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Abstract

Rate coefficients have been measured for the spin-allowed transfer of an electron from NO(X2P) to Au+(1S), Zn+(2S), Se+(4S),
As+(3P) and Hg+(2S) at room temperature using an inductively-coupled plasma/selected-ion flow tube (ICP/SIFT) tandem mass spec-
trometer. The observed range of a factor of 3 in the corresponding reaction efficiencies can be accounted for qualitatively by invoking
energy resonance and Franck–Condon factors in the formation of NO+(X1R+, v). The electron transfer to Se+(4S) may leave the neutral
Se product atom in an excited Se*(4p4, 3P) state.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Several simple models for low-energy (thermal) electron
transfer reactions in the gas phase have been discussed in
the literature [1,2]. For electron transfer from diatomic
molecules these include the Franck–Condon model (in
which ionization is controlled by Franck–Condon factors),
the energy resonance model (in which the exothermicity of
electron transfer is deposited maximally into vibrational
and rotational excitation of the diatomic product ion [3–
6]), and a statistical model involving the formation of a
long-lived complex (in which excess energy is distributed
statistically between translation, rotation and vibration).
No one of these models can explain the experimental re-
sults obtained for electron transfer reactions generally
and the experimental database available for the assessment
of these models is limited. Here, we report experimental re-
sults that we have obtained recently for the thermal-energy
electron transfer from NO to five atomic metal cations that
significantly add to this database and allow a further eval-
uation of the available models for electron transfer.
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We have measured the efficiencies for electron-transfer
reactions of type (1) at room temperature with the atomic
metal cations, M+ = Au+, Zn+, Hg+, As+ and Se+.

Mþ þNOðX2PÞ ! NOþðX1Rþ; vÞ þM ð1Þ
The measurements indicate a striking range in the efficiency
of electron transfer (a factor of 3) and so provide a good
opportunity to assess the importance of the role of energy
resonance and Franck–Condon factors in determining this
efficiency.

An early application of the charge-exchange mass spec-
trometry (CEMS) technique has provided measurements of
the electron-transfer cross-sections for 33 positive ground-
state molecular cations (with ground-state recombination
energies ranging from 9.12 to 10.87 eV) projected at thermal
NO with 10 eV kinetic energy [7]. The positions of the
maxima in the measured dependence of the absolute elec-
tron-transfer cross-sections on the recombination energies
of the positive ions exhibit remarkable resonances with the
first five vibrational energy levels of NO+(X1R+, v).
Furthermore, the normalized peak heights correspond qual-
itatively with the relative magnitudes of the respective
Franck–Condon factors for NO(X2P, v = 0)! NO+

(X1R+, v = 0–4). These results provide a striking demonstra-
tion of the role of energy resonance and Franck–Condon
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Table 1
(Evaluated) ionization energies in eV [8]

Au 9.22567
NO(X2P) 9.2642 ± 0.0002
Zn 9.39405
Se 9.75238
As 9.8152
Hg 10.43750

Table 2
Rate coefficients (in units of cm3 molecule�1 s�1) and reaction efficiencies
(k/kc) measured for reactions of metal cations with nitric oxide in helium
at 0.35 ± 0.01 Torr and 295 ± 2 K

Reaction ka kc
b k/kc

Zn+ + NO! NO+ + Zn 9.7 · 10�11 7.1 · 10�10 0.14
As+ + NO !NO+ + As 3.2 · 10�10 7.0 · 10�10 0.46
Se+ + NO! NO+ + Se 3.0 · 10�10 6.9 · 10�10 0.43
Au+ + NO!NO+ + Au 1.0 · 10�10 6.3 · 10�10 0.16
Hg+ + NO!NO+ + Hg 1.2 · 10�10 6.3 · 10�10 0.19

a The estimated uncertainty is ±30%.
b Collision rate coefficient calculated using the algorithm of the modified

variational transition-state/classical trajectory theory developed by Su and
Chesnavich [18].
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Fig. 1. Experimental data for the electron-transfer reactions of As+ and
Hg+ with NO in helium buffer gas at 0.35 Torr and 295 K.
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factors in determining the efficiency of electron transfer from
NO to molecular cations.

Here, we focus on electron transfer from NO to atomic

cations. The recombination energies of the electronic
ground states of the five atomic metal cations investigated
range from 9.22 to 10.44 eV [8] (see Table 1) and so, in
principle, also can �sample� the five lowest vibrational states
of NO+(X1R+, v). A much more exothermic electron trans-
fer from NO has been studied previously with several
atomic non-metal cations. The electron transfer to
O+(4S)(IE(O) = 13.6 eV) to give the spin-allowed ground-
state products has been shown to require an �extreme
position hop� while the very favorable resonance and
Franck–Condon conditions for the formation of nearly res-
onant O(1S) + NO+(X1R+, v = 0) is spin forbidden [6].
Electron transfer from NO to O+(4S) has been reported
to be slow at room temperature, k < 8 · 10�12 cm3 mole-
cule�1 s�1 [9,10], but shows an onset at 0.2 eV which has
been attributed to the spin-forbidden formation of the ex-
cited atom O(1D) [11]. A detailed resonance and Franck–
Condon analysis also has been reported for the even more
exothermic electron transfer to N+(3P) (IE(N) = 14.5 eV)
which has three exothermic and spin-allowed channels
and has been shown by several groups to be quite fast at
room temperature, k � 6 · 10�10 cm3 molecule�1 s�1 [12].

2. Experimental method

The experimental results reported here were obtained
using the inductively-coupled plasma/selected-ion flow
tube (ICP/SIFT) tandem mass spectrometer in the Ion-
Chemistry Laboratory at York University, described in
detail elsewhere [13,14]. The atomic metal cations were gen-
erated in an inductively-coupled argon plasma ion source
at ca. 5500 K. Solutions containing the metal salt of inter-
est having concentration of ca. 5 lg l�1 were peristaltically
pumped via a nebulizer into the plasma. The atomic metal
ions emerging from the ICP are largely in their ground elec-
tronic states: the ground-state populations at the ICP tem-
perature of 5500 K have been calculated to be 97.0% for
Au+(1S), 100% for Zn+(2S), 94% for Se+(4S), 98.6% for
As+(3P) and 100% for Hg+(2S) [15]. After extraction from
the ICP, the plasma ions may experience both radiative
electronic-state relaxation and collisional electronic-state
relaxation. The latter may occur with argon as the ex-
tracted plasma cools upon sampling and then by collisions
with He atoms in the flow tube (ca. 4 · 105 collisions) prior
to the reaction region. The large number of collisions with
Ar and He should be sufficient to ensure that the atomic
ions reach a translational temperature equal to the tube
temperature of 295 ± 2 K prior to entering the reaction re-
gion. In the case of Se+, the minor isotopes of 76Se+ and
78Se+ were selected upstream and monitored downstream
to avoid obfuscation by 80Se+ that overlaps with Arþ2 gen-
erated in the ICP.

The NO reagent gas had a nominal purity of 99.5%
(BOC gases). Reaction rate coefficients were determined
in the usual manner [16,17]. Primary rate coefficients are
determined from the observed semi-logarithmic decay of
the primary reactant ion intensity using pseudo-first order
kinetics. The rate coefficients for the primary reported here-
in have an absolute accuracy of ±30%.

3. Results and discussion

The results of the rate coefficient measurements are sum-
marized in Table 2. Also included are calculated reaction
efficiencies expressed as k/kc. The collision rate coefficients,
kc, are calculated using the algorithm of the modified varia-
tional transition-state/classical trajectory theory developed
by Su and Chesnavich [18] with a(NO) = 1.70 · 10�24 cm3

and lD = 0.161 Debye [19]. Fig. 1 shows data for two of
the five reactions that were investigated. For the most part,
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these electron-transfer reactions are fairly rapid when exo-
thermic with k P 9.7 · 10�11 cm3 molecule�1 s�1 but do
not have unit efficiency with k/kc 6 0.46. To the best of
our knowledge, none of these rate coefficients and efficien-
cies has been reported previously.

The extent of the matches (or resonances) in the recombi-
nation energies of the reacting atomic cations and the vibra-
tional manifold of NO+(X1R+, v = 1–4) is evident in Fig. 2.
The adiabatic ionization energy of NO is known accurately
to be 9.2642 ± 0.0002 eV [8]. The energies of the vibrational
levels of NO+(X1R+, v = 1–4) were calculated using the
Morse function G(v) = xe(v + 1/2) � xexe(v + 1/2)2 with
values of xe = 2376.42 and xexe = 16.262 cm�1 [8]. They
are 9.555 eV (v = 1), 9.842 eV (v = 2), 10.125 eV (v = 3)
and 10.404 eV (v = 4). The Franck–Condon factors for the
transitions NO(X2P, v = 0) ! NO+(X1R+, v = 0 to 4) are,
respectively, 0.48,1.0, 0.92, 0.48 and 0.16 [7,20].

Fig. 2 shows that the closest energy resonance exists for
the reaction of As+(3P) which also exhibits the highest elec-
tron-transfer efficiency. Also of note is the electron transfer
to Au+(1S) that is very slightly endothermic (by 0.034 eV or
0.78 kcal mol�1) but within thermal energy of v = 0 and so
has a substantial efficiency of 0.16. An efficiency of 0.13 can
be derived if the endothermicity is used in exp(�DH/RT)
and the Franck–Condon factor (0.48) is taken as the max-
imum probability for electron transfer.

The recombination energy of Hg+, RE Hg+(2S), is
nearly energy resonant with v = 4 but the low Franck–
Condon (FC) factor appears to reduce the electron-transfer
efficiency.

Zn+(2S) and Se+(4S) are furthest away from energy reso-
nance with the nearest exothermic vibrational level, viz.
Energy/eV
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Fig. 2. Energy resonance diagram showing the positions of the recombi-
nation energies RE of the atomic ions investigated with respect to the
vibrational energy levels of NO+(X1R+, v). The heights of the lines
designating the vibrational energy levels are proportional to the Franck–
Condon factors for the transitions into these levels (normalized to the
Franck–Condon factor for v = 0). The heights of the (hatched) bars
(drawn with a thickness = RT and an onset at RE) represent the
efficiencies of the electron-transfer reactions.
v = 0 and 1, respectively. This may explain why the electron
transfer to Zn+(2S) is measured to have the lowest reaction
efficiency. However, electron transfer to Se+(4S), furthest
away (distance being measured only to the nearest exother-
mic outcome) from energy resonance (0.20 eV from v = 1),
has an efficiency as high as As+(3P), within experimental er-
ror. Perhaps this is a consequence of the availability of the
first excited state of Se, Se (4p4, 3P, J = 1), which lies
0.247 eV above the ground-state of Se [21]. If this is the case,
then we have observed the electron-transfer reaction (2).

Seþð4SÞ þNOðX2PÞ ! NOþðX1Rþ; v ¼ 1Þ
þ Se�ð4p4; 3P; J ¼ 1Þ ð2Þ

The first excited states of the other metal atoms Zn, Hg and
As are too high to lead to alternative resonances in the elec-
tron transfer from NO(X2P) to their cations. Their forma-
tion is endothermic since the lowest excited energy levels
for the metals are at 4.0 eV for Zn(4s1 4p1, 3P), 1.3 eV for
As(4s2 4p3, 2D), 0.247 and 0.314 eV for Se(4p4, 3P, J = 1,
0), and 4.7 eV for Hg(5d10 6s1 6p1, 3P).

We conclude that the variations in the efficiencies for the
five exothermic electron transfer reactions that were inves-
tigated, all of which are spin allowed, can be accounted for
by noteworthy and intriguing combinations of energy res-
onance and Franck–Condon effects. Possibly we have iden-
tified another example of an electron-transfer from NO to
an atomic cation, other than the electron transfer to O+(4S)
at hyperthermal energies [11], that leaves the neutral atom
in an excited state. However, we have not yet analysed the
role of the rotational states of NO+(X1R+, v) that also may
lead to accidental energy resonances [3]. Finally, we note
that NO is the only common diatomic species with an ion-
ization energy that aligns well with the recombination ener-
gies of a series of metal cations.
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