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Abstract

Vibrationally excited NH™ and N:D* ions with internal energies of at least 1.3eV have been produced by electron
ionization of a mixture of M and H (or D). Their radiative overall lifetime has been determined using the monitor ion
technique in a triple cell ICR spectrometer.

Theoretical calculation of the vibrational energy levels up to 2.3 eV and of the radiative lifetimes for the fundamenta
transition of the three normal modes of each isotopomer has been performed in order to help the qualitative analysis of t
experimental results.

Excitation of vy stretching mode is quickly relaxed and is not observed in our experimental conditions. The measure
overall lifetimes correspond mainly to excitatiomafbending mode. Excitation of the stretching above = 2 for NoH™
andv = 3 for N,D* seems to be negligible. (Int J Mass Spectrom 223-224 (2003) 669-678)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction tion of hydrogen and nitrogen, has been demonstrated
by Lindinger and coworkerfl] in an experiment car-
Protonated nitrogen M is an interesting molec-  ried out in a selected ion drift tube (SIDT) at Inns-
ular ion both because it has been identified as one of briick.
the constituents of interstellar clouds and because itis The ions Nt, Hyt and Kt are converted into
sufficiently simple to allow high level theoretical cal- NyH™ by the following ion molecule reactions:
culations and spectroscopic investigations.
However, there is a lack of information concerning
the radiative lifetimes of vibrationally excited ions ex-
cept for thew = 1 level of the N—H stretching moda.
Production of vibrationally excited ™, by ion Hs™ + N — NoHY +Hy,  (0.52eV) ©)
molecule reactions following electron impact ioniza-

Not + Hy — NpHT +H, (2.37¢eV) (1)

Hom +No — NoHT +H, (2.24eV) )

All these reactions are fast and exothermic and it has
* Corresponding author. E-mail: michel.heninger@Icp.u-psud.fr, been ShOWI[|2,3] that most of the reaction exothermic-
gerard.mauclaire@Icp.u-psud.fr ity is deposited as internal energy oM. This has
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been confirmed by Villinger et aJ1], who observed
the reaction of Kr with NH*:

NoHt + Kr — KrH™ + Na @)

This reaction which would be endothermic with
ground state BHT, can be fast only with excited
NoH™T. Three different rate constants were observed
for reaction (4). They were tentatively assigned to
ions excited in the B-HT stretching modey = 0

for the very slow reactiony = 1 for the slow reac-
tion andv > 2 for the fast exothermic reactions. The
populations of these states have been estimated at 15
36, and 49%, respectively.

At this time we had just started to investigate ra-
diative relaxation of vibrationally excited ions using
the monitor ion technique in a triple cell ICR spec-
trometer. After some preliminary results on NQ4]
and HCO" [5], NoH™ ions seemed to be interesting
to study considering its importance in the chemistry
of interstellar clouds and its similarity with HCO
However, the first results turned out to be too scattered
to be published. Obviously, a better detection sensi-
tivity and lower background pressure were needed to
obtain reliable results.

A few years later Tosi et al6] showed, in a low en-
ergy crossed beam experiment of Nwith H, (D),
that the hydrogen atom transfer only proceeds via ex-
cited vibronic curves that correlate with excited states
of the products.

This renewed our interest in investigating the radia-
tive relaxation of excited pH* (D) but we had to wait
for an improved version of our instrument.

Implementation of a Fourier transform detection in-
creased dramatically the sensitivity and modification
of the cells shape and of the pumping system lowered
the background pressure by a factor of 10. This new
instrument has been used to investigate the radiative
properties of quite a number of vibrationally excited
diatomics[7-9] but of only two triatomics, H(D)CO
[10,11] and H(D2)O™ [12].

Indeed interpretation of the experimental results is
much more difficult for triatomics than for diatomics
because of the rapidly increasing density of vibrational
states and the scarcity of theoretical results. However,
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since our interest in pH* had been promoted by a
publication of Lindinger and coworkefd], we de-
cided to reinvestigate this ion more carefully and to
present the results in this special issue dedicated to his
memory.

2. Previousresults

Protonated nitrogen has been the subject of a
number of theoretical calculations and of only a
few spectroscopic studies. Experiments as well as
theory concern mainly ion structure and vibrational
frequencies determination. Infrared band intensities
have been calculated by Botschwifis] for the two
stretching modes; andvs of NoH™ and its different
isotopomers. The only experimental determination
has been performed by Keim et §l4], using direct
laser absorption in fast ion beam (DLASFIB) first
described by Owrutsky et dl15].

Detection of the IR light absorption signal is possi-
ble only for rather strong transitions and, as discussed
by Keim et al.[14], it is by no way straightforward
to deduce integrated band intensities from the ab-
sorption signal. This is why integrated band intensity
could be determined only for the= 1 — 0 transi-
tion of thev stretching modes of MH* and HCO'.
Theoretical[13] and experimentdll4] values of the
IR band intensity of NH* are in good agreement,
corresponding to a radiative lifetime of around 1.1 ms.

3. Present experiments

3.1. Apparatus

Determination of radiative lifetimes using the mon-
itor ion technique in a triple cell FT-ICR spectrometer
has been described several tinj@6,17] Therefore,
we will only recall its principles and stress the speci-
ficities of the present experiments.

The triple cell FT-ICR spectrometer is made up of
three cascaded cells separated by ion funnels to allow
the ions to be drifted from cell to cell while maintain-
ing a pressure differential of around 250 between the
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low pressure central cell and the two adjacent cells:
the ion production cell on one side, the reaction cell
on the othef17].

The NpHY ions are produced in the first cell and
then trapped in the central cell for variable relaxation
times. The background pressure, mainkyQH in this
cell is 5x 1072 Torr so that collisional relaxation is
negligible compared to radiative relaxation except for
very long lifetimes.

The ions are then drifted into the third cell where
they react with a monitor gas M at constant pressure
(5% 10~ Torr) during a constant reaction time (10 ms).
At the end of the reaction time all the product ions and
the unreacted pH™ are drifted back into the central
cell for detection by FT-ICR. Finally, the cell is emp-
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nately, the proton affinity of Blbeing small (5.118 eV)
[18] there are few available monitors (much less than
for HCO™). Only three suitable monitors have been
found, Kr, & and Ar, with proton affinities of 4.40,
4.363, and 3.826 eV, respectivgyB].

The corresponding endothermicities of the monitor
reactions are 0.718, 0.755, and 1.292eV faHN
ground state. The difference in endothermicities due
to the zero-point energy being small, the same values
have been used fordD+.

The proton transfer is fast for vibrational levels of
NoH™T ions having an internal energy higher than the
monitor reaction endothermicity and the number of
monitor ions produced is proportional to the number
of NoH™ ions in vibrational states located above the

tied by a quench pulse and the sequence repeated foreaction threshold.

signal averaging.
3.2. Production of vibrationally excited NoH* ions
A mixture of H, and N> (25 and 75%, respec-

tively) is introduced in the source at a total pressure
of 1.4 x 10> Torr. This mixture is ionized by a 50 eV

4. Experimental results
4.1. Radiative lifetimes

Fig. 1a and bshows a decay curve obtained for
NoH™ and NbD™ reacting with Kr as monitor. All the

electron beam during 0.4 ms. The ions are then stored decay curves corresponding to the three monitars O

in the central part of the source cell in order to allow
production of NH™ by ion molecule reactions.

The reaction time is a compromise between the need

of a large amount of BH™ ions and the necessity to
minimize collisional deactivation. Thedd* ions are

then mass selected and drifted into the low pressure

relaxation cell.

Kr and Ar reacting with NH* and NoD* can be ana-
lyzed as a sum of two exponentials giving a fast and a
slow decay in addition to a small constant background
signal. The fast decay correspond to the radiative cool-
ing of NoH(D)™. The slow decay is at least partly due
to reaction of the monitor molecules with ions other
than NbH(D)™ as observed when#(D)* is ejected

However, since the low mass ions cannot be ejected po¢yre entering the reaction cell. These reactant ions

efficiently, some of the unreactecb and H* enter
also the reaction cell.

3.3. The monitor reactions

As for HCO"™ [10] the monitor reactions used in
these studies are proton transfer reactions with differ-

ent neutrals:
NoHY +M — MH™ + H> (5)

In order to monitor vibrationally excited ions, M has to
have a proton affinity smaller than that of NUnfortu-

are probably the remaining4 and H* that could

not be ejected from the source. Therefore, the observed
slow decay is difficult to analyze and the contribution
of slowly decaying excited pH(D)™ is impossible to
determineTable 1displays the experimental lifetimes.

4.2. Reactivity of NoH(D)™ ions with
the monitor gas

To determine the reactivity of M(D)* ions with
the different monitors, the (D)™ ions produced in
the first cell are drifted directly to the reaction cell
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Fig. 1. Decay curves of the KrH (a) and KrD" (b) monitor ions normalized to sum of the ions as a function of the relaxation time.
Fitting a sum of two exponentials and a constant background signal to the experimental datasgiv@8.6 ms, 7 = 449 ms for NHT

andts = 37.5ms, 71 = 312ms for ND™.

where they react with the monitor at constant pressure
(2 x 107%Torr) and variable reaction time.
Table 1 The time dependence of the relative intensities of

Experimental decays (ms) have been obtained for each monitor by the product ions for the reaction of,N™ ions with
fitting the experimental curve to a sum of two exponentials and a Kr is reported inFig. 2 The decay of IEHJF signal is

constant background signal . . .
fast at short reaction times and slow at long reaction

Monitor gas NHT N2D* times

Ar 16 13 At short reaction times, vibrationally excited
164 224 NoH™* jons react with Kr to give KrH ions. This

0, 253 18 reaction is in competition with the fast radiative
450 326 relaxation (40 ms).

Kr 38.6 37.5 At longer reaction times the M* ions are partly

449 312 - .
relaxed and their internal energy is too small to react
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Fig. 2. Dependence of ions distribution with reaction time for the reactionpfNwith Kr: NoH* (@), H3O" (H), KrH* (A). Lines

are fits obtained with the KINET program (see text).

with Kr. However,Fig. 2 shows that the monitor ion
KrH* is not the only product: at long reaction times
H30™ is also produced. This indicates that the slow
decay of NH™ is not only due to the monitor reaction
but also to its reaction with residual,® present in
the reaction cell at a partial pressure of around 7
108 Torr. Moreover, the monitor ion Kri can also
react with HO. These observations are summarized
in the following scheme:

(6)

N,

+*
NH K

1/rag + Keon *H0

+H,0

- N,

N,H*
(8)

To check this reaction scheme and get the rate con-

constants found for reactions (8) and (9) are fast
(2.3 x 1079 and 25 x 10 %cm®s 1) and very close

to the calculated capture rate constants using the para-
metric formula of Su and Chesnavif20] (2.6 x 102,
2.3x 10~ 92cm?s~1). The rate constant of reaction (7)
was not determined since it is a minor channel. The
deactivation rate constanf &aq + kcon Was found to

be 0.0237 ms! very close to the radiative relaxation
rate 0.025ms! indicating that the collisional relax-
ation is negligible. The rate constant obtained for
reaction (6) is % x 10~1%cm®s~1 which is half of
the capture rate constak¢ = 1.15 x 10 9cmés1.
Due to reaction of the remaining,H and H* on the
monitor gas, it was not possible to analyze correctly
the kinetics of the reaction of Mt with O, and
argon.

5. Theoretical calculations

stants of the different processes, data analysis was per- The aim of this theoretical section is to determine

formed using the KINET prograrfi9].
The fraction of excited BH™* ions with at least

spectroscopic parameters (lifetime and spectrum) to
help us with the qualitative analysis of our experimen-

0.718eV of internal energy is around 60%. The rate tal results.
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5.1. Vibrational energy diagram

The vibrational spectrum of both isotopomers has
been calculated with a model, enabling the description
of the isomerization proceg#i-Nz)* < (No—H)™.
Indeed, the energy available in the reaction produc-
ing the ions is relatively high (up to 2.3 eV) thus, the
bending amplitude motion may be large. Therefore,
the set of Jacobi coordinatgs, r, R} is well adapted
to describe this process is the distance between H
and the center of mass G ob N the angle between
(HG) and the bond axis of N andR is the N-N bond
length). The vibrational energy diagram has been cal-
culated using a model based on the harmonic adiabatic
approximation (HADA)[21]. This method, explained
in detail in[21], includes two main approximations:

(i) Instead of the available three-dimensional PES
[22,23] we have used an expansion of the PES
well adapted to the description of the isomeriza-
tion process, namely a harmonic valley: along
the minimum energy path if, Vo(6), only the
guadratic expansion im and R is kept. The
determination ofVp(f) has been performed at
CCSD(T)[24-26](coupled-cluster single, double
and the perturbative contributions of connected
triple excitations) level with the cc-pVQZ27]
basis set and using the optimized MP2/VTZ
(Mgller—Plesset perturbation theory to second or-
der [28] level with the cc-pVTZ basis sdR7])
geometry for 10 values of the Jacobi anglén
the interval [0,90°]. The quadratic expansion
in r andR is obtained with the help of the Hes-
sian matrices calculated at the MP2/VTZ level.
Finally, the analytical expressions ®%(6), the
equilibrium parameters and the Hessian matrix el-
ements have been fitted with the help of Legendre
polynomials. All these calculations have been per-
formed with the program MOLPRO2000[29].

(i) The wave function is expressed as a sum of prod-
ucts of a two-dimensional Harmonic-stretching
wave function,,, v3) (7, R; 0), and one-dimen-
sional bending functiong (9), developed on 40
even Legendre polynomials. The two-dimensional
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Table 2
Lifetimes of the three normal modes obNT and NbDT
Experimental Theoretical Theoretical
[14] (ms) [12] (ms) (MP2/VTZ)
(present
work) (ms)
NoH* V1 11 11 1.1
) 123.1
V3 465.4 530.1
NoD+ V1 4.0 3.9
V2 570.4
v3 28.1 45.7

functions or the adiabatic stateg,, ., are the
eigenvectors of the Hamiltonian inand R and
define the adiabatic channels labeled with the two
stretching quantum numbers1(v3). Since the
v1 levels lifetimes (se@able 9 are too short to
be observed in our experiments, om\adiabatic
channels irv3 have been coupled (with = 9 for
No—H* andn = 10 for Np—D™).

Fig. 3a and show the energy diagram of the vi-
brational levels of NH™ and Nb\D™ for v; = 0. The
model enables us to determine the weight of each adi-
abatic channelf = 0,v3) in a given vibrational state.
The diagrams have then been split in six columns
corresponding to thes quantum number. In each col-
umn the length of the bar at a given energy stands for
the percentage of thes state in the decomposition. A
100% bar thus indicates a pure harmonic state, which
occurs for NHT states below 1.5 eV. The harmonicity
of the levels and the regularity of thve levels progres-
sion, validates the use of the bi-harmonic model for
the evaluation of the lifetimes of excited levels. The
same conclusion can be derived in the case £ N
for energies lower than 1 eV, relevant for proton trans-
fer with O, and Kr. It may be questionable at 1.29 eV
where the mixing becomes much more important.

Due to the fact that the calculations are performed
at total angular momentuni = 0, all the levels that
would correspond to odd values of in a harmonic
progression are absent. Therefore, to complete the
diagrams onFig. 3, one must add these levels half
way between the even levels. This has been done in
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Fig. 3. Vibrational energy level diagrams obN* (a) and NDT (b). Only levels withv; = O are represented. Each level is decomposed
over the six adiabatic statesi(vz) with v1 = 0 andvz € [0, 5]. The length of the bars stands for the weight of each adiabatic state (see
text). As the calculation is performed with = 0 only even values of» levels are represented. Dotted lines indicate the proton transfer
threshold for the reactions with Kr (0.718 eV), @.755€eV) and Ar (1.292 eV). This diagram does not include levels witl 0 which
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Section 6o determine the levels just above the proton tions of both NH+ and Nb\D*. The excited states life-
transfer threshold. The agreement between calculatedtimes can then be evaluated as explained below (see
and experimental frequencies is quite satisfactory Section § and compared to the experimental lifetimes.
especially for thev, mode: 690 cm? compared to
687cnt! and 544 cm?! compared to 543 cmt for
NoH+ and NoD+, respectively. 6. Identification of the measured lifetimes

The lifetime of NbH' excited with one quantum
in the vy stretching is well established;(= 1.1 ms)

The intensities of the three fundamental transitions experimentally and theoretical[{t3,14] and the life-
have been computed using the harmonic approxima- times of levels with more than one quantum will be
tion at MP2/VTZ level with the help of GAUSSIAN  shorter. Therefore, the levels excited in themode
98 [30]. The corresponding lifetimes are in relatively are quickly relaxed and cannot be observed, since the
good agreement with Botschwina’s calculatigh8] shortest relaxation time accessible in our experimen-
except forvg of NoD™T (seeTable 2. The surprisingly  tal conditions, limited by the transit time of theN*
largevs lifetime (or the small IR intensity) of bH™, ions between the source and the reaction cell, is 2ms.
compared to that of the deuterated isotopomer has Then only the levels excited in the and vz modes
been explained by Botschwirja3]. In normal mode can contribute to the observed lifetimes.
analysis, the lifetime is proportional to the inverse of  Since the initial distribution of the population
(01/3Q3)? where Qs is the normal mode associated among vibrational states is not known, the time evo-
with vz harmonic frequency and is the dipole mo- lution of the population of excited states probed by
ment. Since the frequencies of the normal modes arethe monitor reactions cannot be calculated. In order
rather different for the two isotopomers and Qg to compare experimental and calculated results, we
component of the gradient @f is much smaller for have assumed that the time evolution of the fraction
NoHT than for NDT, the v3 lifetime of NoHT is of ions that can undergo the monitor reaction is gov-
much longer than that of D™ erned by the population in the levels just above the

The present calculation gives the first complete set threshold for the different reactions. These levels (see
of radiative lifetimes for the three fundamental transi- Fig. 3) are reported inTable 3together with their

5.2. Lifetimes

Table 3

Lifetimes of the levels probed by the different monitor gases feHN and NoD+

Monitor gas Calculated Experimental
NoH*
Kr Level 8y v3 + 5vp 2v3 + 2vp 3v3
T 15.3 23.5 49.9 176 38.6
O Level Yy v3 + 6vy 2v3 + 3v2 3v3
T 13.7 19.8 35.5 176 25.3
Ar Level 15, v3 + 12vp 2v3 + vy 4vz + 3vo Sv3
T 8.2 10 13 31.3 106 16
NoD+
Kr Level 1, v3 + 7vo 2v3 + 4dvo 3v3
T 51.9 29.3 19.7 15.2 37.5
Oy Level 1, v3 + 8vo 2v3 + 4dvo 3v3+vo
T 51.9 30.9 19.7 14.8 18
Ar Level 1%, v3 + 1500 2v3 + 12v, 3v3 + 8va 4v3z + 5vp 5v3 4+ vy
T 30 20.8 154 12.5 10.3 9 13
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corresponding radiative lifetimes. In the double har- the energy cannot be stored in the short lived (1.1 ms)
monic approximation, each level is characterized by stretching mode as proposed by Villinger et [@l].
guantum numbers (@, v3) with v2 quanta in mode  Comparison of the experimental overall lifetimes
v2 andvz quanta in modes. Their lifetimes can then  with the calculated lifetimes of the vibrational levels

be estimated from the formula; = 1/(v2/124v3/13) probed by the different monitor molecules indicates
wherery and t3 are the lifetimes of levels (0,1,0) that the energy is mainly located in the mode.
and (0,0, 1) given ifmable 2 The rate constants of the monitor reactions are very

For NobHT two sets of lifetime values are found: difficult to determine because of several competitive
T < 50ms andr > 100 ms. The long lifetimes cor-  processes (radiative decay of excitedH{D)™ and
respond to the part of the experimental decay curves reaction with HO). Therefore, no information on the
that could not be analyzed (s8ection 4.). For each energy content of the reacting excited state could be
monitors an average of the calculated short lifetimes obtained through rate constants measurements.
is in good agreement with the experimental value and
the variation of the lifetimes with the monitor reaction
is also correctly reproduced. Acknowledgements

For NoD™, all the lifetimes are shorter than 53 ms
and for each monitor the average of the calculated The authors thank Dr. Pascal Pernot for his contri-
lifetimes is also in reasonable agreement with the ex- bution to data analysis.
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