature results for reactions
(2) and (3), obtaining rate constants of 3.2(�0.5)� 10�11 cm3 s�1

and 3.1(�0.5) � 10�10 cm3 s�1, which correspond to 3.7% and
41% of the respective collision rates. Further, we confirm the
room temperature rate constant of reaction (4) for n = 1, yielding an
effective second-order rate constant of 1.4(�0.2) � 10�11 cm3 s�1

(at [He] = 1.3� 1016 cm�3). We present new temperature dependent
data for the rate constants of reactions (2)–(4), providing the first
measurements for reactions (3) and (4) over any extended
temperature range. We also provide a theoretical analysis of
the rate constants for reactions (2)–(4) that rationalizes the
experimental data. Although a number of questions remain
open, the comparison of experiments and modeling provides
valuable insight into the intrinsic reaction dynamics of the
processes. Interestingly, for reaction (2) our temperature depen-
dent rate constants disagree with the existing measurements of
Plane and Rollason. While we provide previously unavailable
data below room temperature that shows a negative temperature
dependence from 120 K to 300 K, our measurements above room
temperature are flat, and do not show the positive dependence
observed by Plane and Rollason. We conclude that our data are
explained by a reaction path that in part is characterized by a
mixing of sextet and quartet potentials through spin–orbit
coupling. In this way, the positive activation barrier in the sextet
potential can be circumvented by a pathway that does not have a
positive activation barrier, a mechanism that has been proposed
for many other reactions of Fe+ and FeO+.15–19

Experimental methods

All measurements were performed on the variable temperature
selected ion flow tube instrument located at the Air Force
Research Laboratory, which has been described in detail else-
where.20 Briefly, Fe+ ions are created within an electron impact
source (at electron energies that varied from 30–250 eV) in the

presence of a 10% mixture of Fe(CO)5 in He, with N2O addi-
tionally supplied in the source for the formation of FeO+. Ions
are extracted and injected into a quadrupole mass filter where
the desired ion, either Fe+ or FeO+, is mass selected. The ions
are then focused before introduction into a laminar flow tube
via a Venturi inlet, where they are quickly thermalized and
carried downstream by a He buffer gas. The flow tube is
maintained at 0.4 Torr throughout all experiments, except
for those involving verification of third order behavior near
the low pressure limit (see below). After about 104 ion-helium
collisions, the neutral reagent (N2O or CO) is added 59 cm
upstream from the end of the flow tube, resulting in reaction
times on the order of 4 ms, dependent on both helium buffer
flow, which is varied from 10–13 std. L min�1, and temperature.
All gas flows are controlled using mass flow controllers.

After traveling the length of the flow tube, the core of the
flow is sampled through a truncated nosecone with a 2 mm
aperture. The remainder of the flow is pumped away using a
roots pump through a throttled gate valve that acts to maintain
a constant pressure within the flow tube. After the nosecone,
the primary ions and product ions are guided by a lens stack to
a quadrupole mass filter for analysis, and are subsequently
detected using an electron multiplier. By monitoring the decay
of the primary ion as a function of the neutral reagent flow,
kinetic data are obtained. Temperature dependencies (from
approximately 120 K to 700 K) of rate constants are also
measured. The temperatures are attained by either resistively
heating the flow tube (300–700 K), pulsed liquid nitrogen
(120–220 K), or recirculating methanol chillers (220–300 K).

Since electronic state specific reactivity has been observed in
a large number of reactions, including a variety of reactions
involving Fe+,21–27 we comment on the likelihood of excited
state Fe+ in our system. In a separate study, we have indeed
observed that some electronically excited Fe+ enters the flow
tube,28 which could affect our rate constant measurements for
reaction (2) in the current study. For an electron energy of
about 50 eV (typical of some of the experiments presented
here), it has been shown that one may expect about 40% of the
ground electronic state, 6D, with the remaining contributions
primarily from the excited 4F and 4D states.29–31 Additionally, it
has been shown that the 4D state may not be efficiently
quenched by helium under experimental conditions similar
to ours.22,29 With the Fe+ + N2O rate being slow, we should
observe curvature in the decay plots if two states are present
and reacted differently. Further, since our electron temperature
varied over a large range for the results presented here, we may
even observe varying degrees of curvature in the decay plots
corresponding to various populations of unquenched excited
states. Fig. 1 shows an example of our raw data at two different
temperatures. No such curvature was observed for these tem-
peratures, or any temperature we investigated, indicating that
the excited states were quenched, or the unquenched states
react similarly to the ground state. In any case, our rate
constant measurements should represent the ground electronic
state, 6D, and the question is irrelevant to branching since there
is only one product.
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A comment on spin–orbit states within a given electronic
state also bears mentioning. Weisshaar et al. have shown spin–
orbit state effects on Fe+ reactivity.32,33 However, we are unable to
separate the different reactivities of spin–orbit states (if indeed
they are different for reaction (2)) within the 6D level. While it is
conceivable that in our experiment the spin–orbit states may
quench to the ground state, 6D9/2, it seems more likely that the
states interconvert with the many helium collisions, giving us a
thermal distribution of the spin–orbit states within a given level. If
the spin–orbit states reacted very differently and were not inter-
converting, we should see curvature in our decay plots as the
distribution of states changes, which we do not. We conclude that
we likely have a thermal distribution of spin–orbit states, though
we cannot rule out that we have only the 6D9/2 ground state.

Experimental results and discussion

The rate constants measured for reactions (2) and (3) at room
temperature under pseudo-first order conditions (i.e. [N2O] or
[CO] c [Fe+] or [FeO+]) are in excellent agreement with those
previously published.7,9–11,14 At room temperature, reaction (2)
proceeds with a rate constant of 3.2(�0.5) � 10�11 cm3 s�1,
which is 3.7% of its collision rate (see Table 1) given by the
Su–Chesnavich equation.34 The temperature dependence of this
rate constant (Fig. 2) is remarkably flat between 230–670 K, while
rising sharply below 230 K. This type of behavior appears unusual,
possibly unique, over such a broad temperature range for reac-
tions with an efficiency this low. An empirical best-fit line through
our data is shown that consists of two terms. The first is a

straightforward power dependence that is common to ion-
molecule reactions of this type, and accounts for the negative
temperature dependence from 120 K to 250 K. The second part of
the fit is in Arrhenius form. Together, the fit can reproduce the sharp
T dependence that flattens out at higher temperature where the
Arrhenius behavior counters the negative temperature depen-
dence. We later explore the theoretical basis of this behavior.

Also plotted in Fig. 2 are the previous results of Plane and
Rollason from 1996. The disagreement is striking between our
measured flat dependence and their positive temperature
dependence from room temperature to 700 K. It is important
to note that the experiments by Plane and Rollason probe a
specific spin–orbit level of the ground electronic state, namely
the 6D9/2 state, with time-resolved laser induced fluorescence.
As discussed above, we believe our experiments sample the
Maxwell–Boltzmann distribution of spin–orbit levels within the
6D state at the flow tube temperature. It is conceivable that
the different levels that are sampled could lead to the difference
in observed temperature dependence (and spin–orbit specific
reactivity has been shown for Fe+ in the literature32,33). If we
assume that the 6D9/2 reacts and all other states are unreactive,
we can estimate the maximum rate constant for that state.

Fig. 1 Parent ion decay plots for reaction (2) at 123 K and 300 K.

Table 1 Rate constant, collision rate constant, and reaction efficiency at 300 K for reactions (2) and (3). Error in our rate constant measurement is estimated at�15%.
The most recent literature values10 are shown in brackets

Reaction k (300 K) cm3 s�1 kcoll (300 K) cm3 s�1 Reaction efficiency k/kcoll (300 K)

Fe+ + N2O - FeO+ + N2 3.2(�0.5) � 10�11

[3.7(�1.1) � 10�11]
8.6 � 10�10 0.037

FeO+ + CO - Fe+ + CO2 3.1(�0.5) � 10�10

[1.8(�0.7) � 10�10]
7.6 � 10�10 0.41

Fig. 2 Rate constant as a function of temperature for reaction (2). Diamonds
denote data from the current study (with error bars at �15%) and open circles
denote data from the literature.14 The best fit line through our experimental data
is depicted as a solid black line (from 123–673 K), and the equation for this line is
given at the bottom of the figure. The red lines (from 100 to 800 K) show the
results of preliminary modeling: the dotted red line denotes the contribution
from the sextet–quartet reaction channel, the dashed red line denotes the
contribution from the sextet only reaction channel, and the dash-dotted red line
is the sum of both the sextet–quartet and sextet only pathways, see the text.
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Even with the increase, our values above room temperature are
still about a factor of two below the results of Plane and
Rollason, and the shape of the temperature dependence is
much less sharp. Thus, we conclude the difference is not due
to the difference in spin–orbit states sampled. We speculate
that the positive temperature dependence observed by Plane
and Rollason was due to the unavoidable competing reactions
present in their experiments, which were performed without a
mass spectrometer. Their explanation of the positive tempera-
ture dependence is contingent upon excitation of the bending
vibrational mode in N2O, which is 11.1% populated at 295 K.14

This could explain the roughly 10% efficiency that Armentrout
et al. observed, if the ground state does not react and the
vibrationally excited N2O reacts with no barrier. Based on work
by Jalink et al.,35 Plane and Rollason propose a pathway in which
the vibrational excitation allows for a non-adiabatic transition
from the sextet surface onto a quartet surface that is exothermic
by 83 kJ mol�1. Fig. 3 illustrates the energetics of the reaction
pathway as calculated in the present work (for more details, see
below), where the sextet and quartet surfaces represent spin–orbit
averages of the 6D and 4F states, respectively. This pathway, which
qualitatively agrees with those present in the literature,10,11,36

shows the sextet–quartet transition and need not involve reactions
of vibrationally excited N2O, as we discuss below in a modeling of
the reaction rate.

Our temperature dependent rate constants for reaction (3)
are shown in Fig. 4. We point out that the FeO+ used in this
reaction was produced in the source, not from the prior reaction,
and should be quenched to the ground state. Our experience
over many years shows that only diatomics with excited energies
much higher than that present here are unquenched. The room
temperature rate constant we find for reaction (3) of 3.1(�0.5) �
10�10 is only slightly higher than previous results.8–10,37 In
Table 1 we also provide the collision rate and the room tem-
perature reaction efficiency (defined as the ratio of the rate
constant to the ion-molecule collision rate). The overall tempera-
ture dependence goes roughly as T�1, as is typical for ion-
molecule reactions that proceed at less than the collision rate.

To further understand this temperature dependence, we
have again calculated the energy profile along the reaction
pathway, as shown in Fig. 5. We note that only the sextet
reaction pathway is shown, since the quartet state 4FeO+ is
61 kJ mol�1 higher in energy than the 6FeO+ ground state and
sextet stationary points are significantly lower in energy than
the quartet ones (e.g. 6INT 1 is 68.5 kJ mol�1 below 4INT 1, 6INT 2 is
92.9 kJ mol�1 below 4INT 2). In agreement with others,10,22,36,38 we
show that the iron atom in FeO+ approaches the carbon side of CO
to form a linear intermediate. The reaction then proceeds through
a transition state that is just slightly exothermic, where the oxygen
atom in FeO+ is rotated into position, and subsequently forms a
second linear intermediate from which CO2 leaves. We note that
others36 have indicated a direct pathway from reactants to the
second intermediate, where the oxygen side of FeO+ approaches the
carbon atom of CO. We were unable to locate this channel. If
this second channel were the main pathway, one might expect
the reaction to proceed at near the collision rate with little

Fig. 3 Reaction pathway for reaction (2) computed using DFT with the B3LYP
functional and the TZVP basis set. The surface corresponding to the sextet state is
in black, while the surface corresponding to the quartet state is in red. Surfaces
represent averages of the spin–orbit states. Energies listed are in kJ mol�1 relative
to the sextet surface reactants.

Fig. 4 Rate constant as a function of temperature for reaction (3). Diamonds
denote data from the current study (with error bars at �15%). The best fit line
through our experimental data is depicted as a solid line (from 173–693 K), and
the equation for this line is given at the bottom of the figure. The dashed line
(from 100 to 750 K) gives our preliminary modeling results, see the text.

Fig. 5 Spin–orbit averaged sextet reaction pathway for reaction (3) computed
using DFT with the B3LYP functional and the TZVP basis set. Energies listed are
in kJ mol�1 relative to the reactants.
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temperature dependence. We believe that both pathways may
occur, but our measured rate and temperature dependence are
more consistent with at least some of the reactions proceeding
through an intrinsic barrier on the way to products. Additional
discussion is provided in the modeling section below.

Our results for reactions (2) and (3) show that the iron cation
catalyzed reduction of N2O by CO is most facile at lower
temperature, where both reactions have a higher rate constant
and therefore larger reaction efficiency, in particular reaction
(2). Fig. 6 shows a plot of the coupled reaction efficiencies
(i.e. the product of the reaction efficiencies for reactions (2) and
(3), as defined in the literature10) as a function of temperature.
Note that the overall efficiency roughly doubles when the
temperature is dropped from 300 K to 200 K. This contradicts
previous findings14 suggesting that the rate of reaction (2)
increases with temperature, which would result in an increased
reaction efficiency at elevated temperatures.

Important for any catalytic cycle is the threat of poisoning
the active material with unwanted side-reactions or products.
Previously, Bohme et al. have noted that the FeO+ ion can
associate with an additional N2O molecule to form clusters, as
shown in reaction (4).9 While this could potentially prevent CO
oxidation, which restores the cycle-starting Fe+ ion, Bohme
et al. have shown that at room temperature the adducts
(at least for n r 3) oxidize CO to CO2 with close to the same
rate coefficient as FeO+.9 Thus, the cycle is not poisoned upon
formation of the FeO(N2O)n

+ species, and upon oxidizing CO,
the clusters liberate nN2O molecules and reform Fe+, as shown
in reaction (5). We have begun to explore the temperature
dependence of this process and show in Fig. 7 and Table 2
our results for the third-order rate constants of reaction (4), for
n = 1 formation. We represent our data as third order rate
constants; deviations from the low pressure third order limit of

reaction (4) are estimated to be less than 10 percent for the
applied pressure of 0.4 Torr. We confirm the room temperature
rate constant obtained by Bohme et al.;9 additionally, we find
that the rate constant for the reaction scales with temperature
as T�2.5. This temperature dependence of reaction (4) (for n = 1)
can be rationalized by standard unimolecular rate theory, as
shown below. We hope to explore reaction (4) also for the
higher order adducts (i.e. n = 2 and 3), as well as reaction (5),
but note that at the present time creating the higher order
adducts in the source results in too low an ion signal. Together,
these temperature dependencies would provide a more detailed
understanding of the competing processes shown in reactions
(2)–(5), which should lead to a better estimation of the temperature
required for optimum efficiency of iron cation catalyzed N2O
reduction by CO.

Modeling of the rates of reactions (2) and (3)

In order to characterize the dynamics of reactions (2) and (3)
and to model their rates, we have performed density functional
theory (DFT) calculations at the B3LYP/TZVP level.39,40 To test
the suitability of the DFT theory, we have calculated the spin–
orbit averaged splitting between the ground sextet and excited
quartet states of Fe+ using the CASSCF,41 CASPT2,42 and
UCCSD(T) methods.43 The B3LYP/TZVP methodology was chosen
because it gives a value of 28.0 kJ mol�1 for the splitting, which is
close to the UCCSD(T) value of 35.1 kJ mol�1 and the experi-
mental value of 23.8 kJ mol�1.44,45 We are aware that this DFT
approach can only be qualitative and for more quantitative
results multireference calculations would be required. However,
the DFT approach often provides a useful general picture of the

Fig. 6 Temperature dependent catalytic efficiency for the iron cation catalyzed
reduction of N2O by CO. Catalytic efficiency is defined here as the product of the
individual reaction efficiencies for reactions (2) and (3).

Fig. 7 Third order rate constant (at [He] E 1.3 � 1016 cm�3) as a function
of temperature for reaction (4). Diamonds denote data from the current study
(with error bars at �15%). The best fit line through our experimental data is
depicted as a solid line (from 230–450 K), and the equation for this line is given at
the top of the figure. The dashed lines are theoretical results from unimolecular rate
theory (the upper curve assumes an adduct bond energy of about 156 kJ mol�1, while
the lower curve assumes an adduct bond energy of 137 kJ mol�1, see the text).
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intrinsic reaction mechanism. Nevertheless, the calculated energies
only provide a first orientation and they are adapted in the
modeling as empirical fit parameters.

Keeping in mind the limitations of the DFT approach, the
stationary points along the reaction paths on both the quartet
and sextet states have been identified and their harmonic
frequencies calculated. Results are qualitatively similar to previous
calculations in the literature;10,11,36,38 for the most part there
are only small quantitative differences in barrier heights. The
transition states were confirmed to have a single imaginary
frequency, and intrinsic reaction coordinate (IRC) calculations
were performed to confirm their correlation to the reactants
and products. The geometries, energies, and frequencies
obtained are listed in Tables 3–6, with comparisons to available
experimental data. All calculations were performed using the
Gaussian 09 package.46

Fig. 3 shows the results for reaction (2). We show two
potentials to be accounted for, a sextet potential starting from
the electronic ground state Fe+(6D) levels and a quartet
potential starting from excited state Fe+(4F). We emphasize that
these reflect averages of the spin–orbit states, in actuality there
are manifolds of the two potentials, that are mixed to varying
extents along the pathway. Here, we adopt a simplified picture
where we use the spin–orbit averaged energies of the various
stationary points along the sextet and quartet potentials that
allows for a treatment of the temperature dependent kinetics.
Due to spin–orbit coupling, reaction (2), starting on the sextet
potential, either remains on that potential or switches to the
quartet potential. With fine structure splittings for Fe+(6D) on
the order of several hundred cm�1,44,45,47 which are related to
spin–orbit couplings treated by Landau–Zener theory, one
expects a substantial probability for transition from the sextet

to the quartet potential when Fe+(6D) approaches N2O. As we
are not in the position to quantify this transition probability, we
leave it as an empirical fit parameter for branching between
sextet and quartet pathways. We note that spin-forbidden
dissociation reactions like those of N2O and CS2,47,48 with
fine-structure splittings for O(3P) and S(3P) of similar magnitude
to Fe+(6D), also proceed with substantial transition probabilities
for spin-switching (thermally averaged values between 0.01 for
N2O and 0.1 for CS2). Nevertheless, spin–orbit coupling in
general will vary along the reaction coordinate (see e.g. the
reaction between FeO+ and CH4)15 such that conclusions about the
branching on the basis of spin–orbit coupling of the separated
reactants may be inconclusive. According to the preceding
discussion, we expect partial sextet–quartet spin-switching

Table 2 Second-order rate constant (kbi), helium number density, and third-order rate constant (kter) at 300 K for reaction (4) (n = 1). Error in our rate constant
measurement is estimated at �15%. The most recent literature value9 is shown in brackets

Reaction kbi (300 K) cm3 s�1 [He] cm�3 kter (300 K) cm6 s�1

FeO+ + N2O +He - FeO(N2O)+ + He 1.4(�0.2) � 10�11

[1.2(�0.1) � 10�11]
1.3 � 1016 1.1(�0.2) � 10�27

Table 3 Optimized geometries (all lengths r in angstroms, angles y and j in degrees) and rotational constants (B1, B2, B3 in cm�1) of the stationary points for the
reaction Fe+ + N2O - FeO+ + N2 at the sextet and quartet electronic states. Experimental values from the literature are also shown

Species rNN0 rN0O rOFe yNN0O yN0OFe jNN0OFe B1 B2 B3

Sextet state
Reactants Expt.58 1.128 1.184 180.0 0.419

This work 1.123 1.185 180.0 0.423
INT 1 This work 1.111 1.212 2.220 178.7 144.8 180.0 3.094 0.058 0.057
TS This work 1.113 1.489 1.834 143.1 134.9 0.0 1.063 0.077 0.072
INT 2 This work 1.092 3.765 1.648 180.0 0.0 1.546
Products Expt.59 1.098 —

1.998
This work 1.093 1.641 0.503

2.017
Quartet state
INT 1 This work 1.111 1.210 2.034 177.8 144.2 180.0 3.318 0.065 0.064
TS This work 1.127 1.447 1.822 140.2 84.4 180.0 0.786 0.110 0.097
INT 2 This work 1.093 2.819 1.570 143.2 43.5 180.0 0.632 0.110 0.094
FeO+ This work 1.560 0.557

Table 4 Calculated harmonic frequencies (in cm�1) of the stationary points for
the reaction Fe+ + N2O - FeO+ + N2 at the sextet and quartet electronic states.
Experimental values from the literature are also shown

Species

Frequency

1 2 3 4 5 6

Sextet state
Reactants Expt.58 589a 1285 2224

This work 587a 1327 2350
INT 1 This work 84 205 534 550 1237 2383
TS This work �858 55 94 368 482 2140
INT 2 This work 93a 238a 270 812 2465
Products Expt.59 2358.57

This work 831 2461
Quartet state
INT 1 This work 84 269 530 547 1269 2403
TS This work �556 142 278 457 663 1992
INT 2 This work 117 243 265 333 911 2455
Products This work 966 2461

a Doubly degenerate.
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for reaction (2) (with an efficiency to be derived from the
experiments) while part of the reaction proceeds on the sextet
potential without spin-switching. The reaction begins via the
intermediate formation of an (Fe-ONN)+ complex (INT 1, with
both states having similar structures), which proceeds over an
(FeONN)+a transition state (6TS or 4TS) to a second (OFe-NN)+

complex (6INT 2 or 4INT 2), finally leading to FeO+ + N2.
According to Fig. 3, there may or may not be a switch from
the initial sextet potential to the quartet potential on the way to
INT 1. This has consequences for the relevant barrier of the
reaction which is either at a positive or negative energy relative
to the reactants. The problem of spin-switching does not arise
for reaction (3) where the reaction proceeds on a single sextet
potential, see Fig. 5 and accompanying discussion.

With the intermediate formation of the complexes INT 1,
reactions (2) and (3) belong to the class of complex-forming
bimolecular reactions49 which cannot be treated by ordinary
transition state theory. In order to model these reactions it is
crucial to consider both the energy (E)- and the angular
momentum (J)-dependencies of cross sections and specific
rate constants. In this case there may be ‘‘rotational channel
switching’’.49–51 By this term we mean the rotation-dependent
competition between forward and backward fluxes over intrinsic
TS barriers. Because of the much smaller effective rotational
constant of the system at the loose entrance to the complex INT 1
(denoted by subscript a) compared to the rigid exit from the
complex at TS (denoted by subscript b) even a ‘‘potential reef’’
(or ‘‘submerged barrier’’) of TS may become a barrier with an

energy higher than the entrance barrier as J is increased. In other
words, at low J the centrifugal barriers at the entrance (E0a( J))
may be higher than the barriers at the exit (E0b( J)), while the
opposite is true for larger J. There is a second rotational effect.
The potential minimum of INT 1 will increase in energy with
increasing J and finally cease to exist; the reaction then will
switch from complex-forming to direct character.

We consider a bimolecular reaction B + C 3 A* - products
with the possibility of competition between forward flux
A* - products and backward flux A* - B + C of the excited
complex A*. The rate constant for product formation is then
given by49,52,53

k ¼ kBT

h

h2

2pmkBT

� �3=2
QelðAÞQ�

QelðBÞQelðCÞQvibrotðBÞQvibrotðCÞ
(6)

with

Q� ¼
X
i

gi exp �E0ai=kBTð ÞYi (7)

where Qel and Qvibrot are the electronic and rovibrational
partition functions, Q* is the total pseudopartition function
of the activated complex, m is the reduced mass, i denotes all
quantum states (with degeneracy gi) of the colliding pair B + C,
E0ai

are the corresponding threshold energies at the entrance
for complex formation and the yields Yi are the ratios of
forward/(backward + forward) fluxes leading to products.

For a capture-controlled process, the Yi would be equal to
unity. If, in addition, the E0ai

would be determined by a long-
range ion-dipole potential, one would have

E0ai
(l) = [l(l + 1)�h2/2m � qmD]2/2aq2 + Evibrot,i(B) + Evibrot,i(C)

(8)

(the term in brackets being zero for l(l + 1) r 2mmDq/�h2; l
denotes the orbital angular momentum quantum number, q
the ion charge, a the polarizability, and mD the dipole moment
of the neutral). Evaluating Q* from eqn (7) then leads to

Q� ¼ QvibrotðBÞQvibrotðCÞ
X1
J¼0
ð2l þ 1Þ exp �E0aðlÞ=kBT½ � (9)

with E0a(l) given by the first term on the right hand side of
eqn (8). This finally gives52,53 the locked dipole-rate constant

k = kL + 2pqmD(2/pmkT)1/2 (10)

Table 5 Optimized geometries (all lengths r in angstroms, angles y and j in degrees) and rotational constants (B1, B2, B3 in cm�1) of the stationary points for the
reaction FeO+ + CO - Fe+ + CO2 at the sextet electronic state. Experimental values from the literature are also shown

Species rOFe rCO rCO0 yFeOC yOCO0 jFeOCO0 B1 B2 B3

Reactants Expt.58 1.128 —
1.931

This work 1.641 1.127 0.503
1.937

INT 1 This work 1.656 3.798 1.114 0.0 180.0 0.070
TS This work 1.769 1.748 1.132 78.2 124.8 180.0 0.693 0.104 0.090
INT 2 This work 2.237 1.179 1.142 180.0 180.0 0.051
Products Expt.58,59 1.160 1.160 180.0 0.390

This work 1.161 1.161 180.0 0.391

Table 6 Calculated harmonic frequencies (in cm�1) of the stationary points for
the reaction FeO+ + CO - Fe+ + CO2 at the sextet electronic state. Experimental
values from the literature are also shown

Species

Frequency

1 2 3 4 5 6

Reactants Expt.58 2169.81
This work 831 2219

INT 1 This work 100a 276 288a 787 2329
TS This work �570 161 211 356 716 2127
INT 2 This work 46 175 649 655 137 2448

63
Products Expt.59 667a 1333 2349

This work 675a 1377 2420

a Doubly degenerate.
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with the Langevin rate constant

kL = 2pq(a/m)1/2 (11)

Accounting for the anisotropy of the ion-permanent dipole
potential using the statistical adiabatic channel model53 or
using classical trajectory calculations34,53 modifies the E0a(l)
and introduces a dipole-locking factor into the second term
on the right hand side of eqn (10) well approximated by the
Su–Chesnavich equation.34,53

The determination of the reaction yield factor Yi in eqn (7)
requires insight into the intrinsic reaction dynamics of the
intermediate complex INT 1. If INT 1 is internally coupled
sufficiently strongly, and if the potential well of INT 1 is
sufficiently deep, statistical theory may apply.49 With specific
rate constants ka(E, J) = Wa(E, J)/hr(E, J) and kb(E, J) = Wb(E, J)/
hr(E, J) for backward (a) and forward (b) dissociations of INT 1,
the Yi then would be characterized by

Y(E, J) = Wb(E, J)/[Wa(E, J) + Wb(E, J)] (12)

where W(E, J) are the numbers of open channels as a function of
total energy, E, and angular momentum, J, of INT 1. For the
rigid exit activated complex TS, Wb(E, J) would be calculated by
Rice–Ramsperger–Kassel–Marcus (RRKM) theory54 including
overall rotation, using the TS parameters given in Tables 3–6.
For a loose entrance such as in an ion-induced dipole system,
Wa(E, J) would be derived from phase space theory (PST) such as
elaborated elsewhere.55 In this case, Wa(E, J) increases much
more strongly with increasing energy than Wb(E, J) such that
Y(E, J) would be a decreasing function of the energy E. For the
present system, we found that statistical theory with full mixing
of the vibrations of the reactants with rotations and orbital
motion leads to a much too strong back flux and highly under-
estimates the rate constants. Even by lowering the TS barrier to
the energy minimum of INT 1, the rigid activated complex
character of TS would be responsible for a much too large
backward flux from rotating INT to the reactants. Therefore, we
abandoned the statistical approach using eqn (12) and proceeded
to a nonstatistical approach such as described in the following.

A full calculation of the yield function Y(E, J) beyond statistical
theory would require the knowledge of the complete potential
energy surface. On this surface, zero-point energy-corrected
trajectory calculations would have to be made, which is far
beyond the scope of the present work, in particular as the DFT
calculations are only of semiquantitative character (see above).
Instead we attempted a simplified modeling with the following
properties of the Y(E, J). We assumed that the vibrational quantum
states of the reactants are conserved during the passage from the
entrance a to the exit b, and do not participate in energy randomi-
zation. We assumed that large ranges of l are important such that
J E l. We use E0a( J) from eqn (8) and employ

E0b( J) E E0b( J = 0) + BaJ( J + 1) (13)

with the effective rotational constant Ba = (B2 + B3)/2 for
TS from Tables 3 and 5, and E0b( J = 0) from Fig. 3 and 5. If
E0a( J) o E0b( J), we put Y(E, J) E 0, as this range would practically

correspond to a direct, single transition state, process with a
much more rigid activated complex and much smaller contribu-
tion to the rate constant than relevant for the range of
J-values with E0a( J) > E0b( J). If E0a( J) > E0b( J), we put Y(E, J) = 0
as long as E o E0a( J), because then the complex INT 1 cannot be
entered; if E > E0a( J), the complex can be entered and Y(E, J) is
governed by the competition between forward and backward
fluxes. In this case we represent Y(E, J) by a function which
decreases with increasing energy like in statistical theory, in
which the back flux with increasing energy wins over the forward
flux. We tentatively assume

Y(E, J) E exp(�E/g) (14)

with an empirical fit parameter g proportional to E0a( J) �
E0b( J), which is represented by g E g0[E0a( J) � E0b( J)]. We
emphasize that eqn (14) at this stage is empirical and should be
verified by classical trajectory calculations on an appropriate
potential energy surface. We then calculate Q* from eqn (7)
both with the modeled Y(E, J) and with Y(E, J) = 1, and we
identify the ratio Q*/Q*(Y = 1) with the ratio k/kS–Ch, where kS–Ch

denotes the Su–Chesnavich ion-dipole capture rate con-
stant.34,53 We replace the summation over i in Q* by a summa-
tion over J and an integration over E with the density of orbital
and rotational states, r(E, J), as given by PST.55 For the linear +
linear reactant system FeO+ + CO, at large J, e.g., one has
r(E, J) = E/BFeO+BCO, while for the atom + linear reactant system
Fe+ + N2O one has r(E,J) = 1/BN2O.

By fitting the parameter g0 and reducing the DFT value of
the TS energy slightly, we could reasonably well represent
the experimental results for the FeO+ + CO reaction. As usual
for complex-forming bimolecular reactions,49 the negative tem-
perature coefficient of the rate constant is attributed to the fact
that the TS energy increases with increasing J much stronger
than the centrifugal energy barrier for formation of INT 1, such
that the back dissociation of INT 1 gains importance with
increasing temperature. Fig. 4 demonstrates the comparison
of experiment and modeling. Although the modeling is still
preliminary in the sense that we have not undertaken trajectory
calculations, the results look encouraging. Compared to the
Langevin capture constant kL = 7.3 � 10�10 cm3 s�1, the
reduction of the rate constant is due to the described rotational
channel switching. Optimum results of our fitting were
obtained with g0 E 1 and using a TS energy of �14 kJ mol�1.
(Increasing g0 by a factor of 2 would have increased k3 (100 K) by
a factor of 1.1 while k3 (700 K) would have increased by a factor
of 3.3; on the other hand, for g0 = 1, putting the TS energy
at �7.7 kJ mol�1, k3 (100 K) would change by a factor of 0.7
while k3 (700 K) would change by a factor of 0.3.)

Analyzing reaction (2) requires additional considerations on
the two-channel character of the reaction, the spin-switching
sextet–quartet channel with the rate constant k2,SQ and the
spin-conserving sextet channel with k2,SS. For simplicity, we
assume that the thermally averaged sextet–quartet transition
probability fSQ is only weakly temperature dependent (similar to
the analysis47,48 of the spin-forbidden dissociation of N2O and
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CS2 in terms of Landau–Zener theory). fSQ is then treated as a
temperature independent fit parameter and k2 expressed as

k2 = fSQk2,SQ + (1 � fSQ)k2,SS (15)

k2,SQ is modeled using eqn (6)–(14), similar to the analysis of k3.
Since k2,SS increases from only 0.02 k2,SQ at 400 K to 0.47 k2,SQ at
800 K, the parameters g0 and fSQ can be fitted independent of
k2,SS from the low temperature value of k2 at T o 400 K. We
obtain g0 E 1 as for reaction (3) and fSQ E 0.25. Because of the
high sextet energy barrier at TS, there is no rotational channel
switching for the sextet channel. In this case, we put Y(E, J) E 1 for
all E > E0b(J) and we change the DFT value of the sextet TS energy
to a value of 25.8 kJ mol�1. (In this case, for temperature below
400 K, k2 is directly proportional to fSQ; increasing g0 by a factor
of 2, here increases k2,SQ (100 K) by a factor of 1.05, while k2,SQ

(400 K) increases by a factor of 1.3 and k2,SQ (700 K) by a factor
of 3.5. With the chosen value of g0, the experimental temperature
dependence of k2 for temperatures below 400 K is reasonably well
reproduced, see Fig. 2; a contribution from the sextet channel
becomes visible only at higher temperatures. Retaining the sextet
TS energy at the DFT value of 32.3 kJ mol�1 would reduce k2,SS at
700 K by a factor of 25 and thus eliminate the upturn of k2 at
higher temperatures, see Fig. 2.) The modeled value of k2 is
compared with the experiments in Fig. 2, also shown are the
contributions from the two mechanisms (i.e. 25% sextet–quartet
and 75% sextet only). In spite of the preliminary character of the
modeling, the results appear to be insightful, since the back flux
parameter g0 E 1 is of similar value for reactions (2) and (3) and
the fitted sextet–quartet transition probability fSQ E 0.25 appears
to be of reasonable order of magnitude. The small absolute value
of k2 now is attributed to the partly spin-forbidden character of
the sextet–quartet channel and the large positive activation
energy of the sextet channel. The steep negative temperature
coefficient at low T arises from rotational channel switching
during complex formation. The flat temperature dependence of
k2 at T > 300 K is due to the compensation of the decrease of kSQ

by the increase of kSS with increasing temperature.

Modeling of the rate of reaction (4)

We finally provide a modeling of the rate constant k4 (for n = 1)
in its low-pressure, third-order, limit. We follow the formalism
of standard unimolecular rate theory,54 employing the estimated
molecular parameters of the adduct FeO(N2O)+ from DFT calcu-
lations (see Table 7). Within the uncertainties of the input
parameters given, both the absolute values and temperature
dependence of k4 can be reproduced. Fig. 7 compares the
modeling results to experimental data. Neglecting weak collision
effects, our first attempt at modeling led to k4,0 (i.e., the limiting
low pressure rate constant for reaction (4)) that reproduces the
shape of the temperature dependence but produced a 300 K
value that is a factor of 2.7 lower than the experimental result.
An increase in the adduct bond strength from the DFT value of
137 to 156 kJ mol�1 would account for the discrepancy, a value
well within the estimated error. However, uncertainties in
the molecular parameters used in the calculations could also

be responsible for the difference. Given the uncertainties, the
results illustrated in Fig. 7 appear satisfactory. At low temperature,
the rate constants approach about 5% of the Langevin rate constant,
kL, for capture of N2O by FeO+ (kL = 7.81� 10�10 cm3 s�1). Thus, one
should inspect for the falloff behavior54 in reaction (4). At 300 K, the
‘‘center of the falloff curve’’ [He]c (where the reaction changes from
a third-order to a second-order process) should be located near
[He]c E 8 � 1017 cm�3. Deviations from the third order (k4/k4,0 o
0.9), therefore, are estimated54 to occur at [He]/[He]c > 10�2, i.e. at
[He] > 1016 cm�3, corresponding to about 0.3 Torr, i.e. barely visible
in the present data. [He]c increases with increasing temperature.
The estimates of k4,0 (for n > 1) and the shapes of falloff curves given
elsewhere56 should allow one to predict deviations from the second
and the third order of k4 for the sequence of clustering reactions
shown in reaction (4) (see the example57 of hydration reactions of
NO+).

Conclusions

We have studied the temperature dependence of the rate
constants for the reactions Fe+ + N2O and FeO+ + CO, which
represent the two half-reactions in the iron cation catalyzed
reduction of N2O by CO. Additionally, we have studied the
temperature dependence of the side reaction, FeO+ + N2O. We
confirm the room temperature rate constants observed in the
literature, while most of the temperature dependent data
represent the first measurements of their kind (the exception
being Fe+ + N2O above room temperature). Our present results
show that the overall efficiency for the iron cation catalyzed
reduction of N2O by CO decreases quite sharply with tempera-
ture, which is largely governed by the temperature dependence
of the Fe+ + N2O reaction.

The derived values for the rate constant of Fe+ + N2O, k2, are
rationalized in terms of complex formation in two reaction
channels, one switching from a sextet to a quartet potential and
one staying on a sextet potential. The fitted sextet–quartet
transition probability of about 1/4 is of the order of magnitude
expected for ‘‘spin-forbidden’’ reactions of this type.47,48 The
two-channel character of the reaction results in an unusual
temperature dependence of k2. At low temperature the spin-
switching sextet–quartet channel dominates, because it does
not involve positive energy barriers on the way from reactants to
products. The rate of this channel has a negative temperature
coefficient, as is typical for complex-forming bimolecular reac-
tions with ‘‘submerged energy barriers’’ that show ‘‘rotational
channel switching’’, i.e. back flux from the intermediate

Table 7 Estimated anharmonicity factor Fanh, dissociation energy D (in kJ mol�1

at 0 K), rotational constant B1 (in cm�1), and harmonic frequencies (in cm�1) for
FeO+(N2O) from DFT calculations

Fanh D B1

Frequency

1 2 3 4 5 6 7

1.66 136.8 0.040 77a 158a 272 615a 828 1452 2434

a Doubly degenerate.
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complex to the primary reactants,49 which gains importance
with increasing temperature. In our work, the extent of back
flux was found to be much less pronounced than given by
statistical unimolecular rate theory49 such that a parameterized
nonstatistical description had to be formulated; a more
detailed analysis awaits further work. At high temperatures
the additional sextet channel starts to contribute. This channel
has a relatively high activation barrier with positive energy. The
sum of the contributions from the two channels can be made
responsible for the unusual temperature dependence with a
marked negative temperature coefficient at low temperatures
(T r 200 K) and a broad flat plateau at medium temperatures
(200–500 K). The modeling predicts the transition to a positive
temperature coefficient at higher temperatures. Slight indications
of this transition may have been seen experimentally (at T Z

500 K). The marked positive temperature coefficient of k2 for T Z

300 K suggested in other experiments14 could not be confirmed in
the present work.

The reaction of FeO+ + CO showed the typical behaviour of a
complex-forming bimolecular reaction49 with a submerged
energy barrier on the way from the complex to the products,
i.e. rotational channel switching and back-flux to the reactants
both contribute to the negative temperature dependence of the
rate coefficient, k3. Again, a parameterized nonstatistical back
flux model had to be formulated. Interestingly, the fitted back-
flux parameter (g0 E 1) was the same as fitted for k2. Finally, the
clustering reaction of FeO+ + N2O could be well-rationalized by
standard unimolecular rate theory,54,56 after the cluster disso-
ciation energy was slightly increased over the value from DFT
calculations. The modeling of this process confirmed that the
reaction is close to the low pressure third-order limit under the
experimental conditions of the present work. The modeling
also allowed us to predict under which pressures a transition to
the high pressure second-order range of the reaction is to be
expected.
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