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A high resolution infrared absorption spectrum of the ionic complex N2•••Ar1•••N2 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 (n3)
stretching fundamental. The band origin is at 2288.7272~2! cm21 and the ground state rotational
constant is determined asB050.034 296~7! cm21. The spectrum shows a clear spin-statistical
intensity alternation and is consistent with a linear and centrosymmetric equilibrium geometry and
a ground state with2Su

1 symmetry. The charge is predominantly located on the argon atom.
The assignment is supported by high levelab initio calculations carried out. The best estimate
for the equilibrium geometry isRe~NN!51.1014 Å and r e~Ar•••N!52.3602 Å, yielding
Be50.034 297 cm21. The equilibrium dissociation energyDe for fragmentation into N2 and
@ArN2] 1 is calculated to be;1.7 eV. © 2000 American Institute of Physics.
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In recent years many accurate experimental and theo
ical methods have been developed for the study of w
intermolecular forces. Most of these have focused onneutral
complexes in which van der Waals and hydrogen bo
dominate.1 Charge induced interactions have been studied
less detail, because of the difficulties involved in the prod
tion and spectroscopic detection of weakly bound ionic co
plexes. Nevertheless, the importance of this type of molec
in chemistry is indisputable; ionic complexes are known
play a key role as intermediates in many chemical reacti
and in interstellar and atmospherical environments, wh
many processes depend on ion–molecule interaction2,3

Most of the spectroscopic information on ionic complex
available to date has been obtained in photodissocia
experiments4–6 and particularly proton-bond rare gas com
plexes have been a topic of intense research.7 Recent
progress in the generation of dense supersonic planar
mas has made possible the detection of cluster ions in d
absorption as well.8 These sources offer a nearly Doppl
free environment where adiabatic cooling yields rotatio
temperatures of;10–20 K. Within this context work on the
linear complexes (N2•••N2!

1 ~Ref. 9! and N2•••H1•••N2

~Ref. 10! is mentioned.
Cluster ions have binding energies that are intermed

between pure van der Waals and stable covalent bo
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~'0.2–1 eV! and consequently they are not as floppy
many of their neutral counterparts. This is of interest parti
larly from a theoretical point of view; state-of-the-artab ini-
tio calculations allow accurate predictions of high resoluti
molecular spectra and their application to ionic clusters p
vides insight into charge induced phenomena as well.10,11

The present study on N2•••Ar1•••N2 offers a special case
because the ionization potentials of Ar~15.76 eV! and N2

~15.58 eV! are almost identical,12 the resonance tending t
favor a bond with covalent character. The N2•••Ar1•••N2

complex is therefore expected to be strongly bound, as is
case for homonuclear cluster ions@e.g., Arn

1 ~Ref. 4!# and the
closely related@Ar•••N2#

1.13

The experimental method used here is based on the
sorption of tunable infrared radiation that multipasses an
pansion cooled planar plasma.8 The plasma is generated b
electron impact of a mixture of 5%–10% N2 in Ar that is
expanded supersonically through a 50mm3 32 mm slit. A
mass spectrometer is used to characterize the plasma c
tions. An effective and fast production modulation is o
tained by periodically changing the electric field gradients
the electron gun. This allows phase-sensitive detection
lock-in techniques. An absolute frequency calibration be
than 0.001 cm21 is obtained by simultaneously recordin
marker étalons and CO2 as a reference gas. The best S
© 2000 American Institute of Physics



896 J. Chem. Phys., Vol. 113, No. 3, 15 July 2000 Linnartz et al.
TABLE I. Observed frequencies (cm21) of rotational transitions involving vibrational excitation of then3 antisymmetric NN stretch of N2•••Ar1•••N2.

P-branch R-branch

J n
o2ca

(1024) J n
o2ca

(1024) J n
o2ca

(1024) J n
o2ca

(1024)

0 21 2287.2616 5 0 2288.7981 24 21 2290.2040 3
1 2288.6590 4 22 2287.1910 10 1 2288.8616 224 22 2290.2688 26
2 2288.5931 32 23 2287.1186 22 2 2288.9318 25 23 2290.3350 1
3 2288.5209 22 24 2287.0486 11 3 2289.0029 26 24 2290.3992 211
4 2288.4532 11 25 2286.9757 24 4 2289.0683 0 25 2290.4657 1
5 2288.3835 5 26 2286.9039 28 5 2289.1362 1 26 2290.5314 6
6 2288.3127 211 27 2286.8331 0 6 2289.2040 2 27 2290.5969 11
7 2288.2438 27 28 2286.7609 25 7 2289.2708 26 28 2290.6617 10
8 2288.1748 22 29 2286.6882 214 8 2289.3384 24 29 2290.7247 28
9 2288.1053 21 30 2286.6174 23 9 2289.4054 27 30 2290.7907 5

10 2288.0357 0 31 2286.5465 8 10 2289.4720 213 31 2290.8547 21
11 2287.9657 21 32 2286.4732 25 11 2289.5397 26 32 2290.9189 24
12 2287.8958 21 33 2286.4014 22 12 2289.6068 24 33 2290.9843 7
13 2287.8251 27 34 2286.3306 13 13 2289.6733 27 34 2291.0488 9
14 2287.7540 216 14 2289.7406 21 35 2291.1122 2
15 2287.6862 9 15 2289.8066 26 36 2291.1769 9
16 2287.6153 4 16 2289.8734 22 37 2291.2395 24
17 2287.5442 22 17 2289.9403 4 38 2291.3033 25
18 2287.4724 213 18 2290.0060 0 39 2291.3668 27
19 2287.4030 0 19 2290.0719 22 40 2291.4304 27
20 2287.3329 8 20 2290.1380 0 41 2291.4948 2

aObserved2Calculated.
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ratios amount to;30 and typical linewidths~FWHM! do not
exceed 100 MHz.

In total 76 adjacent vibration-rotation lines aroun
2289 cm21 were observed, all of which have been assign
to the n3 stretching mode of N2•••Ar1•••N2. Transitions
with rotational quantum numbersJ, of up to 34 in theP
branch and 41 in theR branch, were recorded~Table I!. The
spectrum resembles that of aS –S transition of a linear mol-
ecule and exhibits a clear 5 to 4 spin-statistical alterna
for odd and even rotational levels, as shown in Fig. 1
both P- and R-branch transitions. This is consistent with
2Su

1 ground state symmetry, predicted from the electro
configuration . . . .1pg

43pu
48sg

27su . The assignment of the

FIG. 1. Rovibrational transitions of the excited antisymmetric stretch
vibration of N2•••Ar1•••N2 around the Boltzmann maximum (Trot'15 K!
in the P-branch ~left trace! and R-branch ~right trace!. A clear 5:4 spin-
statistical alternation is observed for odd and even rotational levels, res
tively, consistent with a linear and centrosymmetric geometry and a gro
state with2Su

1 symmetry.
d
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transitions to the antisymmetric NN stretching vibration
linear centrosymmetric N2•••Ar1•••N2 is straightforward,
even though other species~mainly @ArN2n] 1 and pure nitro-
gen cluster ions@N2n] 1) are also produced in the plasm
The absorption signals are not observed without Ar or N2 in
the expansion and scale linearly with the@ArN2n#1 mass
signals. This excludes pure argon or nitrogen clusters.
spin-statistical alternation excludes molecules that do
have a center of symmetry, such as the ones with van
Waals like @Ar•••N2#1 or @Ar•••N4#1 geometry. Further
evidence is provided by analysis of the rotational structu
Using a pseudodiatomic energy level expression for
ground and vibrationally excited state and rotational ene
levels given by an expansion inJ(J11), an excellent fit
with a standard deviation of less than 0.001 cm21 is ob-
tained. The resulting ground and vibrationally excited st
constants are given in Table II. A rotational constant of t
order 0.034 cm21 excludes a molecule of the form
@Ar•••N2n#1; for n51 a much larger value (.0.1 cm21) is
calculated14 and, assuming that the N4

1 unit is not seriously
distorted upon complexation,B0 will not exceed 0.02 cm21

for n52 and will only become smaller for largern. For com-

c-
d

TABLE II. Spectroscopic constants (cm21) of N2•••Ar1•••N2 in the 2Su
1

electronic ground state forv50 andn351.a

n0 2288.7272~2!
B9 0.034 296~7!
D9 1.9(4)•1028

B8 0.034 232~6!
D8 1.7(4)•1028

aThe uncertainties~in parentheses! are 1s deviations in units of the last
significant digit.



ts for

897J. Chem. Phys., Vol. 113, No. 3, 15 July 2000 Linear and centrosymmetric N2•••Ar1•••N2
TABLE III. Calculated equilibrium structures, equilibrium dissociation energies, and rotational constan
N2•••Ar1•••N2.

Method Basis Re~NN! ~Å! r e~N•••H! ~Å! Be ~cm21) De ~eV!

MP2 aug-cc-pVDZ 1.134 2.343 0.034245 1.66
MP2 aug-cc-pVTZ 1.116 2.315 0.035139 1.68
RCCSD-T cc-pVDZ 1.1200 2.4092 0.032956 1.740
RCCSD-T cc-pVTZ 1.1049 2.3705 0.034004 1.668
RCCSD-T cc-pVQZ 1.1014 2.3602 0.034297 1.725
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plexes containing two or more argon atoms this value
creases even more rapidly.21

The assignment is supported by the outcome of h
level ab initio calculations. These were carried out usi
both a restricted open shell MP2~Ref. 15! and a partially
spin-restricted coupled cluster approach~RCCSD!,16 with a
perturbative correction for the effects of triple excitatio
~RCCSD-T!.17 Only valence-shell orbitals were correlate
In these calculations the correlation-consistent basis se
Dunning and co-workers18,19 and augmented variants we
used. The calculations at both levels converge to a lin
centrosymmetric equilibrium geometry with a rotation
equilibrium constant,Be , close to the experimentally dete
mined value forB0. The results are summarized in Table I

The picture of a linear centrosymmetric molecule is a
consistent with the outcome of the only other gas ph
study on N2•••Ar1•••N2 reported so far;20 in this a symmet-
ric isomer was proposed to explain a nearly exclusive los
N2 upon photodissociation of@ArN4#1.

The current study provides information on the char
delocalization in the complex. For the linear@Ar•••N2#1

species several calculations show that typically between 6
and 85% of the positive charge is located on t
Ar-atom.13,14,21Even when solvating N2

1 ions with argon at-
oms a switch of the cation center is observed yield
Ar1•••N2.21 When increasing the chain length by the ad
tion of a second N2 ligand the electrostatic polarization en
ergy may become greater than the extra delocalization
ergy, drastically changing the bonding nature, but
N2•••Ar1•••N2 this is not found to be the case. Actually, th
present calculations predict an equilibrium dissociation
ergy De around 1.7 eV~Table III!, clearly larger than the
value calculated for N2•••H1•••N2 @;0.7 eV ~Ref. 10!# or
measured in the case of N4

1 @1.12~7! eV ~Ref. 22!#.
The band origin position of the antisymmetric stretch

located at 2288.7272~2! cm21, representing a shift o
41.99 cm21 to the red of the N2 fundamental, and more tha
110 cm21 to the blue of N2

1 . This frequency shift is repro

TABLE IV. Calculated~RCCSD-T! harmonic and experimental vibrationa
frequencies (cm21) compared to the N2 fundamental.

Basis v1 v2 v3 v~N2) v32v~N2)

cc-pVDZ 2330.21 183.7 2312.79 2343.44 230.65
cc-pVTZ 2336.02 174.8 2318.79 2350.24 231.45
cc-pVQZ ••• ••• ••• 2360.31 •••

Experiment n1 n2 n3 n~N2) n32n(N2)

••• ••• 2288.73 2330.72 241.99
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duced reasonably faithfully in the computedharmonicwave
numbers~RCCSD-T, see Table IV!, which are red-shifted by
30.65 cm21 ~cc-pVDZ! and 31.45 cm21 ~cc-pVTZ! relative
to N2.23 A possible interpretation of this result is that th
vibration has considerably more N2 than N2

1 character,
which means that the charge will be predominantly located
the Ar-atom. This also explains why then3 stretching vibra-
tion of N4

1 at 2234.5 cm21 ~Ref. 9! is closer to the N2
1

fundamental and why that of N2•••H1•••N2 at 2352.2 cm21

~Ref. 10! is closer to that of N2. For these complexes th
positive charge is expected to be respectively more and
delocalized than in N2•••Ar1•••N2. A pronounced localiza-
tion of the charge on the argon atom~more than 60%! is also
indicated by the present MP2 calculations~aug-cc-pVTZ!.

It is likely that N2•••Ar1•••N2 is formed by recombina-
tion of N2 and Ar1•••N2. The latter molecule has been th
subject of several reaction studies and was shown to ph
dissociate via two decay channels, Ar11N2 and Ar1N2

1 in
approximately 3:1 ratio.24–26The present spectroscopic pro
of an intermolecular bond based on an Ar1•••N2 interaction
may be of further help in characterizing the involved react
dynamics.
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