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A tandem quadrupole mass spectrometer is used to study the charge transfer reactions NH: + NO and NO+ + NH, over a 
collision energy range 1.5-l 3 eV. The vibrational state of the reagent ions is selected by resonance-enhanced multiphoton ioni- 
zation. For the 0.9 eV exothermic process NHf +NO+NH,+NO+ excitation of the u2 umbrella bending mode ( vz=O-12) 
causes no marked change in the charge transfer cross section, while in the reverse process NO+ +NH,+NO+NH: excitation of 
the NO+ vibration (v= O-6) strongly enhanced the charge transfer cross section. 

I. Introduction 

One of the simplest ion-molecule collision pro- 
cesses is the capture of an electron by the ion as it 
passes by its neutral collision partner. Such so-called 
charge transfer reactions are quite common and typ- 
ically have large cross sections at low collision ener- 
gies when energetically allowed [ I-51. We report here 
a study of how the charge transfer cross section 
depends on the vibrational state of the ion for the 
two related reactions: 

NH:(Q) +NO-+NH3 +NO+ 

and 

(1) 

NO+(v)+NHs-+NO+NH3+. (2) 

These charge transfer reactions are chosen because 
of the relative ease of preparing the two different 
reagent ions which are selected in one particular 
vibrational level using the method of resonance- 
enhanced multiphoton ionization (REMPI). 

Reaction (1) is exothermic by 0.9 eV when both 
reagents are in their ground vibrational levels. We 
find that the vibrational excitation of the NH: v2 
umbrella bending mode (v, = O-12) has almost no 
effect on the charge transfer cross section over the 
1. S- 16 eV range of center-of-mass collision energies. 
Reaction (2) is endothermic by 0.9 eV, but becomes 
nearly thermoneutral when the NO+ is excited to 

v= 3 (each vibrational quantum of NO+ is 0.29 eV). 
Over the center-of-mass collision energies studied 
(1.5-l 3 eV), it is found that the charge transfer cross 
section for reaction (2) increases markedly with 
increasing NO+ vibrational excitation (v= O-6). This 
enhancement is most pronounced at lower collision 
energies. In the present experiment the total charge 
transfer cross section is measured independent of the 
state of the product neutral or product ion. Thus the 
charge transfer cross sections of reactions (1) and (2) 
are not related to each other by detailed balance. 

A simple model for charge transfer reactions would 
suggest a fast rate controlled by the Langevin capture 
cross section [ 61. This in turn implies a minimal 
dependence on reagent ion internal excitation. The 
present study was undertaken with the hope of con- 
firming or refuting this model. 

2. Experimental 

In a previous paper we reported the investigation 
of the reactions of vibrationally state-selected 
ammonia ions with molecular deuterium [ 7,8]. 
Essentially the same equipment is used in the present 
study. Only a brief description will be presented here. 

2.1. Tandem quadrupole mass spectrometer 

Ions are formed in a vibrational state-selected 
manner by resonance-enhanced multiphoton ioni- 
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zation of a pulsed supersonically cooled beam of the 
neutral parent molecules. Verification of the degree 
of state selection is carried out in a subsidiary time- 
of-flight photoelectron study, described in the next 
section. The state-selected ions are first collimated, 
mass selected by passing through a quadrupole mass 
filter and then focused at controlled kinetic energy 
into a field-free static gas cell containing the neutral 
reaction partner at low pressure. Unreacted primary 
and secondary ions are collected and mass analyzed 
by means of quadrupole mass filter equipped with a 
channel electron multiplier array. The effect of the 
initial primary ion vibrational state on the charge 
transfer cross section can be examined as a function 
of primary ion kinetic energy. Because of the fixed 
solid angle of the exit aperture of the reaction cell, 
the product ion collection efficiency changes as a 
function of collision energy. Therefore we can com- 
pare only qualitatively the dependence of the cross 
section on the collision energy for different reagent 
ion vibrational levels. To correct this problem we 
reference our ion signals to the ion signal for the 
vibrationless (v=O) reagent ion. Because we expect 
that the angular distribution of the charge transfer 
ion is not a sensitive function of the reagent ion 
vibrational state, we anticipate that this means of data 
collection gives fairly accurate relative charge trans- 
fer cross sections for the center-of-mass collision 
energies studied here. 

The pulsed nozzle (Lasertechnics LPV- 1) has a 100 
urn orifice and the ammonia or NO beam is seeded 
1: 10 in helium. The rotational temperature of the 
ammonia is about 15 K and that of NO is 4 K, as 
determined by a comparison with computer simu- 
lated two-photon spectra. The neutral reactant gas is 
introduced through a leak valve and the pressure 
inside the reaction cell is maintained at 1 mTorr. The 
pressure outside the reaction cell is 2 x 1 Oe6 Tot-r. 

The spread in the laboratory kinetic energy distri- 
bution has been measured by applying a retarding 
field. It was estimated to be 1 eV for NH: ions and 
2 eV for NO+ ions. All collision energies refer to the 
center-of-mass reference frame. The kinetic energy 
in the center of mass EC.,, is related to the laboratory 
kinetic energy Elab by 

(3) 

where m, is the mass of the ion and m2 the mass of 
the neutral target (assuming the velocity of the ther- 
mal target is negligible with respect to the velocity of 
the ion). Consequently, the center-of-mass kinetic 
energy spread for the NH; +NO charge transfer 
reaction is estimated to be 0.6 eV and that of 
NO+ +NH3 0.8 eV. 

2.2. Time-of-flight photoelectron spectrometer 

As previously published, the degree of state selec- 
tion of NH: ( v2) is better than 80%, as ascertained 
by measurement of the photoelectron kinetic energy 
distribution following 2+ 1 REMPI via the B and 
C’Rydberg states [ 93. A similar study was carried out 
for NO+ ions generated by 2+ 1 REMPI via the 
E 2Z + and C ‘II states (see table 1). A pulsed beam 
of NO ( 500 Torr backing pressure) is ionized by the 
focused output cf=250 mm lens) of a frequency- 
doubled dye laser. The laser used is a Nd3+ : YAG 
pumped dye laser (Quanta-Ray DCR- 1A with PDL- 
1). The ejected electrons travel under field-free con- 
ditions and optionally can be accelerated through use 
of a repeller/grid assembly. The repeller plate voltage 
accelerates the electrons toward a grounded grid 
through which the electrons enter the field-free flight 
tube. The electron travels 50 cm through a magneti- 
cally shielded drift tube before being detected by a 
channel electron multiplier array (Galileo Electron- 
ics FI’D 2003) and recorded with a transient digi- 
tizer (Tektronics 79 12 AD). To reduce distortion due 
to space-charge effects, the laser power is adjusted so 
that the typical photoelectron count rate is 5-10 per 

Table 1 
Production of vibrationally selected NO ions 

NO+(v) Transition Vibrational 
frequency (cm - ’ ) selectivity 

E ‘x+-X zI-I 60872 0.90 
0 63215 0.90 
I 65509 0.90 
2 67811 0.85 
3 

c ZI-I-x 2l-I 
4 61718 0.70 
5 63821 0.75 
6 65941 0.75 
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laser shot. The photoelectron energy resolution is 20 
meV for electrons having energies near 1 eV. The 
kinetic energy scale is calibrated by comparison to 
the well-studied 1 + REMPI of NO via the A ‘C + 
v=O level. The frequency-doubled output of the R- 
590 dye was focused into a Hz cell to generate the 
second anti-Stokes (226 nm) line plus other Stokes 
and anti-Stokes lines, which were then focused to the 
same spot to cause 1 + 1 REMPI of NO via the A ‘C, + 
state. The Stokes, anti-Stokes and frequency-dou- 
bled output of the dye laser give a set of photoelec- 
tron kinetic energy distributions separated by the 
known Hz vibrational interval. The NO+ vibrational 
levels are unambiguously assigned, the worst case 
being on energy discrepancy of 50 meV. Photoelec- 
tron signals are typically averaged over 1000-4000 
laser shots. 

5 
O (e) 

c*n, v=4 Tz. 

For NO+ ( Y= O-3), we chose the NO E ‘C + inter- 
mediate state and for NO+ (u= 4-6) we chose the NO 
C 211 state. In the present experiment, we measured 
the photoelectron spectra under both field-free con- 
ditions and also with acceleration voltages. Fig. 1 
shows the field-free photoelectron spectra. All the 
spectra show one strong peak and various weak sat- 
ellite peaks. The energy of each strong peak agrees 
with the expected energy released by a diagonal tran- 
sition (An= 0) between Rydberg and ion states, which 
was also demonstrated by Achiba et al. [ lo] in the 
3 + 1 REMPI of NO. 

0.0 2.0 40 

00 2.0 4.0 

ev 

Fig. 1. Photoelectron spectra following the 2 + 1 REMPI of NO 
via (a) E ‘Z+ u=O, (b)E ‘Z+ ZJ= 1, (c) E ‘Z +v=2, (d) E %+ 
v=3, (e) C ‘II v=4, (f) C ‘II v=5 and (g) C ?II u=6. 

Field-free time-of-flight spectrometers are plagued for ionization from the v= 4, 5 and 6 vibrational lev- 
with poor transmission of low-energy electrons. els of the C ‘II intermediate state, respectively. When 
Therefore, we applied a repeller voltage, ranging from we apply a negative voltage to a repeller, the slow 
0 V to - 2 V (corresponding to a voltage in the ion- electrons are preferentially accelerated towards the 
ization region which is approximately half that of the detector, which results in the higher collection effi- 
applied voltage), to accelerate slow electrons toward ciency of slow electrons than that of fast electrons. 
the detector. For ionization via the E ‘C + vibronic At a repeller voltage of -2 V ( - 1 V in the ioniza- 
levels ( v= O-3 ) we did not see any low-energy peaks. tion region), the collection efficiency of the electrons 
Therefore, the ions are produced in a unique vibra- which have 100-300 meV kinetic energy is calcu- 
tional quantum level, identical to the one excited in lated to be nine to four times larger, respectively, than 
the intermediate state. However for ionization via the that of electrons which have 1 eV kinetic energy. This 
C 211 vibronic levels, we found low-energy electron assumes that the initial electrons are ejected isotrop- 
peaks. It is not clear whether these slow electrons are ically and the electrons travel in a straight line path 
produced by autoionization or through off-diagonal to the detector, which has an active region of 2.5 cm 
transitions between Rydberg and ion states, which diameter located at 50 cm from the ionization region. 
gain intensity due to the coupling between the C ‘II Therefore, we need to estimate the ratio of the ions 
state and the near lying valence B 211 and L 211 states with high vibrational levels (corresponding to slow 
[ 1 l- 13 1. The low-energy electron peaks correspond electrons) to the ions produced by a diagonal transi- 
to the production of the NO+ ion in v=8, 9 and 10 tion (Av=O). 
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Recently, in the 1 + 1 REMPI via the A 2C + v= 0 
level, slow electrons have been observed, which are 
produced by autoionization [ 13,141. However, fur- 
ther investigation revealed that autoionization selec- 
tively occurs across less than 1 OW of the spectra and 
the lines for which autoionization was observed 
showed no appreciable enhancement in the overall 
ion production compared to lines where no autoion- 
ization was observed [ 15,161. This suggests that the 
contribution of autoionization to the total ionization 
is negligibly small. We compared the relative inten- 
sity of fast- and slow-photoelectron peaks produced 
by 2 + 1 REMPI via the C ‘II u= 4 - 6 levels to that 
of 1 + 1 REMPI via the A 2X + ZJ= 0 level at the same 
repeller voltage and found the relative intensities are 
almost identical. Therefore, though it is not possible 
to produce the pure state-selected ions from u= 4-6, 
we can roughly estimate the contribution of the pro- 
duction of off-diagonal high-vibrational ions to be less 
than 20°h (see table 1). 

3. Results 

3.1. NH,+ (I&-NO+NH,+NO+ 

In fig. 2 we plot the ratio [I(v,)-1(0)1/1(O) as a 
function of center-of-mass collision energy. Here 
I( u2) is the NO+ product ion intensity when NH; is 
produced with v2 quanta in its umbrella bending 
motion; it is proportional to the charge transfer cross 
section. When this ratio is positive, reaction (1) is 

I I 

0.6 

;; 04. 

< 

g 0.0 - 
I 

‘;- 
& -04- 

-0.8 

NH; (v,) + NO - NH, + NO+ 

I 

000 3 20 640 9 60 12.60 16 00 

C0.M. Colllslon Energy kV) 

Fig.2. Plot of [ I( v2) - I( 0) ] /I( 0) versus center-of-mass collision 
energy for the reaction NH: ( y) +NO+NH,+NO$. 

increased by reagent vibrational excitation; when 
negative, the cross section is decreased; and when zero 
the cross section is independent of vibrational exci- 
tation. For clarity only even values of v, from v2=0 
to u2 = 12 are plotted in fig. 2. The odd values of v2 
were also measured and tit the same trend. Since the 
ratio scatters about zero for all NH: vibrational lev- 
els, we conlude that the NH: +NO charge transfer 
reaction is independent of the v2 vibrational state of 
the NH,+ ion. 

3.2. NO+ (v) + NHpNO+ NH; 

The cross section for reaction (2) is strongly 

NO+(v) + NH3 - NO + NH; 

(a) 
Experimental Data 

-- 
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(b) 
Phase Space Calculations 
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Fig.3. Plot of [I(v) -I( 0)]/1( 0) versus center-of-mass collision 
energy for the reaction NO+(v) +NH,-+NO+NHz . (a) Exper- 
imental and (b) phase space calculation. The error bars from v= 4 
to v= 6 in (b) indicates the range of values between the reaction 
of NO+ ion in a pure vibrational state (lower limit) and that 
including other off-diagonal transition (upper limit). 
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enhanced by NO + vibrational excitation, as seen in 
fig. 3a, which presents a plot of [Z(v) -I( O)]/Z(O) 
versus center-of-mass collision energy. The cross sec- 
tion enhancement increases monotonically with NO+ 
vibration and is most dramatic at low collision ener- 
gies. The results for this 0.9 eV endothermic charge 
transfer process are in strong contrast to the reverse 
0.9 eV exothermic NH: +NO charge transfer pro- 
cess. This study was repeated using ND, in place of 
NH3, but the resulting plot of [Z(v) -I( O)]lZ( 0) ver- 
sus center-of-mass collision energy has the same form 
as fig. 3a, suggesting that there is no significant iso- 
tope effect in reaction (2 ). 

4. Discussion 

Previous drift-tube studies show that large vibra- 
tional effects on the rate constant of ion-molecule 
reaction can be observed by varying the buffer gas 
[ 17,181. It appears that in every case where the rate 
constant is less than the collision rate constant, 
vibrational excitation of the reagent ion causes 
marked enhancement. Our present study of the 
NH: +NO and NO+ +NH3 charge transfer reac- 
tions appears to be no exception. We speculate that 
the exothermic NHf +NO charge transfer process 
has a large cross section characteristic of the Ian- 
gevin model for ion-dipole interaction, causing this 
process to be insensitive to NH,+ internal excitation. 
Moreover, this conclusion is consistent with the 
hypothesis of Durup-Ferguson et al. [ 171 that the 
excitation of a non-degenerated vibration in an ion 
cannot couple vibrational and orbital angular 
momentum to increase the lifetime of the collision 
complex. 

On the other hand the cross section for the 
NO+ +NH3 charge transfer reaction strongly 
increases with NO+ vibrational excitation at low col- 
lision energies. Previous flow-tube studies show that 
NO+(v) is quenched by NH3 at nearly every colli- 
sion [ 19,201. Federer et al. [ 19 ] have suggested that 
this is a consequence of vibrational predissociation 
of the transient collision complex.The dipole moment 
of NH3 is large so that one expects that a relatively 
strong attractive force describes the NO+ +NH3 col- 
lision dynamics. 

The NO+ + NH3 charge transfer-reaction is 0.9 eV 
endothermic, but under our experimental condition 

there is always sufficient total energy for this process 
to occur. We investigated the possibility that statis- 
tical decomposition of the NO+-NH3 complex could 
account for our observations. In the statistical phase 
space theory, assuming the classical ion-induced- 
dipole potential and Langevin theory for capture col- 
lision, the charge transfer cross section is given by 

r&2 

o=zz. 
(4) 

where p is the reduced mass, and 0( E,J) is the avail- 
able phase space with energy E and total angular 
momentum J. The technique for determining @(E,J) 

was discussed by Chesnavich and Bowers [21,22]. 
We treated NH: (and NH3) as a spherical molecule 
and the vibrational density was obtained by direct 
counting. The calculation also includes the spread of 
the collision energy assuming a Gaussian shape. For 
NO+ + NH3, the results are shown in fig. 3b. By com- 
parison with fig. 3a, we conclude that the statistical 
model explains well the increase of the cross section 
with vibrational excitation, especially at low colli- 
sion energies. However, the calculated 
[Z(v) - I( 0)] /I( 0) ratio converges faster with 
increasing collision energy than the experimental 
results do. This may indicate a change in the reaction 
mechanism from complex formation to direct 
reaction. 

A similar phase space calculation was done for the 
exothermic reaction (1). We compared the product 
ion intensity between the reactions when NHf is 
excited in v, = 0 and v2 = 10. At a collision energy of 
1.5 eV, which is the lowest energy in our experiment, 
the ratio [Z(lO)-Z(O)]/Z(O) is calculated to be -0.2 
and the ratio goes to zero with increasing collision 
energy. Thus the phase space calculation also explains 
the vibrational independence of the exothermic 
reaction ( 1 ), as can be seen from fig. 2. 

In conclusion, we have investigated a charge trans- 
fer reaction and its reverse as a function of reagent 
ion vibrational excitation. The exothermic reaction 
is independent of vibration, while the reverse endo- 
thermic reaction is strongly enhanced by vibrational 
excitation. Comparison with phase space calcula- 
tions suggests that at low collision energies the 
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NO+ + NH, charge transfer process involves the for- 
mation of a collision complex, while at higher colli- 
sion energies a direct mechanism may become 
important. 
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