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Abstract

Reactions of Cu1(1S and 3D) with O2, CO, CO2, N2, NO, N2O, and NO2 are studied using guided ion beam mass
spectrometry. Cross sections as a function of kinetic energy are measured for each system to over 17 eV. In all cases, the
observed reactions of Cu1(1S) are endothermic. Because of the closed shell character of ground state Cu1 (1S, 3d10), most
of these systems exhibit cross sections with onsets and peaks at much higher energies than expected from the known
thermochemistry. Such behavior indicates that the reactions occur on relatively repulsive potential energy surfaces and by
impulsive processes. Reliable thermodynamic information is obtained primarily from the NO2 system where an analysis of the
kinetic energy dependence of the reaction cross sections is used to obtainD0(Cu1–O) 5 1.356 0.12 eV andD0(Cu–O)5
2.946 0.12 eV. Although speculative, the threshold for an excited state product asymptote in the N2O system also allows the
derivation ofD0(Cu1–N2) 5 0.926 0.31 eV. Reactions of the Cu1(3D, 4s1 3d9) excited state are generally more efficient
than those of the ground state and are exothermic in several cases. (Int J Mass Spectrom 182/183 (1999) 99–120) © 1999
Elsevier Science B.V.
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1. Introduction

Compared with its open shell transition metal
neighbors, copper monocations are relatively unreac-
tive with many nonpolar molecules and small mole-
cules [1–8]. However, given sufficient energy [2–7]
or with larger hydrocarbons [9], Cu1 ions react by

mechanisms similar to other later transition metal ions
but with an enhanced probability of abstracting H2

and R2 groups to form the closed shell CuH and CuR
molecules. Pioneering work by Freiser and co-work-
ers, as well as a number of later studies by other
investigators, find that Cu1 is much more reactive
with polar molecules, inducing a number of dissocia-
tive attachment reactions at thermal energies [10–22].
One of the driving forces for this enhanced reactivity
with polar molecules is that Cu1 is a very effective
Lewis acid, strongly binding molecules with accessi-
ble pairs of electrons [23–33]. Indeed, bond energies
of Lewis bases to Cu1 are relatively strong compared
with other transition metal ions because copper lies to
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the right of the transition series and is therefore
relatively small.

In this work, we investigate the reactions of atomic
copper ions with several atmospheric gases: O2, CO,
CO2, N2, NO, N2O, and NO2. Except for the O2 and
N2O systems [5,34], none of these reaction systems
has been investigated previously although some of the
unusual product ions observed in this work have been
reported [35–37]. In the present work, the ion source
conditions can be varied such that reactions of both
ground state Cu1(1S, 3d10) and first excited state
Cu1(3D, 4s13d9) can be investigated. The latter state
lies 2.81 eV5 E*( 3D) above the ground state [38].
(This excitation energy is the average of the 3, 2, and
1 spin–orbit levels weighted by the degeneracies, i.e.
the distribution expected at an infinite temperature.)

In previous work [5], it has been suggested that the
closed shell nature of ground state Cu1(1S, 3d10) can
lead to impulsive reaction dynamics. In a completely
impulsive reaction limit, the copper ion interacts with
only a single atom of the neutral reagent such that the

effective energy available for reaction differs strongly
from the center-of-mass (CM) energy. In this pairwise
interaction limit, the effective energy of the Cu1-
molecule collision is determined by the relative en-
ergy between the incoming Cu1 ion (having massA)
and the atom first struck (with massB), rather than
between Cu1 and the entire BC molecule. This
pairwise energy is related to the CM energy by Eq.
(1).

E~CM! 5 E~pair!

3 ~ A 1 B!~B 1 C!/B~ A 1 B 1 C! (1)

In the limit thatA .. B andC, it can be seen that the
mass factor in Eq. (1) reduces to (B 1 C)/B. This
formula shows thatE(pair) is less thanE(CM).
Hence, reactions occurring in the impulsive, pairwise
limit require substantially higher CM energies than
those thermodynamically permitted.

Some of the consequences of this for the systems
of interest here are summarized in Table 1. Here, the

Table 1
Thermodynamic and pairwise dissociation energies for reaction of Cu1(1S, 3D*)

Reactant
(BC)

Products
(AB 1 C)

Mass
factora

D0(BC)
eV b

D*0(BC)
eV c

D0P(BC)
eV d

D*0P(BC)
eV e

O2 CuO1 1 O 1.663 5.116 2.31 8.5 3.8
CO CuO1 1 C 1.519 11.108 8.30 16.9 12.6

CuC1 1 O 1.923 11.108 8.30 21.4 16.0
CO2 CuO1 1 CO 2.030 5.453 2.64 11.1 5.4

CuO1 1 C 1 O 2.030 16.561 13.75 33.6 27.9
CuCO1 1 O 1.336 5.453 2.64 7.3 3.5

N2 CuN1 1 N 1.692 9.759 6.95 16.5 11.8
NO CuO1 1 N 1.593 6.507 3.70 10.4 5.9

CuN1 1 O 1.774 6.507 3.70 11.5 6.6
N2O CuO1 1 N2 2.030 1.672 , 0 3.4 , 0

CuO1 1 N 1 N 2.030 11.431 8.62 23.2 17.5
CuN2

1 1 O(3P) 1.336 1.672 , 0 2.2 , 0
CuN2

1 1 O(1D) 1.336 3.640 0.83 4.9 , 0
CuN1 1 NO 2.261 4.924 2.11 11.1 4.8
CuN1 1 NO 2.261 8.431 5.62 19.1 12.7

NO2 CuO1 1 NO 2.083 3.116 0.31 6.5 0.6
CuO1 1 N 1 O 2.083 9.623 6.81 20.1 14.2
CuNO1 1 O 1.308 3.116 0.31 4.1 0.4

a The mass factor in Eq. (1): (A 1 B)(B 1 C)/B( A 1 B 1 C).
b Chase et al. [44].
c D*0(BC) 5 D0(BC) 2 E*( 3D).
d D0P(BC) 5 D0(BC) 3 ( A 1 B)(B 1 C)/B( A 1 B 1 C).
e D*0P(BC) 5 D*0(BC) 3 ( A 1 B)(B 1 C)/B( A 1 B 1 C).
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mass factors of Eq. (1) are listed along with the bond
energies of the reactant BC molecules. Ordinarily,
cross sections for reaction ofA1 1 BC 3 AB1 1
C reach a maximum atD0(BC) because at this energy
theAB1 product can begin to dissociate toA1 1 B.
However, if this reaction occurs impulsively, then the
onset for this dissociation process is shifted to higher
energies according to Eq. (1), i.e.E(pair) must equal
D0(BC). If the reaction is completely impulsive, the
maximum in the cross section will occur at center-of-
mass energies corresponding to the values ofD0P

listed in Table 1. Corresponding dissociation energies
in the thermodynamic and impulsive limits for reac-
tion of Cu1(3D) are also given in this table. Clearly
the onset for formation ofAB1 can also be shifted.
We will find that the predictions of Table 1 are
remarkably useful in the present study.

2. Experimental

2.1. General procedures

Cross sections for reaction of Cu1(1S and 3D)
with O2, CO, CO2, N2, NO, N2O, and NO2 are studied
using a guided ion beam mass spectrometer that has
been described in detail elsewhere [39,40]. The cop-
per ions are generated as described below. The ions
are extracted from the source, accelerated, and fo-
cused into a magnetic sector momentum analyzer for
mass analysis. Mass-selected ions are decelerated to a
desired kinetic energy and focused into an octopole
ion guide, which traps the ions in the radial direction
[41]. The octopole passes through a static gas cell
containing the neutral reactant. Low gas pressures in
the cell (typically 0.1–0.2 mTorr) are used to ensure
that multiple ion-molecule collisions are improbable.
All cross sections presented here are invariant to
changes in the neutral pressure (except as noted in one
case) indicating they are the result of single bimolec-
ular encounters. Product and unreacted Cu1 ions drift
to the end of the octopole where they are focused into
a quadrupole mass filter for mass analysis and subse-
quently detected with a secondary electron scintilla-
tion detector and standard pulse counting techniques.

Ion intensities are then converted to absolute cross
sections as previously described [39]. Absolute uncer-
tainties in cross sections are estimated to be6 20%
unless otherwise specified.

Ion kinetic energies in the laboratory frame,
E(lab), are converted to energies in the center-of-mass
frame, E(CM), using the formula,E(CM) 5 E(lab)
m/(m 1 M), wherem andM are the neutral and ionic
reactant masses, respectively. All energies reported
below are in the CM frame unless otherwise noted.
The absolute zero and distribution of the ion kinetic
energies are determined using the octopole ion guide
as a retarding potential analyzer as previously de-
scribed [39]. The distribution of reactant ion kinetic
energies is nearly Gaussian with a FWHM of; 0.40
eV (lab) for these experiments. The uncertainty in the
absolute energy scale is6 0.05 eV (lab).

The reactions in this work are studied to fairly high
kinetic energies. In order to ensure that product ions
are collected efficiently, this requires a relatively high
dc bias voltage on the quadrupole mass filter used to
analyze the product ions. This, in turn, reduces the
mass resolution of the mass spectrometer such that
product ions separated by only a few mass units (e.g.
CuC1, CuN1, and CuO1) are not completely re-
solved. If the mass resolution is increased to alleviate
this problem, the collection efficiency again suffers.
Hence, we collect data under both low and high
resolution conditions. The high resolution data allow
a separation of the product ions and efficient collec-
tion at lower kinetic energies while the low resolution
data provides efficient collection over the entire en-
ergy range, but with substantial mass overlap for
closely spaced masses. This latter data is easily
corrected for the mass overlap as the energy depen-
dence of the products is generally distinct. The accu-
racy of this correction is then verified by the high
resolution data. The results illustrated below have
been corrected in this fashion when necessary.

The various gases used in these experiments were
used as received. However, problems were encoun-
tered using NO and NO2 as it is extremely difficult to
keep nitrogen oxides contaminant free. NO readily
reacts with O2 to form NO2. The nitrogen oxides react
with one another to form N2O3 and N2O4 and with
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water to form various acids, e.g. HNO2 and HNO3.
The acids can then attack residual material on the gas
inlet surfaces to produce other species. Trace amounts
of these contaminants were apparently present in the
work reported here, but reactions with these uniden-
tifiable species can be easily ascertained on the basis
of known thermodynamics. Moreover, cross section
features attributable to the contaminants increased
between subsequent data sets over the course of a day,
while those associated with NO and NO2 did not. As
these contaminants are very difficult to remove en-
tirely and they do not affect the key energy regions of
the cross sections examined here, attempts to acquire
additional data free from contamination were deemed
unnecessary.

2.2. Ion source

Cu1 ions are generated in a 1 mlong flow tube
[40] operating at a pressure of 0.5–0.7 Torr with a
helium flow rate of 4000–7000 sccm. A dc discharge
at a voltage of 0.8–1.4 kV is used to ionize Ar. The
Ar1 ions are accelerated into a cathode made of
copper. This produces Cu1 ions that are swept down
the flow tube and undergo. 105 collisions with the
He and Ar bath gases. Under these conditions, most
excited states of Cu1 are quenched to their ground
state by these collisions. Complete quenching of the
excited electronic states is achieved by introducing a
small amount of nitric oxide (; 3–4 mTorr) to the
flow [42]. This is demonstrated below.

2.3. Thermochemical analysis

The threshold regions of the reaction cross sections
are modeled using Eq. (2),

s~E! 5 s0 O
i

gi~E 1 Ei 1 Eint 2 E0!
n/E (2)

which involves an explicit sum of the contributions of
individual electronic states of the Cu1 reactant, de-
noted byi , with energiesEi and populationsgi. In Eq.
(2), E is the relative kinetic energy,s0 is an energy
independent scaling factor, andE0 is the 0 K thresh-
old for reaction of ground electronic, vibrational, and

rotational state reactants.Eint is the internal energy of
the neutral reactant including rotations and vibrations.
The rotational energies arekBT 5 0.026 eV for O2,
CO, CO2, N2, NO, and N2O and 3kBT/ 2 5 0.039 eV
for NO2 at 305 K, the nominal temperature of the
octopole. The average reactant vibrational energies
are less than 1 meV for O2, CO, N2, and NO, 7.4 meV
for CO2, 9.5 meV for N2O, and 3.0 meV for NO2
[43,44]. Before comparison with the data, Eq. (2) is
convoluted with the kinetic energy distributions of the
ion and neutral reactants [39]. Thes0, n, and E0

parameters are then optimized using a nonlinear least
squares analysis to give the best reproduction of the
data. Error limits forE0 are calculated from the range
of threshold values for different data sets obtained
with a range of acceptablen values and the uncer-
tainty in the absolute energy scale.

At high energies, the cross sections decline be-
cause the product ions have sufficient energy to
dissociate. In this high energy region, the data can be
modeled by modifying Eq. (2) to include the dissoci-
ation probability according to a statistical model
discussed elsewhere [45]. This dissociation probabil-
ity is controlled by two parameters:ED, which is the
energy at which product ions begin decomposing, and
p, which is an adjustable parameter similar ton in Eq.
(2). In this study, the values ofp andED are allowed
to vary (althoughp can only hold integral values).
Use of this high-energy model does not significantly
alter the analysis of the threshold regions.

3. Results

3.1. Cu1 1 O2

Copper cations react with molecular oxygen to
form one ionic product, CuO1. The reaction is endo-
thermic and corresponds to reaction (3).

Cu1 1 O23 CuO1 1 O (3)

The energy dependence of the cross section for this
process with Cu1 is shown in Fig. 1. When NO is
added to the flow tube, the results obtained are in
excellent agreement (both energy dependence and
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magnitude) with previous results obtained by gen-
erating Cu1 using surface ionization, which pro-
duces 100% Cu1(1S) [5]. Thus, the NO acts to
efficiently quench excited state Cu1 ions formed in
the dc discharge source, resulting in a Cu1 beam
that is pure ground state1S ions. The cross section
rises slowly from an apparent threshold below 4 eV
and peaks at; 8 eV. As noted previously [5], this
is unusual behavior as the cross sections for the
analogous reactions with other transition metal
cations peak close to the thermodynamic threshold
for dissociation of the MO1 product. This is the
overall reaction (4), which has an onset equal to
D0(O2), Table 1.

M1 1 O23 M1 1 O 1 O (4)

The observation that the peak of the CuO1 cross
section occurs at higher energies indicates that the
reaction dynamics favor placing excess energy in
translation rather than in internal energy of the di-
atomic product. We have previously suggested that
this indicates impulsive reaction dynamics [5]. In-
deed, the threshold for reaction (4) on the pairwise
energy scale, i.e.E(CM) whenE(pair) 5 D0(O2), is
8.5 eV, Table 1. This prediction is in good agreement
with the observed peak of the CuO1 cross section
(Fig. 1).

Without NO cooling gas in the flow tube, a small
low energy feature in the CuO1 cross section is
observed. This is obviously attributable to the reaction
of excited state Cu1 with O2. The apparent threshold

Fig. 1. Variation of the cross sections for reaction of Cu1 with O2 as a function of translational energy in the center-of-mass frame (lower scale)
and laboratory frame (upper scale). Data are shown for Cu1 ions formed by dc discharge with (F) and without (E) the addition of NO to the
flow tube. The inset shows the data on an expanded vertical scale (3 10) and offset from zero. Downward arrows indicate the thermodynamic
thresholds for CuO1 formation from Cu1(1S) and Cu1(3D) at 3.77 and 0.96 eV, respectively. Upward arrows show the thermodynamic
thresholds for atomization, reaction (4), for reaction with Cu1 (1S) and Cu1 (3D) at 5.12 and 2.31 eV, respectively. Dashed upward arrows
show the thresholds for atomization on an impulsive energy scale for reaction with Cu1 (1S) and Cu1 (3D) at 8.5 and 3.8 eV, respectively.
In this and all figures, solid arrows indicate thermodynamic quantities while dashed arrows indicate impulsive energies. Arrows are marked
by the symbol to which they correspond. Upward arrows indicate dissociation processes for which energies are taken from Table 1. Downward
arrows indicate reaction thresholds for which energies are taken from Table 4.
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occurs at; 1 eV, approximately 3 eV below the
threshold for reaction of Cu1(1S). The reaction cross
section rises from threshold more rapidly than for
ground state Cu1 and the peak of the reaction cross
section occurs at; 2.3 eV, 2.8 eV below the
thermodynamic threshold for reaction (4). These en-
ergetics clearly indicate that the3D(4s13d9) first
excited state of Cu1 lying 2.81 eV5 E*( 3D) above
the ground state is responsible for this low energy
feature. A similar low energy feature was previously
observed in the reaction of Cu1 ions produced by
electron ionization (EI) of Cu(CH3CO2) [5]. How-
ever, the apparent threshold and peak of the reaction
cross section occurred at lower energies in the EI data.
There, it was concluded that the Cu1 beam produced
by EI also contains Cu1 in its 1D state at 3.26 eV [5].
In addition, the magnitude of this low energy feature
is larger by a factor of; 2 in the EI data, probably
indicating that the excited state population is larger
for the EI produced ions than for the dc discharge
source.

3.2. Cu1 1 CO

The reaction of Cu1 with CO forms two products,
CuO1 and CuC1, in processes (5) and (6). Cross
sections for Cu1(1S) are shown in Fig. 2(a). No
reactivity is observed below 10 eV.

Cu1 1 CO3 CuO1 1 C (5)

3 CuC1 1 O (6)

Both reaction pathways exhibit thresholds in excess of
D0(CO), Table 1. This means that formation of CuO1

and CuC1 does not even begin until above the energy
where they can dissociate. As a consequence, these
thresholds have no simple thermodynamic meaning.
Formation of stable diatomic products aboveD0(CO)
can only occur if substantial amounts of energy are
placed in translation or electronic excitation of the
products, suggesting that impulsive reactivity may
control this reaction. In an impulsive limit, dissocia-
tion of the CuC1 and CuO1 products is predicted to
be delayed until 21.4 and 16.9 eV, respectively (Table
1). It can be seen in Fig. 2(a) that the peak of the

CuO1 cross section occurs close to 17 eV, in agree-
ment with this prediction. Likewise, the CuC1 cross
section plateaus and then decreases more rapidly at
about 22 eV. Certainly, the distinct high energy
behavior of the two products is qualitatively described
by the impulsive model and contrasts with the ther-
modynamic expectation that both peaks should occur
at about 11.1 eV5 D0(CO). In contrast, this latter
expectation is fulfilled in the reactions of early tran-
sition metal ions reacting with CO [46,47].

For the CO system, results obtained without NO
cooling gas in the flow tube are shown in Fig. 2(b). As
for the O2 reaction, the results are dominated by the
ground state reactivity. However, low energy features
are now seen in both the CuC1 and CuO1 cross
sections and these can again be attributed to reaction
of Cu1(3D). Above about 17 eV, the magnitudes of
these cross sections begin to differ from those shown
in Fig. 2(a). This is an experimental artifact associated
with differing experimental conditions used to collect
the data.

3.3. Cu1 1 CO2

The reaction of Cu1 with CO2 produces two
products, CuO1 and CuCO1, in reactions (7) and (8).
Cross sections for these processes are shown in Fig. 3.

Cu1 1 CO23 CuO1 1 CO (7)

3 CuCO1 1 O (8)

Both products correspond to cleavage of the OC–O
bond. The major reaction pathway observed for this
system leads to the formation of CuO1. The CuO1

cross section rises from an apparent threshold near 4
eV before reaching a maximum at about 10 eV.
Rather than peaking nearD0(OC–O), the maximum
cross section corresponds more closely to this bond
energy on a pairwise energy scale, 11.1 eV, Table 1.

Beginning at around 15 eV, a second feature is
observed in the CuO1 cross section. Collection of this
product at kinetic energies above 20 eV in the
center-of-mass frame varied strongly with experimen-
tal conditions (specifically, quadrupole resolution and
dc bias) and, hence, is not shown in Fig. 3. Under
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what we believe to be optimal experimental condi-
tions, we observe that this second feature rises to a
maximum of 0.126 0.03 Å2 at about 33 eV before
declining again. This second feature in the CuO1

cross-section is attributed to reaction (9).

Cu1 1 CO23 CuO1 1 C 1 O (9)

Complete atomization of this system and decomposi-
tion of the CuO1 product formed in reaction (9) can
begin at 16.56 eV. However, the peak in the second
feature lies well above this energy, but in good
agreement with the energy predicted by impulsive
behavior, 33.6 eV (Table 1).

Reaction (8) has an apparent threshold of 4–5 eV.
The CuCO1 cross section rises to a maximum near 8
eV which must be associated with the dissociation of
the CuCO1 ion to Cu1 1 CO. This process can begin
at D0(OC–O) but is delayed until about the impulsive
value of 7.3 eV, Table 1. As in the CO system, the
impulsive model appears to predict the disparate
behavior in the peak positions of the two products in

this system, neither of which corresponds toD0(OC–
O).

Without NO cooling gas in the flow tube, both the
CuO1 and CuCO1 cross sections are strongly en-
hanced at low energies (Fig. 3). Note that these
excited state cross section features are much larger
compared to the ground state cross sections than those
in the O2 and CO systems. The CuO1 cross section
develops a low energy feature having a threshold near
2 eV. The cross section for the CuCO1 channel
increases substantially and its threshold also shifts
down but not by as much as the CuO1 channel.

3.4. Cu1 1 N2

The reaction of Cu1 with N2 produces only one
ionic product, CuN1, in the endothermic reaction
(10).

Cu1 1 N2 3 CuN1 1 N (10)

Fig. 2. Variation of the cross sections for reaction of Cu1 with CO as a function of translational energy in the center-of-mass frame (lower
scale) and laboratory frame (upper scale). Data are shown for Cu1 ions formed by dc discharge with (a) and without (b) the addition of NO
to the flow tube. The inset in (b) shows the data on an expanded vertical scale (3 5) and offset from zero. Downward arrows indicate the
thermodynamic thresholds for CuO1 formation from Cu1 (1S) and Cu1 (3D) at 9.76 (a) and 6.95 (b) eV, respectively. Upward arrows show
the thermodynamic thresholds for atomization for reaction with Cu1 (1S) and Cu1 (3D) at 11.11 (a) and 8.30 (b) eV, respectively. Dashed
downward arrows indicate the impulsive thresholds for CuO1 formation from reaction with Cu1 (1S) and Cu1 (3D) at 14.8 (a) and 10.6 (b)
eV, respectively. Dashed upward arrows in part a show the thresholds for atomization on impulsive energy scales for CuO1 and CuC1 at 16.9
and 21.4 eV, respectively. Their counterparts for atomization from Cu1 (3D) are shown in (b) at 12.6 and 16.0 eV, respectively.
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The energy dependence of the cross sections for this
reaction with Cu1 produced by dc discharge with and
without the addition of NO to the flow tube are shown
in Fig. 4. The apparent threshold for reaction of
ground state Cu1(1S) occurs at; 12 eV. The peak of
this reaction cross section occurs at; 17 eV. The
decline in the cross section beyond 17 eV is attributed
to reaction (11).

Cu1 1 N2 3 Cu1 1 N 1 N (11)

As in the CO system, both the threshold and peak
energies are well above the bond dissociation energy
of the neutral reactant, Table 1. Again, impulsive
reactivity appears to quantify this behavior as the
onset for reaction (11) in the pairwise energy frame is
16.5 eV, Table 1, in good agreement with the ob-
served peak position (Fig. 3).

Without NO cooling gas added to the flow tube, an
appreciable low energy feature in the CuN1 cross
section is observed and can be attributed to the
reaction of excited state Cu1(3D) with N2. The
apparent threshold for this process occurs at; 7 eV.

3.5. Cu1 1 NO

The reaction of Cu1 with NO produces three
products formed in reactions (12)–(14).

Cu1 1 NO3 CuO1 1 N (12)

3 CuN1 1 O (13)

3 NO1 1 Cu (14)

Fig. 5(a) shows cross sections determined for these
processes for reaction of Cu1(1S). Both CuO1 and

Fig. 3. Variation of the cross sections for reaction of Cu1 with CO2 as a function of translational energy in the center-of-mass frame (lower
scale) and laboratory frame (upper scale). Data are shown for Cu1 ions formed by dc discharge with (solid symbols) and without (open
symbols) the addition of NO to the flow tube. The inset shows the CuO1 cross sections on an expanded vertical scale (3 2) and offset from
zero. Downward arrows indicate the thermodynamic thresholds for CuCO1 (and CuO1, inset) formation from Cu1 (1S) and Cu1 (3D) at 3.91
(4.10) and 1.10 (1.29) eV, respectively. The downward arrow at 15.21 eV indicates the threshold for formation of CuO1 1 C 1 O from Cu1

(1S) reactants. Dashed upward arrows showD0(OC–O) on impulsive energy scales for CuCO1 and CuO1 at 7.3 and 11.1 eV, respectively.

106 M.T. Rodgers et al./International Journal of Mass Spectrometry 182/183 (1999) 99–120



CuN1 products have thresholds in excess of the NO
bond energy (6.507 eV). The peaks in both cross
sections agree very nicely with the pairwise energy
predictions of Table 1.

Reaction (14) is simple charge transfer. The ion-
ization energies (IEs) of both Cu and NO are ex-
tremely well characterized, 7.726 34 and 9.264 36 eV
[48], respectively, such that this process is endother-
mic by 1.538 eV. The nonzero reactivity observed
below this energy is therefore attributed to a trace
contaminant in the NO sample, while that above 3 eV
corresponds to reaction (14).* Note that the NO1

cross section reaches a maximum at the onset of
reactions (12) and (13). It can be seen that the total
reaction cross section rises smoothly from about 4 eV
until it reaches a maximum at about 11 eV, the

dissociation energy of NO on an impulsive energy
scale, Table 1. Thus, the heavy atom transfer pro-
cesses (12) and (13) compete effectively with the
electron transfer process (14). This behavior suggests
that the charge transfer process requires an intimate
collision between Cu1(1S) and NO rather than occur-
ring by a long-range electron jump. This is reasonable
considering that the charge transfer is off resonance
by 1.5 eV. In this regard, we find it somewhat
surprising that the reaction occurs at all and that the
observed threshold differs so drastically from the
thermodynamic threshold.

When the reactions of Cu1(1S, 3D) are examined,
it becomes obvious that the reaction that cools the
excited state in the flow tube source is the charge
transfer process (Fig. 5(b)). Reaction (14) with
Cu1(3D) is now exothermic by 1.27 eV and nearly
resonant with formation of NO1 in its fourth vibra-
tional level. Consistent with this, we observe no

* A plausible assignment for this reaction of Cu1 1 HNO23
CuOH 1 NO1 was suggested.

Fig. 4. Variation of the cross sections for reaction of Cu1 with N2 as a function of translational energy in the center-of-mass frame (lower scale)
and laboratory frame (upper scale). Data are shown for Cu1 ions formed by dc discharge with (F) and without (E) the addition of NO to the
flow tube. The inset shows the data without the addition of NO on an expanded vertical scale (3 10) and offset from zero. Upward arrows
show the thermodynamic thresholds for atomization with Cu1 (1S) and Cu1 (3D) at 9.76 and 6.95 eV, respectively. Dashed upward arrows
show the thresholds forD0(N2) on an impulsive energy scale for Cu1 (1S) and Cu1 (3D) at 16.5 and 11.8 eV, respectively.
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energy barrier to this reaction. The energy depen-
dence of this cross section isE20.356 0.1, declining
less rapidly than the Langevin–Gioumousis–Steven-
son collision cross section for exothermic ion-mole-
cule reactions,sLGS [49]. This energy behavior may
be an indication that the electron transfer between
Cu1(3D) and NO does not require an intimate colli-
sion of the reactants at higher energies. The magni-
tude of the exothermic part is approximately 0.0236
0.003sLGS between 0.05 and 1.0 eV. If the excited
state ions present in the reactant ion beam react on
every collision, this comparison indicates that the
population of Cu1(3D) in our beam is about 2%. If
the reaction efficiency is less than unity, then the
population could be larger, however, the features
associated with the ground state reactivity in this and
other systems change little in magnitude from those
observed with a pure Cu1(1S) beam. Thus, the
excited state population must be small. Cross sections
for the other two products formed in reactions (12)
and (13) are nearly identical to those shown in Fig.
5(a), but expansion of these cross sections reveal low
energy features, clearly attributable to reaction of
Cu1(3D).

3.6. Cu1 1 N2O

The reaction of Cu1 with N2O yields four prod-
ucts, CuO1, CuN2

1, CuN1, and NO1 in reactions
(15)–(18). Cross sections for these processes from
Cu1(1S) are shown in Fig. 6.

Cu1 1 N2O3 CuO1 1 N2 (15)

3 CuN2
1 1 O (16)

3 CuN1 1 (N 1 O) (17)

3 NO1 1 CuN (18)

The dominant reaction pathways, processes (15) and
(16), result from cleavage of the weak N2–O bond
(Table 1) followed by binding one of the fragments to
Cu1. Despite the weakness of this bond, however,
reactions of Cu1(1S) do not begin until above 1 eV.
The energy behavior of the CuO1 and CuN2

1 cross
sections is complex. Both reactions exhibit two fea-
tures that can be attributed to reactions (15) and (16),
while the CuO1 cross section has a third feature
beginning around 13 eV that is probably associated

Fig. 5. Variation of the cross sections for reaction of Cu1 with NO as a function of translational energy in the center-of-mass frame (lower
scale) and laboratory frame (upper scale). Data are shown for Cu1 ions formed by dc discharge with (a) and without (b) the addition of NO
to the flow tube. The insets show the data for CuO1 and CuN1 on expanded vertical scales (3 10) and offset from zero. Downward arrows
indicate the thermodynamic thresholds for CuO1 formation from Cu1 (1S) and Cu1 (3D) at 5.16 (a) and 2.35 (b) eV, respectively, NO1 from
Cu1 (1S) at 1.54 eV (a). The dashed downward arrow in part a shows the impulsive threshold for CuO1 formation from Cu1 (1S) at 8.2 eV.
Dashed upward arrows in (a) show the thresholds for atomization on an impulsive energy scale for CuO1 and CuN1 at 10.4 and 11.5 eV,
respectively.
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with formation of CuO1 1 2N. The lowest energy
peaks in both cross sections have maxima that corre-
spond reasonably well with the impulsive predictions
for D0(N2–O) in Table 1 (Fig. 6). We believe that the
second features in these cross sections are associated
with dissociation of the N2–O bond along a singlet
surface to form excited state O(1D). This hypothesis
is discussed in detail below.

Two minor products that involve cleavage of the
N–N bond of N2O are also observed at elevated
kinetic energies, reactions (17) and (18). The CuN1

product is not observed until very high energies,
above about 14 eV. As formation of Cu1 1 N 1 NO
can occur at 4.92 eV (11.1 eV on an impulsive scale),
Table 1, we attribute the observed reactivity to for-
mation of the separated N1 O neutral products.
Complete atomization of this system can begin at
11.43 eV which suggests that the observed reactivity

has a large impulsive component (atomization begins
at 25.8 eV on the impulsive scale for CuN1 forma-
tion). Formation of Cu1 N 1 NO1 is calculated to
begin at 6.462 eV (14.6 eV on the impulsive energy
scale for CuN5 AB). The apparent threshold for this
process,; 9 eV corresponds with neither of these
predictions well, suggesting that the observed process
is reaction (18) on an impulsive scale.

When the reactant beam contains excited state
Cu1(3D) (NO is not used as cooling gas), the CuO1

and CuN2
1 cross sections exhibit weak reactivity at

thermal energies in addition to the ground state
features shown in Fig. 6. The observed behavior
indicates that these reactions are now exothermic and
have no barriers in excess of the reactant energy,
consistent with the low energy thresholds observed
for reactions of ground state Cu1(1S). Compared to
the collision cross section, the magnitudes of these

Fig. 6. Variation of the cross sections for reaction of Cu1 with N2O as a function of translational energy in the center-of-mass frame (lower
scale) and laboratory frame (upper scale). Data are shown for Cu1 ions formed by dc discharge with the addition of NO to the flow tube. The
inset shows the CuO1 and CuN2

1 cross sections on an expanded vertical scale (3 2) and offset from zero. The CuN1 and NO1 cross sections
are expanded by a factor of 5. Downward arrows indicate the thermodynamic thresholds for CuO1 and CuN2

1 1 O (3P, 1D) formation from
Cu1 (1S) at 0.32, 0.75, and 2.72 eV, respectively. Dashed upward arrows show the thresholds forD0[N2–O (3P)] on impulsive energy scales
for CuN2

1 and CuO1 at 2.2 and 3.4 eV, respectively, and forD0[N2–O (1D)] at 4.9 eV.
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cross sections are 0.0116 0.002sLGS and 0.0046
0.001sLGS, respectively, below 0.1 eV. If Cu1(3D)
reacts with unit efficiency, this indicates that there is
approximately 1.5% of this excited state present in
this beam, comparable to the 2% figure noted above.
We also observe formation of an CuN2O

1 adduct at
thermal energies. The cross section for this process
depends linearly on the N2O pressure, indicating that
this adduct is formed by collisional stabilization in
sequential bimolecular reactions. Both the CuN1 and
NO1 cross sections exhibit low energy, endothermic
features when the Cu1 excited state is present. The
apparent thresholds for both of these features are
much lower than those for ground state Cu1 (by about
10 and 7 eV, respectively), clearly indicating that the
ground state thresholds do not have a thermodynamic
meaning.

3.7. Cu1 1 NO2

The reaction of Cu1 with NO2 yields three prod-
ucts formed in reactions (19)–(21).

Cu1 1 NO23 CuO1 1 NO (19)

3 CuNO1 1 O (20)

3 NO1 1 CuO (21)

Cross sections for these processes from Cu1(1S) are
shown in Fig. 7. In contrast to all other systems in this
study, the cross sections observed in this system
behave as expected based on known thermochemistry.
For example, both the CuO1 and CuNO1 products
can dissociate to form Cu1 beginning at the ON–O
bond energy of 3.116 eV (Table 1). The cross sections
for both of these products are observed to reach

Fig. 7. Variation of the cross sections for reaction of Cu1 with NO2 as a function of translational energy in the center-of-mass frame (lower
scale) and laboratory frame (upper scale). Data are shown for Cu1 ions formed by dc discharge with the addition of NO to the flow tube. Insets
show the CuO1 and NO1 cross sections on expanded vertical scales (3 2) and offset from zero. Downward arrows indicate the thermodynamic
thresholds for NO1 and CuO1 formation from Cu1 (1S) at 1.72 and 1.77 eV, respectively. Upward arrows show the thermodynamic thresholds
for D0(ON–O) at 3.116 eV and for atomization at 9.623 eV.
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maxima near this energy. Further, atomization of this
system to form Cu1 1 N 1 2O can begin at 9.623
eV (Table 1), consistent with the higher energy peak
in the CuO1 cross section. Thus, the second feature in
the CuO1 cross section can be attributed to formation
of CuO1 1 N 1 O. Based on thermochemistry
compiled by Lias et al. [48], the ionization energy
of CuO is 9.236 0.55 eV, very similar to
IE(NO) 5 9.264 36 eV, which means that reactions
(19) and (21) are nearly isoenergetic. This is
consistent with the observed behavior in the cross
sections for NO1 and the low energy feature for
CuO1. Some reactivity is observed below about 1.5
eV in the CuNO1 and NO1 channels (the latter has
been modeled and removed from Fig. 7), but this is
attributable to contaminants in the NO2 sample, as the
magnitudes of these cross sections increased during
the course of the experiments.

When the Cu1 beam contains excited states, we
observe that both the CuO1 and NO1 cross sections
develop tails at thermal energies indicative of exo-
thermic reactivity. At higher energies (above 1.5 eV),
these cross sections remain the same as shown in Fig.
7. In contrast, the CuNO1 reaction cross section does
not change over the entire energy range examined.
Unfortunately, contamination of the NO2 (which af-
fects primarily the NO1 and CuNO1 channels) pre-
cludes a meaningful analysis of the magnitudes of the
observed exothermic reactivity.

4. Discussion

4.1. Electronic states of the products

One consideration in understanding the results of
the present study is the electronic states of the copper
containing products. These include the diatomics,
CuC1, CuN1, CuN, CuO1, and CuO, and the tri-
atomics, CuCO1, CuN2

1, and CuNO1. Unfortunately,
except for CuO, no experimental characterization of
the electronic states of these species is available to our
knowledge. The first two triatomics almost certainly
have 1S1 ground states formed by adding the1S1

ground state of CO or N2 molecules to the Cu1(1S)

ground state in an end-on geometry. This has been
confirmed by ab initio calculations in the case of
CuCO1 [50]. It is not clear whether the geometry of
CuNO1 will be linear or bent, especially as no
covalent bond formation is expected. However, it is
equally clear that CuNO1 should have a doublet
ground state corresponding to association of Cu1(1S)
and NO(2P). For the diatomics, we rely on extrapo-
lating information from the known spectroscopy of
CuO [51]. CuO has a2P ground state with a
(1d4)(3p4)(8s2)(9s2)(4p3) electron configuration.
For this late first row metal, the 1d, 3p, and 8s
orbitals are largely 3d-like metal orbitals (nearly core
orbitals), the 9s is a bonding orbital between the 4s
orbital on Cu and the 2ps orbital on O, and the 4p is
largely O 2pp although there is some antibonding
character. Ionization of this species should give a3S2

ground state having a (1d4)(3p4)(8s2)(9s2)(4p2) con-
figuration. Indeed, ionization should contract the 3d
orbitals, further isolating them from the O-based
orbitals. Note that this configuration can be viewed as
simple association of Cu1(1S, 3d10) with O(3P, 2p4)
such that the lone pair of electrons on O is pointed at
the Cu1 ion. This ground state configuration has been
verified by ab initio calculations which also identify a
3P[(1d4)(3p4)(8s2)(9s1)(4p3)] state as the first ex-
cited state, lying 0.8 [52] and 1.03 eV [53] higher in
energy.

As CuN and CuO1 are isoelectronic, it seems
relatively certain that CuN also has a3S2 ground
state. Ionization of CuN could form CuN1 in a
2P[(1d4)(3p4)(8s2)(9s2)(4p1)] or 4S2[(1d4)(3p4)
(8s2)(9s1)(4p2)] state. The latter is probably the
ground state as it correlates to separated Cu1(1S,
3d10) 1 N(4S, 2p3) ground state atoms, while the2P
state correlates to the excited N(2P, 2p3) state, which
lies 2.38 eV higher in energy [38]. Removing another
electron from this orbital scheme to generate CuC1

suggests possible states of1S1 [(1d4)(3p4)(8s2)(9s2)
(4p0)], 3P [(1d4)(3p4)(8s2)(9s1)(4p1)], or 3S2

[(1d4)(3p4)(8s2)(9s0)(4p2)]. Only the latter two
states correlate with ground state separated atoms,
Cu1(1S) 1 C(3P, 2p2). It seems likely that one of
the C(2p) electrons would point towards the Cu1,
such that the3P state is the probable ground state.
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On the basis of these considerations, we assume in
the following discussion that the ground states of
CuO1 and CuN are3S2; that of CuN1 is 4S2; CuC1,
3P; CuCO1 and CuN2

1, 1S1; and CuNO1, 2A. Table
2 summarizes the electronic states for the reactions of
Cu1(1S) with the molecules considered here and the
ground state products. We find that spin can be
conserved in all reactions of Cu1(1S) studied here
except those for CO2 and N2O. In contrast, reactions
of Cu1(3D) are spin allowed for all reactions includ-
ing those with CO2 and N2O. We believe that the
inability to conserve spin in the cases of the
Cu1(1S) 1 CO2 and N2O reactions is probably the
key reason that the magnitude of the CuO1 cross
sections are so much smaller than in the other sys-
tems. For instance, in the CO2 system, the CuO1

cross section is 50 times smaller than in the O2 system
(even though the neutral reactant bond energies are
similar, Table 1) and 10 times smaller than the CO
and NO systems, where the bonds being broken are
stronger. Further, the small magnitudes of the CuCO1

and CuN2
1 cross sections from Cu1(1S) are consistent

with the spin-forbidden character of this reaction. In
addition, these reactions are spin allowed with
Cu1(3D), accounting for the much larger relative

magnitudes of the excited state cross section features
compared to the other systems.

Spin conservation also provides a ready explana-
tion for the two features observed in the CuN2

1

product formed in the N2O system (Fig. 6(a)). As
noted in Table 2, this reaction can become spin-
allowed for the Cu1(1S) reactant if the neutral oxygen
atom product is formed in its first excited1D state,
lying 1.97 eV above the3P ground state [38]. Thus,
we attribute the small low energy feature to the
spin-forbidden formation of CuN2

1 (1S1) 1 O (3P)
and the higher energy feature beginning about 3 eV to
the spin-allowed formation of CuN2

1 (1S1) 1 O
(1D). Additional evidence for this assignment comes
from analysis of the dissociation energies to form
Cu1 1 N2 calculated on a pairwise energy scale, 2.2
and 4.9 eV (Table 1), respectively. These energies
correspond nicely with the peaks observed for the two
features in the CuN2

1 cross section (Fig. 6(a)). It
seems probable that the first and second features in the
CuO1 cross section, where the second feature is also
much larger than the lower energy feature, can also be
attributed to spin-forbidden and spin-allowed reac-
tions, respectively. Indeed, the first feature in the
CuO1 cross section occurs close to the pairwise
dissociation threshold of 3.4 eV (Table 1) expected
for Cu1(1S) 1 O(3P) 1 N2(

1Sg
1), a spin-forbidden

reaction. The higher energy feature beginning around
5 eV would involve spin-allowed formation of an
excited singlet state of CuO1 (Table 2) as excited
triplet states of N2 are too high in energy. This is
discussed further below.

4.2. CuO1 and CuO thermochemistry

Of all the reactions of Cu1(1S) examined in this
study, the NO2 system is the only one where impul-
sive reactivity is not present. Thus, this system offers
the best opportunity to obtain good thermodynamic
information. The cross sections for reactions (19) and
(21) were analyzed using Eq. (2). Whenn is allowed
to vary freely, we find an optimum value of about 0.9,
therefore, we also analyzed the data using the line-of-
centers cross section,n 5 1. The optimized parame-
ters given in Table 3 are the average of these two

Table 2
Spin conservation in reactions of Cu1(1S)

Reactant Ionic product Neutral product Spin-alloweda

O2 (3Sg
2) CuO1 (3S2) O (3P) yes

CO (1S1) CuO1 (3S2) C (3P) yes
CuC1 (3P) O (3P) yes

CO2 (1Sg
1) CuO1 (3S2) CO (1S1) CuO1 (1D)

CuCO1 (1S1) O (3P) O (1D)
N2 (1Sg

1) CuN1 (4S2) N (4S) Yes
NO (2P) CuO1 (3S2) N (4S) Yes

CuN1 (4S2) O (3P) Yes
N2O (1S1) CuO1 (3S2) N2 (1Sg

1) CuO1 (1D)
CuN2

1 (1S1) O (3P) O (1D)
CuN1 (4S2) NO (2P) CuN1 (2P)
NO1 (1S1) CuN (3S2) CuN (1D)

NO2 (2A1) CuO1 (3S2) NO (2P) yes
CuNO1 (2A) O (3P) yes
NO1 (1S1) CuO (2P) yes

a When the reaction is spin forbidden to form ground state
products, an excited state of the products that makes the reaction
spin allowed is provided.
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approaches. We find that both reactions have the same
threshold within experimental error. This is consistent
with the observed behavior as the two cross sections
mimic one another closely in the threshold region.
The NO1 cross section is slightly bigger, consistent
with a slightly lower threshold. GivenD0(ON–O) 5
3.1166 0.008 eV (Table 1), the threshold for reac-
tion (19) can be converted using the formula,
D0(Cu1–B) 5 D0(BC) 2 E0(CuB1) whereB 5 O
and C 5 NO in this system, toD0(Cu1–O) 5
1.356 0.12 eV. Given the IEs of NO and Cu pro-
vided above, the threshold for reaction (21) yields
D0(Cu–O)5 2.946 0.12 eV. (This latter value
agrees with a preliminary report for this bond energy
obtained from analysis of this same reaction seven
years ago in our laboratory, 2.856 0.15 eV [54].
This earlier work was conducted with a Cu1 beam
that contained excited states and, hence, this threshold
determination is not as reliable as the present value.)
When this new value is combined with our value for

D0(Cu1–O), we obtain IE(CuO)5 9.326 0.17 eV.
We can also independently determine the average of
the difference in the thresholds for the two channels,
which is more precise than the difference in the
absolute threshold determinations. Whenn is held to
unity, we find that the NO1 threshold lies 0.086
0.06 eV lower than the CuO1 threshold, consistent
with the absolute thresholds given in Table 3. This
value defines the difference in IEs of NO and CuO,
which gives IE(CuO)5 9.346 0.06 eV.

The value reported here forD0(CuO) compares
well with literature information, although this is
sparse. In the critical review of Pedley and Marshall
[55], they cite 2.766 0.22 eV, a value taken exclu-
sively from the work of Smoes et al. [56]. Recently,
Watson et al. [57] restudied the equilibrium used by
Smoes et al. to measureD(CuO). They found that
second and third law values for the heat of formation
of CuO at 298 K varied widely, 3296 5 and 4336
33 kJ/mol (corresponding to 0 K bond energies of

Table 3
Optimized parameters of Eq. (2)

Reactants
Ionic
product s0 n E0, eV p ED, eV

Cu1(1S) 1 O2 CuO1 0.11 (0.01) 3.4 (0.1) 3.50 (0.06) 3 7.4
Cu1(3D) 1 O2 CuO1 0.035 (0.007) 2.2 (0.1) 0.79 (0.07) 2 2.3
Cu1(1S) 1 CO CuO1 1.00 (0.57) 1.0 (0.1) 12.06 (0.20) 2 17.0 (0.6)

CuC1 0.88 (0.25) 1.0 (0.2) 13.84 (0.40) 2 20.5 (1.2)
Cu1(1S) 1 CO2 CuO1 0.038 (0.057) 3.1 (0.7) 3.84 (1.02)

CuCO1 0.008 (0.003) 1.1 (0.2) 4.63 (0.63) 2 7.9 (0.1)
Cu1(3D) 1 CO2 CuO1 0.012 (0.010) 1.5 (0.4) 1.91 (0.55)

CuCO1 0.030 (0.014) 1.1 (0.4) 3.4 (0.4) 2 6.9 (0.2)
Cu1(1S) 1 N2 CuN1 0.40 (0.08) 1.5 (0.1) 12.57 (0.13) 2 16.8 (0.2)
Cu1(3D) 1 N2 CuN1 0.06 (0.04) 1.3 (0.4) 7.02 (0.46) 1 13.7
Cu1(1S) 1 NO CuO1 1.39 (0.28) 1.0 (0.2) 7.52 (0.16) 1 10.8 (0.3)

CuN1 0.93 (0.28) 1.0 (0.2) 8.43 (0.24) 1, 2 11.7 (0.4)
NO1 0.51 (0.37) 1.6 (0.6) 4.14 (0.61) 7.7 (0.3)

Cu1(3D) 1 NO CuO1 0.030 (0.006) 1.0 (0.1) 2.26 (0.19)
CuN1 0.032 (0.004) 1.0 2.17 (0.11)

Cu1(1S) 1 N2O CuO1 0.060 (0.003) 0.8 (0.1) 1.33 (0.05) 1, 2 4.5 (0.3)
CuN2

1 0.014 (0.001) 0.4 (0.1) 1.29 (0.08) 1, 2 2.4 (0.2)
CuN2

1 0.09 (0.03) 1.2 (0.7) 2.72 (0.31) 1, 2 5.4 (0.3)
CuN1 0.145 (0.097) 0.7 (0.4) 15.67 (1.22)
NO1 0.058 (0.019) 0.7 (0.2) 9.84 (0.37) 1, 2 18.2 (1.1)

Cu1(3D) 1 N2O CuN1 0.18 (0.07) 1.3 (0.4) 5.36 (0.29) 1, 2 9.5 (0.7)
NO1 0.002 (0.001) 2.0 (0.1) 3.15 (0.29)

Cu1(1S) 1 NO2 CuO1 0.87 (0.52) 1.2 (0.4) 1.77 (0.12) 1, 2 3.1 (0.6)
NO1 1.17 (0.48) 0.9 (0.3) 1.72 (0.12) 1, 2 3.1 (0.4)
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2.64 and 1.56 eV, respectively), indicating that equi-
librium was probably established only over a very
narrow range of temperatures. Because of these dif-
ficulties, Watson et al. recommended the preliminary
value of Clemmer et al. [54] as the best experimental
value available. Additional evidence that the bond
energy from Smoes et al. is probably low comes from
Vinckler et al. [58] who found that the reaction of Cu
with NO2 is near thermoneutral from 303 to 762 K,
indicating that D(CuO) ' D0(ON–O) 5 3.1166
0.008 eV. We note that our value is in reasonable
agreement with this observation and a theoretical
value of 2.79 eV [59] and that our ionization energy
for CuO agrees with the direct determination of
Watson et al., 9.16 0.5 eV, and a calculated value of
9.15 eV [53].

Even less thermodynamic information concerning
CuO1 is available in the literature. The compilation of
Lias et al. [48] cites limits determined by Kappes and
Staley [34]. They found that Cu1 reacted at thermal
energies with O3 to form CuO1 but not with N2O or
O2, consistent with the observations of this study.
They concluded thatD(O2–O) , D(Cu1–O) ,
D(N2–O) placing the copper oxide cation bond energy

between 1.1 and 1.7 eV, consistent with the 1.356
0.12 eV value determined here. The only other value
in the literature comes from our previous work on the
reaction of Cu1 with O2 [5], where we determined
D0(Cu1–O) 5 1.626 0.15 eV. We now believe that
this value is flawed because of the influence of the
impulsive reactivity on the shape of the reaction cross
section for process (3). This hypothesis is explored
further in the next section.

4.3. Analysis of reactions with O2, CO, NO, and N2

Copper monoxide cations are formed in most of
the systems studied here. As noted in the Results
section, the cross sections for formation of CuO1

exhibit signs of impulsive reactivity in all but the NO2

system, analyzed in detail in the previous section.
Because of this, it is unlikely that analysis of the
kinetic energy dependence of these cross sections will
provide useful thermodynamic information. However,
it is still of interest to examine how the thresholds
obtained agree with thermodynamic and impulsive
predictions. On the basis ofD0(Cu1–O) 5 1.356
0.12 eV, these predictions are summarized in Table 4.

Table 4
Thermodynamic and pairwise threshold energies for reaction of Cu1(1S, 3D*)

Reactant
(BC)

Products
(AB 1 C)

Mass
factora

E0(AB)
eVb

E*0(AB)
eVc

E0P(AB)
eVd

E*0P(AB)
eVe

O2 CuO1 1 O 1.663 3.77 0.96 6.3 1.6
CO CuO1 1 C 1.519 9.76 6.95 14.8 10.6
CO2 CuO1 1 CO 2.030 4.10 1.29 8.3 2.6

CuO1 1 C 1 O 2.030 15.21 12.40 30.9 25.2
CuCO1 1 O 1.336 3.91 1.10 5.2 1.5
CuCO1 1 O(1D) 1.336 5.88 3.07 7.9 4.1

NO CuO1 1 N 1.593 5.16 2.35 8.2 3.7
NO1 1 Cu 1.538 , 0

N2O CuO1 1 N2 2.030 0.32 , 0 0.6 , 0
CuN2

1 1 O(3P) 1.336 0.75 , 0 1.0 , 0
CuN2

1 1 O(1D) 1.336 2.72 , 0 3.6 , 0
NO2 CuO1 1 NO 2.083 1.77 , 0 3.7 , 0

CuO1 1 N 1 O 2.083 8.27 5.46 17.2 11.4
NO1 1 CuO 2.083 1.72 , 0 3.6 , 0

a The mass factor in Eq. (1): (A 1 B)(B 1 C)/B( A 1 B 1 C).
b E0(AB) 5 D0(BC) 2 D0(AB).
c E*0(AB) 5 D0(BC) 2 D0(AB) 2 E*( 3D).
d E0P(AB) 5 E0(AB) 3 ( A 1 B)(B 1 C)/B( A 1 B 1 C).
e E*0P(AB) 5 E*0(AB) 3 ( A 1 B)(B 1 C)/B( A 1 B 1 C).
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In the O2 system, analysis of the CuO1 cross
section with Eq. (2) over the kinetic energy range
from threshold to the maximum yields the optimum
parameters listed in Table 3. These agree very well
with values published previously for the reaction of
O2 with Cu1(1S) formed by surface ionization [5]. As
in that work, this threshold corresponds toD0(Cu1–
O) 5 1.626 0.06 eV, which we now believe is too
high, i.e. the threshold is too low. We believe that this
analysis is flawed because there is both a thermody-
namic and an impulsive reaction component to the
cross section for CuO1 formation. This is obvious
from the good agreement between the energy of the
peak in the cross section and the impulsive prediction
for the onset of reaction (4) (Fig. 1). When Eq. (2) is
used to model the sum of the thermodynamic and
impulsive processes, a large value for the parametern
(Table 3) is needed to reproduce the cross section up
to its maximum. This large value ofn is accompanied
by a low E0 value, i.e. one below the value based on
a bond energy of 1.356 0.12 eV, E0 5 3.77 6
0.12 eV(Table 4). This high value ofn contrasts with
values near 2 that were needed to reproduce the cross
sections for most other first row transition metal
cations reacting with O2, which exhibit no signs of
impulsive reactivity [5]. Indeed, we find that the
CuO1 cross section can be modeled very well at
energies belowD0(O2) using Eq. (2) withn held to 2
andE0 held to 3.77 eV. In other words, in the region
attributable to thermodynamic reactivity (below 5
eV), the behavior of the cross section is comparable to
those for other transition metal cations. At higher
energies, a second model representing the impulsive
reactivity must then be used to reproduce the CuO1

cross section to its maximum and beyond. It seems
clear that although the Cu1(1S) 1 O2 reaction can
proceed at its thermodynamic limit, there is substan-
tial impulsive character to this reaction (perhaps
increasing with increasing kinetic energy). In the end,
we conclude that the impulsive reactivity precludes
obtaining accurate thermodynamic information from
the Cu1(1S) 1 O2 system.

When excited states are present in the Cu1 beam,
reaction with O2 yields a distinct feature at low
energies that peaks at the thermodynamic (not impul-

sive) threshold for reaction (4) (Fig. 1). Analysis of
the low energy feature in the CuO1 cross section
using Eq. (2) yields the optimum parameters in Table
3. The threshold obtained lies 2.986 0.17 eV below
the thermodynamic threshold for reaction of Cu1(1S),
confirming that this feature is primarily because of the
reaction of Cu1(3D), E* 5 2.81 eV.Also, the value
of n lies close to 2, consistent with the expected
behavior for M1 1 O2 reactions [5]. Conversely, one
can use this threshold to deriveD0(Cu1–O) 5
1.526 0.07 eV, in reasonable agreement with the
value of 1.356 0.12 eV derived from the NO2
system. Because higher lying states of Cu1 may be
present in the reactant beam, the 1.52 eV bond energy
is best viewed as an upper limit.

In the CO system, the thermodynamic threshold for
reaction (5) is 9.766 0.12 eV (14.86 0.2 eV in the
impulsive limit) (Table 4). Analysis of this cross
section with Eq. (2) yields a threshold of 12.16 0.2
eV (Table 3). This intermediate value indicates that
the observed reactivity is neither completely thermo-
dynamic nor impulsive (as in the O2 system). This
means that acquiring precise thermodynamic informa-
tion from thresholds exhibiting such dynamic behav-
ior is not possible. We also note that the optimum
value of n (Table 3) is very close to unity, i.e. the
line-of-centers cross section. This is reasonable as
impulsive collisions of hard spheres are accurately
described by the line-of-centers cross section func-
tion. For the CuC1 channel, we measure a threshold
that lies a factor of 1.15 higher than that for CuO1

(Table 3), but when converted toE(pair) values using
Eq. (1), the threshold for CuC1 (7.2 6 0.2 eV) lies
below that for CuO1 (7.9 6 0.1 eV). Hence, the
reaction of Cu1(1S) 1 CO does not let us reliably
determine whetherD(CuC1) is greater or less than
D(CuO1).

When Cu1(3D) is present in the reactant ion beam,
small low energy features appear in the CuO1 and
CuC1 cross sections. These are sufficiently small that
we restrict analysis of these features with Eq. (2) by
holding n 5 1. These analyses yield approximate
thresholds of 8.56 0.2 and 8.36 0.2 eV for the two
products, respectively. Again these thresholds cannot
be converted to reliable thermodynamic information
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as they lie aboveD0(CO) 2 E*( 3D) 5 8.3 eV.
However, these results do suggest that the copper
oxide and copper carbide cation bond energies are
probably similar.

In the NO system, the thermodynamic threshold
for CuO1 formation is 5.166 0.12 eV, while on the
pairwise energy scale it is predicted to be 8.26 0.2
eV (Table 4). Again the measured threshold of 7.526
0.16 eV (Table 3) for reaction of Cu1(1S) lies
between these limiting values. We also measure that
the threshold for CuN1 formation lies at 8.436 0.24
eV. If we convert these measured thresholds from
E0(CM) values toE0(pair) using Eq. (1), we obtain
4.726 0.10 and 4.756 0.14 eV, respectively, i.e.
nearly identical values. Although such an interpreta-
tion is highly speculative, this result suggests that the
Cu1–N and Cu1–O bond energies are comparable.

For reaction with NO, the thermodynamic thresh-
old for CuO1 production from Cu1(3D) [E* 5 2.81
eV] is 2.356 0.12 eV, close to the apparent threshold
in this cross section (Fig. 5(b)). Indeed, analysis
provides a threshold of 2.266 0.19 eV (Table 3),
which corresponds to a Cu1–O bond energy of
1.446 0.19 eV, in good agreement with the 1.356
0.12 eV value measured in the NO2 system. Likewise,
the threshold measured for formation of CuN1 is
2.176 0.11 eV, such thatD0(Cu1–N) 5 1.536
0.11 eV. Although such a result is not considered
definitive because of the uncertainty in the Cu1

electronic state distribution, we again find that the
CuN1 and CuO1 bond energies are similar, helping to
substantiate the analysis of the impulsive behavior for
reaction of Cu1(1S) discussed previously.

In the N2 system, analysis of the CuN1 cross
section with Eq. (2) yields the optimum parameters
given in Table 3, including a threshold that lies above
D0(N2). If we speculatively convert the measured
threshold using Eq. (1) toE0(pair), we obtain 7.436
0.08 eV, which corresponds toD0(Cu1–N) 5 2.3 6
0.1 eV. This value is higher than that obtained from
reaction of NO with Cu1(3D) and seems much too
high compared withD0(Cu1–O) 5 1.35 eV. There-
fore, as in the CO and NO reaction systems, the
threshold for formation of CuN1 falls in between the
thermodynamic and purely impulsive values such that

no useful thermochemistry can be acquired at this
time.

Reaction of Cu1(3D) with N2 yields a distinct low
energy feature that can be analyzed as shown in Table
3. However, this threshold again lies below the onset
for dissociation of the CuN1 product,D*0(N2) 5 6.95
eV, indicating that no useful thermodynamic informa-
tion can be obtained.

4.5. Analysis of reactions with N2O

Although N2O has the weakest oxide bond energy
of the systems examined here (Table 1), previous
studies have demonstrated that there can be a bottle-
neck in the abstraction of an oxygen atom from N2O
reactions by transition metal cations [60]. This bottle-
neck is attributed to the fact that N2O(1S1) cannot
dissociate to the ground state species, N2(

1Sg
1) 1

O(3P), along a spin-allowed pathway, but rather to
N2(

1Sg
1) 1 O(1D), 1.97 eV higher in energy [38].

Evidence for this bottleneck in the present work
comes from analysis of the CuO1 cross section (Table
3). The observed threshold of 1.336 0.05 eV is well
above the thermodynamic threshold for CuO1 pro-
duction in reaction (15), 0.326 0.12 eV (Table 4),
and well above the predicted threshold on an impul-
sive scale, 0.656 0.24 eV (Table 4). However, if we
use the diabatic, spin-allowed bond energy for N2O,
1.6721 1.975 3.64 eV, then the predicted thresh-
olds for CuO1 are 2.296 0.12 and 4.656 0.24 eV,
which are much higher than the measured value.
While this could again be a consequence of mixed
thermodynamic and impulsive behavior, we believe
that the measured threshold for this reaction reflects a
barrier along the potential energy surface that repre-
sents the crossing between the singlet and triplet
surfaces for N2–O dissociation as perturbed by the
presence of Cu1.

Additional evidence for the presence of such a
barrier is the observation that the thresholds for
reactions (15) and (16) are essentially identical (Table
3). If this result had thermodynamic meaning, then
this would indicate that the dative Cu1–N2 bond
energy is the same as the covalent Cu1–O bond
energy (1.356 0.12 eV). However, it seems unlikely
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that D0(Cu1–N2) should nearly equalD0(Cu1–
CO) 5 1.546 0.07 eV [37]. Indeed, previous mea-
surements of M1–N2 and M1–CO bond energies for
M 5 Fe and Ni find the former are about 60% of the
latter [61,62]. In addition, the measured threshold of
1.296 0.08 eV (Table 3) would correspond to
D0(Cu1–N2) 5 0.386 0.08 eV, which is much too
low, also consistent with the presence of a barrier.
Additional confirmation of this hypothesis comes
from an understanding of the second feature in the
CuN2

1 cross section. As discussed earlier, this can be
attributed to reaction along the singlet surface of the
N2O dissociation such that the product in reaction
(16) is O(1D), making the reaction spin-allowed
(Table 2). Support for this assignment comes from the
correspondence of the peaks in the two features of the
CuN2

1 cross section with the impulsive dissociation
energies for O(3P) and O(1D) formation (Table 1, see
discussion above). The threshold measured for the
second cross section feature (using Eq. (2) withn
allowed to vary and held to unity) is 2.726 0.31 eV
(Table 3). This corresponds toD0(Cu1–N2) 5
D0(N2–O) 1 E*[O(1D)] 2 E0(15) 5 0.926 0.31 eV,
about 60% ofD0(Cu1–CO), which seems reasonable
although this assignment is somewhat speculative.

The second feature observed in the CuO1 cross
section starting near 5 eV (Fig. 6(a)) probably corre-
sponds to formation of CuO1 1 N2 and seems likely
to be associated with a spin-allowed pathway for
formation of these final products. This must mean that
a singlet state of CuO1 is formed and that the reaction
couples with the singlet surface for N2–O dissocia-
tion. Calculations find that the lowest singlet state of
CuO1 is the1D, lying 1.4 [52] or 1.08 [53] eV above
the 3S2 ground state. Thus, the thermodynamic
threshold for formation of CuO1(1D) 1 N2 (1Sg

1)
relative to the N2–O(1D) dissociation energy of 3.64
eV is 3.7 or 3.376 0.12 eV (7.5 or 6.86 0.2 eV on
an impulsive energy scale). If orbital and spin angular
momentum are conserved, then reaction of
Cu1(1S) 1 N2O(1S1) will form CuO1(1S1) 1
N2(

1Sg
1). Calculations indicate that the CuO1(1S1)

state lies 2.9 [52] or 1.64 [53] eV above the3S2

ground state such that this threshold lies at 5.2 or 3.9
eV (10.5 or 8.0 eV on an impulsive scale). Dissocia-

tion of the singlet states of CuO1 to form Cu1(1S) 1
O(1D) can begin at 7.42 eV (15.1 eV on an impulsive
energy scale). The correspondence of these predic-
tions with the observed behavior in Fig. 6(a) is at least
plausible, and alternate explanations for this feature
are not obvious.

Reactions (17) and (18) occur at very high energy
and are spin-forbidden to form ground state products
(Table 2). Hence, analysis of these cross sections
cannot provide useful thermodynamic information.
Table 3 provides optimized parameters of Eq. (2) for
these cross sections as a convenient means of repro-
ducing them. When the reaction of Cu1(3D) is
examined, however, the thresholds for these two
reactions decrease drastically (Table 3). We note that
formation of Cu(2S) 1 N(4S) 1 NO1(1S1) requires
3.65 eV from Cu1(3D) excited state reactants, such
that the threshold measured for CuN1 NO1 forma-
tion (Table 3), impliesD0(Cu–N) 5 0.5 6 0.3 eV.
We have little confidence in such a number, however,
in part because the relative thresholds for NO1 and
CuN1 formation have no apparent thermodynamic
meaning.

4.6. Analysis of reactions with CO2

The thermodynamic threshold for reaction (7) with
Cu1(1S) is 4.106 0.12 eV (Table 4), close to the
apparent threshold for this product (Fig. 3). When this
cross section is analyzed using Eq. (2) andn is
allowed to vary freely, the threshold obtained falls
below this predicted threshold (although within the
very large uncertainty). The value ofn is again large,
as observed in the O2 system. Thus, we believe the
observed cross section is a mixture of inefficient
reaction beginning at the thermodynamic threshold
and relatively efficient impulsive reactivity, which
can account for the difficulty in modeling this cross
section. Interestingly, the formation of CuO1 1 C 1
O is predicted to have a threshold of 15.216 0.12
eV, very close to the energy where the second feature
in the CuO1 cross section becomes obvious (Fig. 3).
The relative efficiency of this process (especially
considering its very high energy requirement) is
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probably because formation of the separated atoms
makes this reaction spin-allowed.

The apparent thresholds for CuO1 and CuCO1

formation from reaction of Cu1(1S) with CO2 are
similar (Fig. 3). This is reasonable asD0(Cu1–O) 5
1.356 0.12 eV whileD0(Cu1–CO) 5 1.546 0.07
eV [31]. The small size of the CuCO1 cross section
makes definitive analysis with Eq. (2) difficult, but the
data can be reproduced using the thermodynamic
threshold of 3.916 0.07 eV (Table 4). There is no
obvious evidence for the spin-allowed process to form
CuCO1(1S1) 1 O(1D), which should begin at
5.886 0.12 eV.

When excited state Cu1 is present in the beam, low
energy features in both the CuO1 and CuCO1 cross
sections appear. The thermodynamic thresholds for
these spin-allowed reactions are 1.296 0.12 and
1.106 0.07 eV, respectively (Table 4). Analysis of
these cross section features with Eq. (2) (Table 3),
yields thresholds in excess of both values. The large
difference in measured thresholds is inconsistent with
the known thermochemistry and with the impulsive
model which predicts the opposite trend. This behav-
ior is not understood although it seems possible that it
is related to impulsive behavior mixed with the same
dissociation bottleneck discussed above for N2O. As
for N2O, bond cleavage of CO2(

1Sg
1) does not form

ground state products, here CO(1S1) 1 O(3P), in a
spin-conserving process.

5. Conclusions

Reactions of ground1S and excited3D states of
Cu1 ions with small atmospheric molecules are re-
ported here. Absolute cross sections for Cu1(1S)
reactions as a function of kinetic energy are deter-
mined over extended energy ranges. All reactions of
ground state Cu1 are endothermic. The O2, CO, CO2,
NO, N2, and N2O systems all exhibit reactivity
dominated by impulsive dynamics. Spin conservation
is found to be an important effect in determining the
efficiency of the reactions. Only in the NO2 system
does the endothermicity of the ground state reactions

correspond to thermodynamic information. From an
analysis of the kinetic energy dependence of the cross
sections in this system, we determineD0(Cu1–O) 5
1.356 0.12 eV,D0(Cu–O)5 2.946 0.12 eV, and
IE(CuO) 5 9.346 0.06 eV, values which agree rea-
sonably well with scant literature information. The
qualitative behavior of the cross sections in the CO
and NO systems indicates that CuC1 and CuN1 have
bond energies comparable to CuO1. In the N2O
system, we are also able to obtainD0(Cu1–N2) 5
0.926 0.31 eV from the threshold for an excited
product asymptote. The N2O system clearly shows the
influence of the singlet-triplet curve crossing associ-
ated with dissociation of N2O(1S1) to N2(

1Sg
1) 1

O(3P). The 3D excited state of Cu1 reacts more
efficiently with these various species, such that reac-
tions with NO, N2O, and NO2 become exothermic.
This is particularly noteworthy when it is realized that
the small features identified with3D reactions should
probably be multiplied by a factor of 50 to put them
on the correct absolute scale for reaction of pure
Cu1(3D).

We believe that a primary reason that most of the
reactions studied here tend towards impulsive reactiv-
ity is that they involve the cleavage of multiple bonds.
Reactions of Cu1 with other species appear to be
reasonably effective when cleavage of single covalent
bonds is involved, e.g. with H2, the alkanes, and other
small molecules [2–4,6,7]. This is apparently because
Cu1 is a strong enough Lewis acid to withdraw
electron density from the bonding orbitals thereby
cleaving the bond. With multiple bonds, such electron
withdrawal is not sufficient for efficient bond cleav-
age and, hence, the reactivity shifts to higher energies.
In the cases of N2O and CO2, spin restrictions also
limit the efficiency of reactions with Cu1.
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