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Three different six-dimensional potential energy functions for the electronic ground @Bjeof(the N,

have been generated by the RCCSD-T method and the B3LYP and B97-1 density functional approaches. The
potentials in their analytic forms have been used in variational calculations of the vibrational $tat€s (

and 1). The RCCSD-T rotation& constant of 0.1117 cni is in excellent agreement with the experimental
value of 0.11205 cmi. The anharmonic wavenumbers for the fundamentals have been calculated te be
2275.6,v, = 390.3,v3 = 2239.3 (expt: 2234.5084y, = 90.7, andvs = 133.8, and the zero-point vibrational
energy is 2675.3 (all values in cry). All large isotope shifts observed in a cold matrix farand vz have

been very well reproduced. Both density functional approaches yielded good agreement for bending
fundamentals but failed to desribe accurately the symmetric and antisymmetric stretching vibrations. The
dissociation energy, the quadrupole moment and the dipole polarizabilities have been evaluated as well.

1. Introduction the antisymmetric stretching vibration has been determined to
) ) ~ be 2234.508 cm! and the rotational constants for the ground
_The Ni" radical cation has long been known to be formed in - ang 1, antisymmetric stretch levels have been reported. The
discharges through nitrogénin the dense regions of the  magnetic parametérsf N4+ showed that the unpaired electron
planetary ionosphergé might play a role as an intermediate, ggides primarily on the inner nitrogen atoms.
which, h_owever, will react very rapidly_ with other species. T_he Ab intio calculation#® predicted that b will be a centro-
electronic ground state Ofﬂ{“ has a linear centrosymmetric  gymmetric linear ion before it has been proved experimentally.
equilibrium structure witi?Z; electronic symmetry, as found Later, several other theoretical studiés’® were published.
experimentally in an electron spin resonance study of Knight Hynerfine constants of the EPR spectrum were compared with
et al.? in an infrared matrix study of Thompson and Ja€oX, those calculated from Cl wave functioh@ne-dimensional cuts
and in gas-phase rotationally resolved infrared spectrum of of the ground and excited state potential energy functions (PEFs)
Ruchti et af The photoelectron spectrum of theJcluster have showt that the low lying electronically excited states
measured by Carnovale et‘bhows two broad peaks. No il easily dissociate into two diatomic fragments, in accord with

bound-bound electronic transitions of N have yet been  experimental findings. So far, only the harmonic wavenumbers
detected. Smith and Léebserved a photodissociation threshold have peen calculatétiusing the Hartree Fock approach.

for Ns© near 650 nm, with a steady rise of the cross sections The present study deals with the generation of a six-
until 350 nm. Later, this study has been extended by Ostandergimensional PEF for the electronic ground state af Mnd
and Weissha&until 270 nm. The unstructured photodissociation ygriational calculations of the vibrational states fo= 0 and
spectra show a maximum near 330 nm. BiésRetudied the 1 taking the full dimensionality of the problem and the
photofragmentation of N by opserv!ng the yield of the. anharmonic effects into account. The goal is to obtain reliable
fragments’ charge-transfer reaction with Ar and the photodis- jhformation about the vibrational states of the ion.

sociation of the (W), clusters. The photoicaphotoelectron
coincidence spectra have been measured by Norwood, Luo, an
Ng.* The dissociation energy N (X 227) — Ny (X1Z;) +

N2* (X2=) is only slightly higher than 1 eW:112 For the
electronic ground state more experimental information has been The six-dimensional PEFs were mapped by the coupled
reported concerning the magnetic parametai® structure, cluster RCCSD-T approach of Deegan and Kno#flasing the

and the streching vibrational transitiochsThe matrix infrared Dunnings’ spdf(vtz) basis sétcontracted to [4s,3p,2d,1f] for
study* of the asymmetrically substituted isotopomers of "N  nitrogen, resulting in 120 contracted functions and correlating
allowed the determination of the energetic position of the all valence electrons. This approach yielded excelfespec-
antisymmetric and symmetric stretching fundamentals, which troscopic constants of the,Mlectronic ground state and was,
lie in “N4© at 2271 and 2237 cm, and based on harmonic therefore, chosen for the present study of NThe electron
force constants, it has been suggested that the third stretchinglensities have been calculated from full valence CASSCF wave
mode lies between 344 and 480 ¢ The bending modes have  functions, and the quadrupole moment by the CEPA-1 ap-
been expected near 100 and 200¢A%-1° From the gas-phase  proach?? The computations were done with the MOLPRO
infrared high-resolution spectrufran accurate band origin for ~ program suité2® and the difference density plots with the
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CE. Generation of the Six-Dimensional Potential Energy
Function
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MOLDEN code?* For the density functional computations done
with the CADPAC program suité, we used the standard
B3LYP functiona?® and the newly developed exchange-
correlation functional B974 with the unrestricted HF formal-
ism. In the DFT computations, the tz2p AO basis set with 166
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the N---N stretching mode will lie low in energy. Somewhat
surprising is the fact that th; vs 1 and ¢, cuts are almost
identical. For the torsion, the cuts wifR and R; are plotted

for 91 = ¥, = 120°, and the cut with¥, for ¥, = 120°. The
trans conformation on these cuts is distinctly lower in energy

contracted functions has been employed. We refer to the originalthan the cis conformation. The last cut in Figure 1 shows that
papers for a detailed description of the methods used to solvetorsion is only very slightly coupled with,.

the electronic problem. The CPU times per linear geometry were
182 s (B3LYP), 217 s (B97-1) on SG-IP27, and 2056 s
(RCCSD-T) on HP-C180, respectively.

The coordinates for the linear centrosymmetrig Mdire Ry
andR, for the two outer NN bonds; for the inner bondp1
and1; for the two bond angles, andor the out-of-plane torsion
(measured from cis) between the planafNpN; and NoN3Na.

The energy was calculated at 277 points with RCCSD-T and
at 303 or 264 points with the B3LYP and B97-1 approaches,

In Figure 2, two CASSCF difference density plots for the
ion at its equilibrium geometry are shown, which help to
understand the nature of the bonding. We have chosen two
different approaches. In the first one, the total density of the
ion has been subtracted from the total density of the neutral
van der Waals cluster, and in the second approach, the total
density of Nit has been subtracted from the symmetrized total
density of the diatoms (N+ Ny*). On the left-hand side, the
CASSCEF electron difference density contour glQt — pn,* iS

respectively. The PEF has been mapped in the geometry regiordisplayed. The regions represented by contours with full lines

80° < ¥1,< 180, 0° < 7 < 360, 1.8< Ry > < 2.5 bohr, and
3.1< Ry < 5.25 bohr.
From the calculated energies, a six-dimensional quartic

are those where more electron are present in the ion than in the
neutral complex; the broken line contours show the regions with
less electrons in the ion. The weak bond between bgthriits

expansion of the PEF of the general form has been generatedstems mainly from the pregion. Also, the inner nitrogen atoms

V(Ry, Ry, Rg, 94, U5, T) = Zijymn Cijk|ani1szQI§Ql4Q5mQ2 1)

For the stretches we used the Morse-like coordinate, for the

have more electrons in the pegion than in the neutral species.
The neon matrix ESR results for;Nshowed that the unpaired
electron resides primarily on the inner nitrogens but does have
an occupancy of about 18% in the 2prbital of each terminal

bending, the displacement coordinate, and for the torsion, anatom. From the contour plots, it follows that the sfpgion on

even Fourier expansioQg = cosf), reflecting the symmetry
of this coordinate:

Q=1—¢&TRRN =12

Q3 =1 e(—0-73(R3—R3ref))
Q= v, —
Qs =0, — 9,

Qh = cosfw)

The exponents for thg;, i = 1—3, have been preoptimized
in a series of one- and three-dimensional calculations using
effective stretch parts of the six-dimensional B3LYP PEF. All

potentials have been expanded at the calculated equilibrium

geometries (cf. Table 2).

The following restriction in the polynomial expansion was
made to fulfill the symmetry conditions defined by Strey and
Mills for acetylene?® for n=0,1;i +j + k+ | + m < 4; with
I, m, n of the same parity; fon = 2,1 = 2 andm = 2.

Each expansion (1) consisted of 71 coefficients, which are
available on our servef.

3. Characteristics of the Potential Energy Function and
Bonding in N4+

In Figure 1, the two-dimensional cuts of the RCCSD-T PEF
in the internal coordinates are shown. The PEF is valid up to
about 10 000 cm! above the equilibrium along all internal

the inner atoms is very different from the outer atom region.
The second plot on the right-hand side of the Figure 2 shows
more directly how the Bland N units form a bond. Again,

the electron density in the iopy,*, has been taken as a starting
point, and with the AO basis set of the tetratomic molecule we
have calculated the CASSCF total densities of theahd No™
diatoms. A symmetrized average of the total densities of the
diatoms has been subtracted from the total density of the
tetratomic ion. The 3D plot shows the surface with 0.0001
e/boh?; the broken line is used for the region with an excess
of electrons relative to the diatoms average, and the full line
for the region with less electrons. Only a small amount of
electron density is calculated between both diatoms; the surplus
of electrons is found also at the outer atom region, and less
electrons are found on the inner nitrogen and in the oater
region. Both approaches show that the bond between the diatoms
is weak and the electron densities at the inner and outer nitrogens
are very different.

4. Variational Calculations of the Nuclear Motion
Problem

We have used the variational approach described previously
for four-atom chain molecule®. The kinetic energy operator
Tvr has been expressed in internal coordinates. The problem
of singularities in such an operator while passing from bent to
linear structures has been removed by a proper choice of basis
functions. Efficient calculation of the matrix elements requires
that the PEF is expanded in exactly the same set of coordinates.
The computations consist of several steps in which preoptimized
contractions for a subsets of the full Hamiltonian are formed.
The primitive one-dimensional functions used in these contrac-

coordinates. In each cut, there are 41 contours plotted with antions were the eigenfunctions of the Hermite functions for the

interval of 250 cn?, the remaining coordinates were fixed at
their equilibrium values (cf. Table 2). The function reflects the
characteristics of the bonding in the ion. The cuts includiag
are flat along this stretch coordinate, since the twahits are
rather weakly bound. Also, the cuts with the bending angles
and ¥, show very flat PEF. Hence, both bending modes and

stretches and Legendre polynomials for the bendings.

The procedure is as follows. A two-dimensional contraction
of (Ri + Ry)/v/2 and R, — Ry)/v/2 is first carried out using
NBF1 and NBF2 basis functions and M1 and M2 integration
points, respectively. From resulting NBF1*NBF2 functions,
NV1(Z;) + NV2(Z;) contracted functions are stored. At each
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Figure 1. Contour plots of sections of the RCCSD-T PEF for pairs of coordinates defining the six-dimensional expansion. The contour spacing
is 250 cnt?; the highest contour is 10 000 cfn In the cuts including the torsion and Br Rs, #1 = ¢, = 120, and forz vs 4, %, = 120° (Ry,
Rz, Rz are in bohr, andty, 9, 7 in degrees).

contraction step, it is ensured that, for example, NBF1 and NBF2 (NV1+NV2)*NBF3. In all the above stretch contraction
are sufficiently large that the NV4 NV2 contracted functions ~ schemes, the angles are frozen at their equilibrium values.
are all converged to a required threshold. Turning now to the bending coordinates}a ¢, contraction
These NV1+ NV2 functions inR; andR; are combined with (coordinates 4 and 5, respectively) is carried out for two
NBF3 functions inRs with M3 integration points, and a further ~ (coordinate 6) functions cosfPand cos(%), and then for two
contraction takes place, from which NSIIE( + 23) three- 7 functions with sin(t) and sin(2Z). These contractions use
dimensional stretch functions are stored from the total of NBF4 and NBF5 basis functions th andf,, respectively, with
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TABLE 1: Parameters Related to the Basis Set Contractions in the Variational Calculations of the Vibrational State’s

N3D1= 30 N3D2= 40

NV1 =16 NV2=16 NV4=16 NV5=16

NBF1= 16 NBF2= 16 NBF3= 16 NBF4= 35 NBF5= 35 NBF6= 12
M1 =30 M2 =30 M3 =30 M4 =70 M5=70 M6 =70

aFor the!®N isotopomers N3DX 25 and N3D2= 30.

TABLE 2: Experimental and Calculated Equilibrium
Geometries (in bohr), Rotational Constants (in cnt?), and

Dissociation Energies (in eV) of the XqZ,) State of N;*
method Ry-n Ruyen Be Bo De Do

B3LYP 2.072 4.048 0.11720.109% 1.81 1.77
B97-1 2.078 4.003 0.11820.1052 1.83 1.80
RCCSD-T 2.097 3.788 0.12860.1117 1.26 1.21

.,

expf 0.11205

VB18 2.03 3.99 1.127

UMP4  2.058 3.755

RHF2 2.020 3.655 142 1.37

RHF7 2.092 3.779 137 131

expes 1.1188+ 0.0650
expf 1.09+ 0.08
expt 0.989

aCalculated from the equilibrium distancé<Calculated from the
variationalJ = 0 andJ = 1 levels.

TABLE 3: Fundamental Vibrational Transitions (in cm —1)
and Harmonic Force Constants in Internal Coordinates
(in aJ/A?)

Va Vs
method V1 Vo vz (trans) (cis) Fn-n Fn-on

Figure 2. In the left part, the CASSCF difference density contour plot

(ons — pngt) is displayed. The first contour is drawn for 0.008 e/fonr  B3LYP  2378.0 229.5 23724 139.8 95.8 23.89 0.56

with steps of 0.008. The full line corresponds to a surplus of electrons, B97-1 2350.6 277.1 2326.5 1105 81.4 23.10 0.56

the broken line to the region with less electrons than jnTte right- RCCSD-T 2275.6 390.3 2239.3 1338 90.7 21.26 1.12

hand side represents a CASSCF surface corresponding to 0.0002 e/bohrgigl‘1 2282.6 344-480° gggzg 20.66 *2

in the difference density obtained as a symmetrized average ofsthe N :

N2, and N/* total densities. The broken line shows the region with UHF!> 2322 444.8 2191 2252 140.2

more, the full line with less electrons than in the diatoms. a2 Calculated from harmonic force constaht® Harmonic wave-
numbers.

M4 and M5 points, and M6 points are used to integratetthe
integrals. From these NBF4*NBF5 functions, N\Ego +
NVS(ZI) contracted functions are stored, again ensuring that

TABLE 4: RCCSD-T Rotational Energy Levels (J = 0 and
1, in cm™) in the Fundamental Levels of Ni*

NBF4 and NBF5 have been set sufficiently high to ensure _ (“u¥2vava'vs) state J=0 J=1
convergence of the resulting energy levels. These contrécted (0,0,0,6,0°) =y 0.0 0.223
functions are then coupled with J2+ 1) rotational functions (0,0,0,6,1% 2nj 90.711
and NBF6 primitiver functions in such a way that thege (0,0,0,2,0% 2t 133.845
functions contracted to cos(Dand cos() give =, and = (0,0,0,0,2) ot 179 685 179913
functions and those contracted to sir)(and sin(2) give =, (0,0,0.2,0°) 223 253 295 253 523
and X, functions. From these+ (N\fHNVS)*NBFG*(ZJ—i—l) (0,1,0,0,09 223 390.297 390.519
functions, N3D2 of each o], %,, £,, and X, three- 9

dimensional contracted bendin% furt;ctiorg\s are stct)lred. In these (0,0.1,0,0) =y 2239.295 2239.537

contractions, the bonds are frozen at their equilibrium values. (1,0,0,0,0%) 22; 2275.575 2275.822

The finalJ= 0 and 1 rovibrational energy levels are obtained 2 The zero-point vibrational energ(0,0,0,0,0°) has been calculated
by combining the N3D1 stretching functions and the N3D2 to be 2675.3 cm.

bending functions with the full Hamiltonian and ensuring that to use a smaller viz(spdf) basis. With this basis, the equilibrium

N3D1 atnd N3D2.are fsufpc;ﬁntlly Iarr]geh. The vatlueg t?]f all the distances for the electronic ground states of the diatoms were
parameters are given m_a € 1, which guaranteed the Conver-., . ated to be longer by about 0.01 bohr and the harmonic
gence of the calculatedl= 0 levels presented in this work to

C 1 . wavenumberw, smaller by 2 cm? than experiment! Both
W'th'n. 0.'1 cn. We refer_to ref 30 for a more detalled density functional approaches yielded far too steep PEFs with
description of the computational procedure.

we larger than experiment by about 80 cthand also larger

errors in the equilibrium distance by comparison to RCCSD-T.
In Table 2, the calculated equilibrium geometries, rotational
The results obtained with the B3LYP and B97-1 density constants, and dissociation energies are compared with other

functional approaches and the RCCSD-T method are comparedheoretical and experimental values. The RCCSD-T rotational

in Tables 2 and 3. The latter method yielded excellent constantsBy = 0.1117 cnt! calculated from the energy

spectroscopic constants for, With a vgz(spdfg) basis sél. difference between the variationdl= 0 andJ = 1 levels in

For the six-dimensional PEF of a tetra-atomic molecule, we had the vibrational ground state is in an excellent agreement with

5. Results
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TABLE 5: Vibrational Energy Levels (RCCSD-T) of N 4"
(X%Ey)

22; 22;
(v1,v2,v3,v44,5'5) E(cm™) (v1,v2,v3,v44,v5'5) E (cm™)
(0,0,0,0,0 0.0 (0,0,0,2,22) 462.1
(0.0.0.0,2°) 179.7 (0,0,0,24%) 652.5
(0,0,0.2.0°) 253.3
(0.0.0.0.4% 360.2
(0.1.0.0.0°) 3903
(0.0.0.2.2) 444.8
(0.0,0.2.2%) 462.9
(0,0,0,4,0° 499.6
(0.0.0.0.6% 541.8
(0,1,0,0,29 582.4
(0.0,0.2.4% 635.3
(0,0,0.2.4%) 654.6
(0.1.0.2.0°) 667.6
(1,0,0.0.0°) 2275.6
22: 22;
(V1,v2,v3,v44,5'5) E(cm™) (v1,v2,v3,v44,v5'5) E (cm™)
(0,0,0,1,1%) 228.1 (0,0,0,1,1%) 225.0
(0.0.0.2.3Y 415.0 (0,0.0.13Y) 409.1
(0.0,0.3.1%) 482.0 (0.0.0,811) 477.7
(0.0.0.2.5% 602.1 (0.0.0.15%) 593.7
(0,1,0,2.1%) 6455 (0,1,0,111) 642.2
(0.0.0.3.3Y 681.8 (0.0.0.83Y) 674.0
(0,0,1.0.0°) 2239.3
(0.0.1.0.2°) 24205
(0,0,1.2.0°) 2496.0
(1,0,0,2,1% 2501.0
(0.0,1.0,4% 2602.3
0.1.1.0,09 2629.4
(1,0,0.2.3Y) 2687.8
(0.0.1.2,29 2689.6
(0,0,1.2.22) 2708.1
(0,0,1.4.09) 2744.8
(1,0.0.3.1%) 27493
(0,0,1.0.69) 2784.9
(0.1.1.0.2) 2823.1
(1,0,0.£.5Y) 2875.7
(0.0.1.2.4% 2880.8
(0,0,1,2.4%) 2901.0
(0.1.1.2.0° 29095
(1,1,0,2.1%) 2917.7
I, (trans) 211, (cis)
(’Vl,’l/z,’Vg,V4|4,V5|5) E (cm’l) (Vl,Vz,V3,V4|4,’V5I5) E (Cmfl)
(0,0,0,4,0°) 133.8 (0,0,0,91%) 90.7
(0,0,0,2,29 317.9 (0,0,0,83Y) 270.8
(0.0.0.2.22) 3226 (0,0.0.21%) 3503
(0,0,0.3.0°) 380.7 (0,0,0.211) 366.0
(0.0.0,1,4% 5035 (0.0.0.05Y 452.0
(0.0,0.1.4%) 500.8 (0,1,0.91%) 487.7
(0.1.0,2.0° 545.4 (0.0,0.23Y 541.4
(0.0,0.3,20) 577.1 (0,0,0.23Y) 557.8
(0.0.0.3.2) 583.1 (0.0.0.23) 561.7
(0.,0.0.3.22) 607.0 (0,0.0.41) 602.8
(0,0,0,8,0° 626.4 (0,0,0,41Y) 615.3
(0.0.0.1.6% 699.0 (0,0.0.97%) 635.6
(1,0,0,6,1% 2366.6
(0.0.1,2.0°) 23755

the experimental value of 0.11205 chn The B,,—; has been
calculated to be 0.1212 crh the experimental value is 0.11176
cm1. The RCCSD-T equilibrium distances should be rather
close to the tru®. values, indicating that the terminal NN bonds
are longer than those in the neutral (8.074 bohi#') and slightly
shorter than in M- (2.109 boht#Y). Both density functional

Léonard et al.

TABLE 6: Comparison of Experimental and Calculated
Isotope Shifts Av; = v(N4") — »; (in cm~1) Obtained with
the RCCSD-T PEP

isotopes Avq Av, Avs A2v, A2vs

ISNTANANIANF 104 2.7 25.9 1.3 1.7
calcd 11.2 25.2
expt 11.53 24.8

TANISNIANIANF 11.3 4.3 26.9 3.1 1.7
calcd' 12.8 26.5
exptt 12.8 25.6

ISNISN NN T 14.2 6.9 61.1 4.3 3.5
calcd 16.4 60.1
exptt 16.6¢ 58.7

ISNIANISN AN+ 37.6 7.1 37.0 4.5 3.3
calcd 38.2 37.5
exptt 36.9

ISNTANIANISN* 35.6 55 37.0 2.6 3.3
calcd 35.2 375
expt 36.9

TANISNISN AN+ 39.6 8.6 37.1 6.4 3.3
calcd 41.1 37.5
exptt 36.9

ISNISNISN AN+ 49.7 11.3 63.9 7.7 4.9
calcd' 52.1 63.7
exptt 62.5

ISNISN NN 47.3 9.7 64.3 5.7 5.0
calcd' 48.5 64.3
exptt 62.9

I5N TSNS NN+ 75.9 13.9 74.8 9.0 6.6
calcd' 77.1 75.7
exptt 74.4

aThe experimental difference is calculated from the calculated
of ref 4 for 1“N,T. P The wavenumbers;(*‘N,) are taken from Table
3.

Fock approximation. All previously calculated SCF dissociation
energies (cf. Table 2) were calculated to be not too far off from
the experimental values, indicating that the correlation contribu-
tion to the dissociation energy into the diatomic fragments is
small. Our Do RCCSD-T dissociation energy of 1.21 eV,
calculated from the difference of total energies of separated
diatoms and M, is probably still too large by about 0.05 eV,
but it matches the upper limits of the probably most accurate
experimental valué!

In Table 3, the calculated anharmonic wavenumbers for the
fundamental transitions of ;N and the stretch harmonic force
constants are compared with available experimental data. So
far, only thevs band origin has been determined to be 2234.5084
cm! in a gas-phase rotationally resolved spectbuifihe
RCCSD-T value is larger by 4.8 cth The matrix value fof4
N ion has been observedt 2237.6 cm?. For three asymmetric
isotopomers, it was possible to detect also thesymmetric
stretching fundamentalOur calculated value of 2275.6 cth
is smaller than the value of 2282.6 calculated from the stretching
harmonic force constants for th#\ isotopomer’ For the asym-
metric istopomers, our theoretical values are smaller b$ 5
cm~! than this experiment. From this comparison, we assume
that the X1 band origin will lie probably a few wavenumbers
lower than the calculated RCCSD-T value. On the basis of the
harmonic force constants, tlrewavenumber has been expected
to lie between 344 and 480 crh in good agreement with our
calculated value of 390.3 cth Using the RCCSD-T PEF, we
have also calculated the harmonic stretch force constants in
internal coordinates, which are compared in the same table with
those derived in ref 4. The NN stretching constant is close to
the value obtained from the matrix spectra. For both bending

methods underestimate the length of the terminal NN bond and fundamentals, the wavenumbers are calculated to be very low

overestimate the length of the inner-ANN bond. To date, most
of the theoretical studies of the;Nion used only the Hartree

in energy, with thev, cis-bending at 90.7 cnt and the trans-
bending at 133.8 cni. In Table 3, we have included also the
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Figure 3. RCCSD-T energy levels of low lying vibrational modes in the electronic ground statg’of N

harmonic wavenumbers calculated by Sohlbtuging the UHF levels are given only up to about 700 th They are also

method, which are less accurate that the present results. Thelisplayed in Figure 3. However, we have added some combina-

comparison with the density functional results shows that both tion levels lying close to the antisymmetric streching mode, since

approaches describe the PEF for the bending modes correctlythe intensity of this mode will make such combination modes

but the stretching part is much less accurate. accessible spectroscopically and could yield, for the first time,
In Table 4, the first rotational levels with= 1 are given for an experimenatal information about the bending modes.

all the fundamental vibrations. Thaloubling in the lowest, s In Table 6, the isotope shifts for all fundamentals are

= 1 vibrational states ofl symmetry was calculated to be compared with the matrix experimehhe agreement can be

smaller than 0.001 cm and is not quoted in the table. considered as excellent for all isotopomers. Fonthe,, and
Table 5 contains the anharmonic wavenumbers of the vs fundamentals, the absolute shifts have been calculated to be

vibrational states for six symmetries obtained from Jive 0 much smaller than those for the andv; stretching modes.

and 1 variational calculations and their tentative assignments. The Nyt ion has been known to form clusters, such as-N

As a result of the high density of bending angstates, these  Ar or N4 (N2),.>~11 In such complexes, the long-range parts of
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TABLE 7: Calculated Quadrupole Moment? and Dipole References and Notes
Polarizability® (in a.u., for Ry = R, = 2.1 andR; = 3.8 bohr)
of Ng* (1) Payzant, J. D.; Kebarle, B. Chem. Phys197Q 53, 4723 and
Q Q Q references therein.
X z RR (2) Ferguson, E. E. liinetics of lon-Molecule ReactionsAusloos,
—4.4705 8.9410 —31.5834 P., Ed.; Plenum: New York, 1979.
(3) Knight, L. B., Jr.; Johannessen, K. D.; Cobranchi, D. C.; Earl, E.
(o] an A.; Feller, D.; Davidson, E. RJ. Chem. Phys1987, 87, 885.

(4) Thompson, W. E.; Jacox, M. B. Chem. Phys199Q 93, 3856.
77.694 13.532 (5) Ruchti, T.; Speck, T.; Connelly, J. P.; Bieske, E. J.; Linnartz, H.;
aUsing CEPAL, given with respect to the center of mass, and the ~Maier, J. P.J. Chem. Phys1996 105 2591 and references therein.

axis as a molecular axi8 Using the finite field approach and RCCSD- g?z Camovale, F.; Peel, J. B.; Rothwell, R. &.Chem. Phys198§
T. g :

(7) Smith, G. P.; Lee, L. CJ. Chem. Physl1978 69, 5393.

. . L . . 8) Ostrander, S. C.; Weisshaar, JGhem. Phys. Letl.986 129, 220.
the PEFs are dominated by the inductive interaction of the ionic Egg Bieske, E. JJ. Chem. Phys1993 99, 8672.

charge with the dipole polararizabilities of the neutral species.  (10) Bieske, E. JJ. Chem. Phys1993 98, 8573.
Smaller contributions come from the induced dipoles with the ~ (11) Norword, K.; Luo, G.; Ng, C. YJ. Chem. Phys1989 91, 849.
dipole polarizability of N*. To have some guidance about the ~ (12) Conway, D. CJ. Chem. Physl975 63, 2219.

long-range force caused by the ion, we have calculated its g; gy, “270I0 M- F-i flies, A. J.; Bowers, M. . Chem. Phys1984

quadrupole moment using the CEPA-1 appr8aahd the finite (14) Schultz, R. H.; Armentrout, P. B. Chem. Phys1992 96, 1046.
field approach combined with the RCCSD-T method for the  (15) de Castro, S. C.; Schaefer, H. F., IlI; Pitzer, R.MChem. Phys.
dipole polarizability. In additional calculations fopN we have 1981 74, 550. .

. - . (16) Frecer, V.; Jain, D. C.; Sapse, A. W.Phys. Chenml991, 95, 9263.
compared both approaches with previous results calculated with (17) Sohlberg, K.: Futrell, J.: Szalewitz, K. Chem. Phys1991, 94,
larger AO basis se€ The comparison indicates that the values 6500,
given for N;* in Table 7 are probably somewhat too large, but (18) Langenberg, J. H.; Bucur, I. B.; Archirel, Bhem. Phys1997,

we expect that the absolute values should be accurate to within22%, 225
about 10%. (19) Sohlberg, KJ. Mol. Struct. (THEOCHEM1995 339, 195.

(20) Deegan, M. J. O.; Knowles, P.Ghem. Phys. Letll994 227, 321.
; (21) Dunning, T. H.J. Chem. Phys1989 90, 1007.
6. C_OHC_IUS'OH_S . _ (22) Meyer, W.J. Chem. Phys1973 58, 1017.
Six-dimensional PEF for the 2% state of the &' ion has (23) MOLPRO is a package of ab initio programs written by H.-J.
been generated and used in variational calculations of theWerner and P. J. Knowles with contributions from J. AlfplR. D. Amos,

rovibrational levels. The ion has three energetically low lying '\A/'j gioaie%?fé’ g' L‘ Igllgglr(t),rC. Hampel, W. Meyer, K. Peterson, R. Pitzer,

vibrational modes leading to a rather floppy structure. The  (24) MOLDEN is a graphic package wirtten by G. Schaftenaar.
combination levels with the symmetric and antisymmetric (25) Amos, R. D.; Alberts, I. L.; Andrews, J. S.; Colwell, S. M.; Handy,
stretching modes calculated between 2200 and 3000'cm N C. Jayéllt”aka- D.; Knowles, P. J.. *ﬁobay_asm_’ R.; Laming, G. J-a_'-eev
should be accessible experimentally and would help to check £ 1/ tane & 3 50 Mo, Tover b GABPAGSD, The Cambntoe.
the reliability of the bending part of the PEF. The quadrupole Analytic Derivates PackageCambridge, UK, 1995.

moment and the dipole polarizability of the ion can prove helpful  (26) Stevens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J.

in estimating the longe-range forces in clusters wit{t.N Phys. Chem1994 98, 11623.
estimating the longe-range forces in clusters v (27) Hamprecht, F. A.; Cohen, A. J.; Tozer, D. J.; Handy, NJ.CChem.
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