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A high resolution infrared absorption spectrum of the ionic complex-Mr*---N, has been
observed by tunable diode laser spectroscopy through a supersonic planar plasma. Seventy-six
rovibrational transitions were measured involving excitation of the antisymmetric NN (
stretching fundamental. The band origin is at 2288.7272m ! and the ground state rotational
constant is determined &@,=0.0342967) cm !. The spectrum shows a clear spin-statistical
intensity alternation and is consistent with a linear and centrosymmetric equilibrium geometry and
a ground state witlfS, symmetry. The charge is predominantly located on the argon atom.
The assignment is supported by high leedl initio calculations carried out. The best estimate
for the equilibrium geometry isRs(NN)=1.1014 A andr.(Ar---N)=2.3602 A, yielding
B.=0.034297 cm!. The equilibrium dissociation energ®, for fragmentation into B and
[ArN,] " is calculated to be-1.7 eV. © 2000 American Institute of Physics.
[S0021-9606)0)01627-5

In recent years many accurate experimental and theoret=0.2—-1 eV} and consequently they are not as floppy as
ical methods have been developed for the study of weaknany of their neutral counterparts. This is of interest particu-
intermolecular forces. Most of these have focusedeuatral  larly from a theoretical point of view; state-of-the-aith ini-
complexes in which van der Waals and hydrogen bondsio calculations allow accurate predictions of high resolution
dominate! Charge induced interactions have been studied imolecular spectra and their application to ionic clusters pro-
less detail, because of the difficulties involved in the producvides insight into charge induced phenomena as #eéfi.
tion and spectroscopic detection of weakly bound ionic comThe present study on N--Ar*---N, offers a special case
plexes. Nevertheless, the importance of this type of moleculbecause the ionization potentials of A&5.76 e\f and N,
in chemistry is indisputable; ionic complexes are known to(15.58 eV are almost identicdf? the resonance tending to
play a key role as intermediates in many chemical reactionfavor a bond with covalent character. Thg-NAr ---N,
and in interstellar and atmospherical environments, whereomplex is therefore expected to be strongly bound, as is the
many processes depend on ion—molecule interactidns. case for homonuclear cluster iofesg., Arl (Ref. 4] and the
Most of the spectroscopic information on ionic complexesclosely related Ar---N,]*. 13
available to date has been obtained in photodissociation The experimental method used here is based on the ab-
experiment$® and particularly proton-bond rare gas com- sorption of tunable infrared radiation that multipasses an ex-
plexes have been a topic of intense resedrdkecent pansion cooled planar plasfahe plasma is generated by
progress in the generation of dense supersonic planar plastectron impact of a mixture of 5%—10%,Nn Ar that is
mas has made possible the detection of cluster ions in direeixpanded supersonically through a Béh X 32 mm slit. A
absorption as wefl. These sources offer a nearly Doppler mass spectrometer is used to characterize the plasma condi-
free environment where adiabatic cooling yields rotationations. An effective and fast production modulation is ob-
temperatures of-10-20 K. Within this context work on the tained by periodically changing the electric field gradients of
linear complexes (M--N,)* (Ref. 9 and N,---H*---N,  the electron gun. This allows phase-sensitive detection by
(Ref. 10 is mentioned. lock-in techniques. An absolute frequency calibration better

Cluster ions have binding energies that are intermediatéhan 0.001 cm?! is obtained by simultaneously recording
between pure van der Waals and stable covalent bondsarker ‘¢alons and CQ as a reference gas. The best S/N
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TABLE |. Observed frequencies (cm) of rotational transitions involving vibrational excitation of tirg antisymmetric NN stretch of N--Ar*---N,.
P-branch R-branch
o—c? o—c? o—c? o—c?
J v (1074 J v (1074 J v (1074 J v (1074
0 21 2287.2616 5 0 2288.7981 24 21 2290.2040 3
1 2288.6590 4 22 2287.1910 10 1 2288.8616 —24 22 2290.2688 -6
2 2288.5931 32 23 2287.1186 -2 2 2288.9318 -5 23 2290.3350 1
3 2288.5209 -2 24 2287.0486 11 3 2289.0029 26 24 2290.3992 -11
4 2288.4532 11 25 2286.9757 -4 4 2289.0683 0 25 2290.4657 1
5 2288.3835 5 26 2286.9039 -8 5 2289.1362 1 26 2290.5314 6
6 2288.3127 -11 27 2286.8331 0 6 2289.2040 2 27 2290.5969 11
7 2288.2438 =7 28 2286.7609 -5 7 2289.2708 -6 28 2290.6617 10
8 2288.1748 -2 29 2286.6882 -14 8 2289.3384 -4 29 2290.7247 -8
9 2288.1053 -1 30 2286.6174 -3 9 2289.4054 -7 30 2290.7907 5
10 2288.0357 0 31 2286.5465 8 10 2289.4720 -13 31 2290.8547 -1
11 2287.9657 -1 32 2286.4732 -5 11 2289.5397 -6 32 2290.9189 -4
12 2287.8958 -1 33 2286.4014 -2 12 2289.6068 -4 33 2290.9843 7
13 2287.8251 -7 34 2286.3306 13 13 2289.6733 -7 34 2291.0488 9
14 2287.7540 -16 14 2289.7406 -1 35 2291.1122 2
15 2287.6862 9 15 2289.8066 -6 36 2291.1769 9
16 2287.6153 4 16 2289.8734 -2 37 2291.2395 -4
17 2287.5442 -2 17 2289.9403 4 38 2291.3033 -5
18 2287.4724 —-13 18 2290.0060 0 39 2291.3668 -7
19 2287.4030 0 19 2290.0719 -2 40 2291.4304 -7
20 2287.3329 8 20 2290.1380 0 41 2291.4948 2
*Observed-Calculated.

ratios amount te~ 30 and typical linewidthéFWHM) do not
exceed 100 MHz.
In total 76 adjacent vibration-rotation lines around

transitions to the antisymmetric NN stretching vibration of
linear centrosymmetric N--Ar*---N, is straightforward,
even though other speciémainly [ArN,,] © and pure nitro-

2289 cm ! were observed, all of which have been assignedyen cluster iongN,,] *) are also produced in the plasma.

to the v5 stretching mode of MN--Ar*---N,. Transitions
with rotational quantum numberd of up to 34 in theP
branch and 41 in th& branch, were recorde@able ). The
spectrum resembles that oBa-3, transition of a linear mol-
ecule and exhibits a clear 5 to 4 spin-statistical alternatio
for odd and even rotational levels, as shown in Fig. 1 fo
both P- and R-branch transitions. This is consistent with a
22: ground state symmetry, predicted from the electroni
configuration ... 173w 80570, . The assignment of the
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The absorption signals are not observed without Ar @irN
the expansion and scale linearly with tharN,,]* mass
signals. This excludes pure argon or nitrogen clusters. The
spin-statistical alternation excludes molecules that do not

?1ave a center of symmetry, such as the ones with van der

Waals like [Ar---N,]" or [Ar---N,]* geometry. Further
evidence is provided by analysis of the rotational structure.
Using a pseudodiatomic energy level expression for the
ground and vibrationally excited state and rotational energy
levels given by an expansion ilJ+1), an excellent fit
with a standard deviation of less than 0.001 ¢énis ob-
tained. The resulting ground and vibrationally excited state
constants are given in Table Il. A rotational constant of the
order 0.034 cm! excludes a molecule of the form
[Ar---N,,]7; for n=1 a much larger valuex0.1 cmi 1) is
calculated® and, assuming that the ;Nunit is not seriously
distorted upon complexatiol, will not exceed 0.02 cm!

for n=2 and will only become smaller for largar For com-

TABLE Il. Spectroscopic constants (Ci) of Np---Ar*---N, in the 23}
electronic ground state far=0 andv;=1.2

Frequency (cm™) Vo 2288.727R2)
B” 0.034 2967)
FIG. 1. Rovibrational transitions of the excited antisymmetric stretching D" 1.9(4)-10°8
vibration of N,---Ar*---N, around the Boltzmann maximunT {~ 15 K) B’ 0.034 2326)
in the P-branch (left trace and R-branch (right tracg. A clear 5:4 spin- D’ 1.7(4)-10°8

statistical alternation is observed for odd and even rotational levels, respee
tively, consistent with a linear and centrosymmetric geometry and a ground@The uncertaintiegin parenthesgsare I deviations in units of the last
state with?3,;, symmetry. significant digit.
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TABLE lIl. Calculated equilibrium structures, equilibrium dissociation energies, and rotational constants for

N2"'AI’+"'N2.

Method Basis R(NN) (A) re(N---H) (A) B (cm™ %) D, (eV)
MP2 aug-cc-pvVDZ 1.134 2.343 0.034245 1.66
MP2 aug-cc-pVTZ 1.116 2.315 0.035139 1.68
RCCSD-T cc-pvVDZ 1.1200 2.4092 0.032956 1.740
RCCSD-T cc-pvVTZ 1.1049 2.3705 0.034004 1.668
RCCSD-T cc-pvVQzZ 1.1014 2.3602 0.034297 1.725

plexes containing two or more argon atoms this value deduced reasonably faithfully in the computkdrmonicwave
creases even more rapicﬂ’y. numberg RCCSD-T, see Table Iy which are red-shifted by

The assignment is supported by the outcome of higt80.65 cmi! (cc-pVDZ2) and 31.45 cm? (cc-pVT2) relative
level ab initio calculations. These were carried out usingto N,.2® A possible interpretation of this result is that the
both a restricted open shell MRRef. 15 and a partially  vibration has considerably more ,Nthan N, character,
spin-restricted coupled cluster approd@CCSD,® with a  which means that the charge will be predominantly located at
perturbative correction for the effects of triple excitationsthe Ar-atom. This also explains why theg stretching vibra-
(RCCSD-T.Y” Only valence-shell orbitals were correlated. tion of N; at 2234.5 cm! (Ref. 9 is closer to the
In these calculations the correlation-consistent basis sets @findamental and why that of N--H*---N, at 2352.2 cm'!
Dunning and co-worket&!® and augmented variants were (Ref. 10 is closer to that of B For these complexes the
used. The calculations at both levels converge to a linegpositive charge is expected to be respectively more and less
centrosymmetric equilibrium geometry with a rotational delocalized than in j--Ar*---N,. A pronounced localiza-
equilibrium constantB,, close to the experimentally deter- tion of the charge on the argon atdgmore than 60%is also
mined value foiBy. The results are summarized in Table Ill. indicated by the present MP2 calculatidf@sig-cc-pVTAZ.

The picture of a linear centrosymmetric molecule is also It is likely that N,---Ar™---N, is formed by recombina-
consistent with the outcome of the only other gas phas¢ion of N, and Ar*---N,. The latter molecule has been the
study on N---Ar™---N, reported so faf’ in this a symmet-  subject of several reaction studies and was shown to photo-
ric isomer was proposed to explain a nearly exclusive loss oflissociate via two decay channels,”AN, and Ar+N; in
N, upon photodissociation ¢fArN,]*. approximately 3:1 ratié*~?®The present spectroscopic proof

The current study provides information on the chargeof anintermolecular bond based on an Ar-N, interaction
delocalization in the complex. For the linepAr---N,]" may be of further help in characterizing the involved reaction
species several calculations show that typically between 65%ynamics.

and 85% of the positive charge is located on the ) ) )
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oms a switch of the cation center is observed yieldingSCience Foundation, project 20-55285.98 and by EEC Grant
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