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There exists a discrepancy between theory and experiment for,the N$ bending vibrational 
frequency. Ab initio molecular electronic structure theory has been used in order to investi- 
gate the electronic ground state of the dinitrogen sulfide (N2S) molecule. Self-consistent field 
(SCF), configuration interaction with single and double excitations (CISD), coupled cluster 
with single and double excitations (CCSD) wave functions were employed using the three 
basis sets, the double zeta plus polarization (DZP), triple zeta plus double polarization 
(TZ2P), and TZ2P with one set of higher angular momentum polarization functions 
(TZ2Pf). For CCSD wave functions the connected triple excitations were included through 
perturbation theory [CCSD(T)]. Using the CCSD(T) method with the larger basis sets, ex- 
perimental physical properties including bond lengths, rotational constant, centrifugal distor- 
tion constant, Z-type doubling constant, vibrational frequencies, and isotopic shifts for the 
N-N stretching frequency have been reproduced with quantitative accuracy. This analysis 
proves the essential correctness of an earlier theoretical prediction of the N,S harmonic bend- 
ing vibrational frequency. 

I. INTRODUCTION 

In 1975 Powell postulated the existence of NzS as the 
carrier of the spectroscopic features in a Nz-CS, laser sys- 
tem.’ By careful comparison of known structures and vi- 
brational frequencies for molecules similar to the suggested 
“linear” NzS, Powell estimated the rotational constant 
(&) and N-N stretching frequency to be -0.21 and 2000 
cm- I, respectively. The N2S species was first definitively 
observed in 1986 by Wentrup, Fischer, Maquestiau, and 
Flammang2 as the product of the flash vacuum pyrolysis 
(FVP) of 5-phenyl-1,2,3,4-thiatriazole. This compound 
was detected by infrared (IR) spectroscopy and mass spec- 
trometry. The N-N stretching vibration was located at 
2030 cm-‘, which is close to the value predicted by Pow- 
ell.’ In 1988 Bender, Carnovale, Peel, and Wentrup3 stud- 
ied the N2S by photoelectron spectroscopy and determined 
the ionization energies (IEs) for the three highest lying 
occupied molecular orbitals. 

In 1990 Brown, Elmes, and McNaughton employed 
the FVP method to obtain the high-resolution gas-phase 
IR spectrum of the N,S molecule.4 They were able to pre- 
cisely identify the N-N stretching mode at 2047.59 cm-’ 
and to determine the bond lengths r. (NN) = 1.1388 A and 
r,(NS) = 1.5775 A. Their effective rotational constant B” 
(3A vibrational band) was 0.2164 cm- ’ and the equilib- 
rium B value ( B,) was 0.2158 cm-‘, both being again 
close to Powell’s predicted value’ of 0.21 cm-‘. In a recent 
paper Hassanzadeh and Andrews’ reported detection of 
the N-N stretching vibration for N.# at 2040 cm-’ using 
the matrix isolation IR technique and they also showed 
vibrational frequencies for isotopomers. Very recently 
Kambouris, Ha, and Wentrup6 reinvestigated the matrix- 
isolation IR spectrum of N2S and located two vibrations at 
2039 cm-’ for the N-N stretch and at 752 cm-’ for the 
N-S stretch. 

There have been several ab initio theoretical studies on 
the N2S molecule.3’4’6-g Most of the studies were at the 
Roothaan-Hall’“,ll self-consistent field (SCF) level of the- 
ory or Moller-Plesset perturbation theory12 to second 
(MP2) or third order (MP3). In our previous paper9 con- 
figuration interaction with single and double excitations 
(CISD) and coupled cluster with single and double exci- 
tations (CCSD) methods as well as the SCF wave function 
were employed. All these theoretical studies unequivocally 
have shown the linear NNS to be the lowest/energy isomer. 
However, Kambouris, Ha, and Wentrup6 noted emphati- 
cally in their recent paper that there was still a non- 
negligible discrepancy between experiment and theory re- 
garding both structure and vibrational frequencies. The 
present study attempts to narrow the discrepancy between 
experiment and theory using higher levels of theory than 
those employed in previous theoretical work. 

II. THEORETICAL CONSIDERATIONS 

In this section the electron configuration of the linear 
N2S molecule is first described and the equations required 
to evaluate various rotation-vibrational properties are then 
briefly reviewed. 

A. Electron configuration 

The N2S molecule contains sixteen ( 16) valence elec- 
trons and it is isovalent to the more familiar C02, N20, 
and COS molecules. According to Walsh’s rules13 N,S is 
expected to be linear, and it has been proven to be linear in 
its electronic ground state. The electronic configuration of 
the ground state IX+ of N,S is3Y4*6-9 

[core] (60)2(7a)2(8~)2(2p>4(9~)2(3~)4, (1) 

where [core] abbreviates the lower-lying seven core orbit- 
als. Among the six occupied valence orbitals the 6a orbital 
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describes mainly the N-N (T bond and the 7a orbital the 
N-S o bond. The 27r orbital represents two N-N P bonds, 
whereas the 3~ orbital yields two nonbonding orbitals 
mainly localized on the S atom. The 8a and 9a orbitals are 
related to the nonbonding orbitals along the molecular 
axis, the former being localized mainly on the S atom and 
the latter on the N atom. Thus the electron configuration 
of N2S may be schematically written as 

NrN+-S-, (2) 

or 

N-=N+zS. (3) 

The MO ordering in Eq. ( 1) is deduced from the orbital 
energies at the SCF level of theory, and appears to be 
consistent with the IEs determined via photoelectron spec- 
troscopy by Bender, Carnovale, Peel, and Wentrup.3 Ac- 
cording to the analysis by these authors,3 the N-S bond is 
relatively weak so that the S atom affects only a small 
perturbation of the oa and ru MOs of N, within the linear 
N,S molecule. 

6. Rotational constant 

The equilibrium rotational constant B, is given by 

B,=fi2/2hcIe, (4) 

where I,( =1,=1,,) is the equilibrium moment of inertia 
(the molecule is assumed to lie along the z axis). 

C. Coriolis zeta constant 

The Coriolis zeta constants, f,, which couple the nor- 
mal coordinates Q, to Q, through rotation about the a axis, 
are defined by 

lg= 2 (Lw--m, (5) 
i 

where a, p, and y are cyclic permutations of x, y, and z, 
and L is the matrix which transforms the normal coordi- 
nates to mass-weighted Cartesian coordinates. 

D. Quartic centrifugal distortion constant 

The quartic centrifugal distortion constant, OJ, is ex- 
pressed as 

“J=“T $9 (6) 
s 

where the summation is restricted to totally symmetric 
normal modes. The rotational derivatives B, appearing in 
Eq. (6) are defined as1&t6 

si3 
B =B-=,Byy,- 

as 
s s s 2h3”C3/2W’/2 7 i (7) 

s e 

where the inertial derivatives over the normal coordinates, 
a, are defined by 

(8) 

Note that the inertial derivatives in Eq. (8) are nonzero 
only for totally symmetric modes. 

E. Rotational /-type doubling constant 

The rotational Z-type doubling constant qt associated 
with a degenerate vibration mt of a linear molecule has been 
observed to be v, J, and k dependent,‘7-20 but in the present 
study only the equilibrium term, & is considered. The q: 
values are given by 

q;= -2 c &I$, 
s Wt -w, 
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(9) 

where the summation is restricted to nondegenerate nor- 
mal modes. Using the relationship for the linear N2S mol- 
ecule 

(m2+ (c;3)2=L 

Eq. (9) may be rewritten as 

(10) 

2B; 
4:=x 1+(4$1)2 (11) 

where the zeta constants are defmed in Eq. (5). By con- 
vention the N-S harmonic stretching frequency is desig- 
nated as wl, NNS bending frequency as w2, and N-N 
stretching frequency as w3. 

Ill. THEORETICAL PROCEDURES 

In this study four basis sets have been employed. The 
double zeta (DZ) part of the basis set is Dunning’s double- 
zeta contraction2”22 of Huzinaga’s primitive sets23V24 and is 
designated as N (9s5p/4s2p) and S ( 1 ls7p/6s4p). The ad- 
dition of one set of Cartesian d functions to the N and S 
DZ basis set with orbital exponents ad(N) =0.80 and 
ad(S) =0.50 forms the DZP basis set. The triple zeta (TZ) 
part of the basis set is Dunning21,22 and McLean and Chan- 
dler-%25 triple-zeta contraction of Huzinaga’s primitive 
sets23124 and is designated as N ( lOs6p/5s3p) and S ( 12s9p/ 
6~5~). The addition of two sets of Cartesian d functions to 
the N and S basis set with orbital exponents a,(N) = 1.60, 
0.40 and ad(S) = 1.40, 0.350 creates the TZ2P basis set. 
The third and fourth basis sets are the TZ2P basis set 
supplemented with one set of higher angular momentum 
polarization functions aJN) = 1.0 and af(S) =0.55, de- 
noted TZ2Pf, and two sets of higher angular momentum 
polarization functions af( N) = 2.0, 0.25 and af( S) = 1.10, 
0.275, termed TZ2P2f. Complete sets of six Cartesian 
d-like functions and ten f-like functions were used 
throughout. The largest basis set, consisting of 145 con- 
tracted Gaussian functions, TZ2P2f, was used only with 
the SCF method. 

Electron correlation effects were included by employ- 
ing both the configuration interaction (CI) and coupled 
cluster (CC) methods. Only the valence electrons were 
explicitly correlated; thus the seven lowest occupied mo- 
lecular orbitals (N, Is-like; S, Is, 2s; and 2p-like) were held 
doubly occupied (frozen cores) and the three highest lying 
virtual orbitals (N, Is*-like; S, Is*-like) were excluded 
(deleted virtuals) from the CI and CC procedures. Other- 
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TABLE I. Theoretical predictions of the molecular structure and physical properties for the linear NNS ( ‘Z+).a 

Level of theory 

SCF/DZP 
SCF/TZZP 
SCF/TZZPf 
SCFA’ZZPZf 
CISD/DZP 
CISDM’Z2P 
CISD/TZ2Pf 
CCSD/DZP 
CCSD/TZZP 
CCSD/TZZPf 
CCSD(T)/DZP 
CCSD(T)/TZZP 
CCSD(T)/TZSPf 
Expt.b 
Expt. 
Expt.d 

Energy 

-506.387 45 
- 506.443 95 
- 506.452 06 
- 506.453 11 
- 506.794 3 1 
- 506.890 25 
-506.943 17 
-506.849 08 
-506.952 03 
-507.012 46 
-506.872 40 
-506.982 16 
- 507.047 04 

r, W-N) r, W-S) p, 

1.0882 1.6599 1.160 
1.0732 1.6528 1.216 
1.0755 1.6375 1.166 
1.0747 1.6376 1.182 
1.1234 I.6200 0.391 
1.1013 1.6148 0.474 
1.1032 1.5973 0.393 
1.1385 1.6219 0.203 
1.1148 1.6180 0.296 
1.1173 1.6002 0.214 
1.1518 1.6125 0.204 
1.1291 1.6079 0.109 
1.1320 1.5910 0.177 
1.1388 1.5775 

De e 02 
4 x 10’ xq;03 7T 

0.2086 0.9489 0.3528 588(41.1) 481(3.1) 2571(291.3) 
0.2117 l.OcOO 0.3860 586(41.4) 495( 1.7) 2587(284.9) 
0.2141 0.9597 0.3604 608(47.4) 497( 1.5) 2571(309.4) 
0.2142 0.9535 0.3623 611(49.1) 501(1.6) 2574(314.6) 
0.2110 0.675 1 0.2744 714(54.5) 478( 1.5) 2286(390.3) 
0.2148 0.7384 0.2888 700(56.8) 488(0.7) 2327(401.9) 
0.2176 0.7106 0.2863 728(59.9) 497(0.6) 2327(418.7) 
0.2088 0.6592 0.2712 713(48.1) 459(0.9) 2162(358.0) 
0.2124 0.7273 0.2852 695(50.5) 469(0.4) 2203 (376.4) 
0.2152 0.7010 0.2836 723(52.7) 477(0.3) 2204( 386.7) 
0.2087 0.6038 0.2649 748(35.9) 451(0.2) 2052(391.4) 
0.2123 0.6646 0.2772 730(40.5) 459(0.04) 2075(418.3) 
0.2149 0.6442 0.2762 757(39.8) 469(0.03) 2080(413.4) 
0.2158 0.6543 0.2714 z-343(-) 2048(-) 

2040(-) 
752(w) 2039 (s) 

‘Energy in hartree, bond lengths in A, dipole moment in debye, rotational constant, centrifugal distortion constant, Z-type doubling constant and 
harmonic vibrational frequencies in cm-‘, and infrared intensities (in parentheses) in km mol-‘. 

bathe structural uarameters and fundamental vibrational freauencies are from Ref. 4. The bond lengths are the ra values. 
@The fundamental vibrational frequency is from Ref. 5. 
dThe fundamental vibrational frequency is from Ref. 6. 

wise, all single and double excitations from the SCF refer- 
ence configuration were included (CISD and CCSD). 
With the TZ2Pf basis set the CISD and CCSD wave func- 
tions for the ‘Z+ state NzS in C,, and C, symmetry in- 
volved 80 277 and 155 743 configurations, respectively. 

IV. RESULTS AND DISCUSSION 

In Table I theoretical predictions of the optimized 
structure and physical properties as well as available ex- 
perimental results for the N2S molecule are presented. 

The CISD wave functions were determined via the 
shape driven graphical unitary group approach.26 The CC 
method employed was the closed shell single and double 
excitation (CCSD) approach of Purvis and Bartlett,” as 
modified by Scuseria and Janssen.28 Perturbative triple ex- 
citations were included using the higher level CCSD(T) 
method originally proposed by Raghavachari, Trucks, 
Pople, and Head-Gordon.” The CCSD(T) methods actu- 
ally used were those of Scuseria and Lee.30 The Co values, 
the reference configuration coefficients in CI wave func- 
tions, with the DZP, TZ2P, and TZ2Pf basis sets were 
0.934,0.932, and 0.93 1, respectively. On the other hand T, 
values, the Euclidian norms of tl amplitudes in the CCSD 
wave functions,31’32 with the three basis sets were 0.0214, 
0.0216, and 0.0212, respectively. Although our ti diagnos- 
tic (Tt’s) are slightly larger than the recommended thresh- 
old of 0.020 for a single-reference wave function,31’32 all 
correlated levels of theory (with single-reference) have re- 
produced the experimental values quite well as shown in 
the next section. 

A. Geometry 

It should be noted that the experimental bond lengths 
are the r. [average bond length at the U= (O,O”,O) level] 
values4 and this r. quantity may be somewhat different 
from the r, (bond length at the bottom of the potential 
energy curve) structure. For example for the isovalent 
N20 molecule the r. (NN) and r, (NN) values are 1.1286 
and 1.1273 A, while r. (NO) and r, (NO) values are 
1.1876 and 1.185 1 A, respectively.4,41-46 Thus for the N20 
molecule the differences between r. and r, structures are 
0.0013 (1.1286-1.1273) A for the N-N bond and 0.0025 
(1.1876-1.1851) A for the N-O bond, respectively. Al- 
though there are no experimental r, values, the differences 
between the r. and r, structures for the N2S molecule are 
expected to be <0.003 A. 

Analytic gradient techniques33 were used to determine 
the equilibrium structures of the N2S molecule. The second 
derivatives of the total energy (Hessian) were evaluated 
analytically for the SCF wave functions34-36 and via the 
finite differences of the analytical gradients for the 
CISD,37,38 CCSD, 3g and CCSD (T)40 methods. The har- 
monic vibrational frequencies were obtained by diagonal- 
izing the mass-weighted Hessian matrix. Various rotation- 
vibrational constants were evaluated using the equations 
described in the preceding section. 

At the SCF level of theory the N-N length is under- 
estimated and the N-S bond length is overestimated. In- 
clusion of the correlation effects significantly increases the 
N-N bond length and decreases the N-S bond length. This 
phenomenon may be explained as follows. The most im- 
portant excitations involved in the configuration interac- 
tion space are of double excitation type 

--~(2a)4(3a)4+-~-(2~)2(3a)4(4~)2. (12) 

Note that there are three linearly independent IX+ config- 
uration state functions of the above orbital occupancy. In 
Eq. (12) the 27r describes the N-N bonding r orbital, 
while the 4~ designates the N-N antibonding r orbital, 
Thus the N-N bond length increases upon double electron 
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excitations in Eq. ( 12). This increase of N-N bond length 
elevates the energies of 6a and 2~ orbitals and lowers the 
energy of the 7a orbital. Consequently a decrease in the 
N-S bond length is also accompanied with electronic exci- 
tations in Eq. ( 12). 

At the SCF level the N-N bond of N,S has a strong 
triple bond character as the N, molecule remains relatively 
intact and the N-S bond has rather weak single bond char- 
acter. With the TZ2Pf basis set the SCF wave function 
underestimates the N-N bond length by 0.063 A and over- 
estimates the N-S bond length by 0.060 A compared to the 
experimental r,-, values. On the other hand at the correlated 
levels the N-N bond is elongated to show a two and a half 
bond nature and the N-S bond is shortened to display one 
and a half bond character. Again with the TZ2Pf basis set 
the CISD, CCSD, and CCSD(T) methods underestimate 
the N-N bond length by 0.036,0.022, and 0.007 A, respec- 
tively, whereas they overestimate the N-S bond length by 
0.020, 0.023, and 0.014 A, respectively, relative to experi- 
ment. In order to obtain quantitative agreement with the 
experimental value in the bond lengths, it seems necessary 
to include higher excitations (more than singles and dou- 
bles) and to employ the basis set with the multiple polar- 
ization and higher angular momentum polarization func- 
tions. 

6. Dipole moment 

It is remarkable that the predicted dipole moment is 
1.17 D at the SCF level, 0.39 D at the CISD level, 0.21 D 
at the CCSD level, and 0.18 D at the CCSD(T) level of 
theory with the TZ2Pf basis set. This is one of the strongest 
known dependencies of dipole moment on correlation ef- 
fects. With the C,, molecular framework the nonvanishing 
component of the dipole moment should be along the mo- 
lecular axis. It is seen that electronic excitations perpen- 
dicular to the molecular axis in the configuration interac- 
tion space, e.g., represented by Eq. (12), decrease the 
charge separation between the positive and negative poles, 
substantially reducing the absolute value of the total dipole 
moment. 

C. Rotational constant 

The experimental rotational constant presented in Ta- 
ble I is the value at equilibrium4; therefore, it may legiti- 
mately be directly compared with the theoretical value. 
The B, values at the SCF and correlated levels of theory 
agree quite well with the experimental value, although the 
length and nature of the N-N and N-S bonds is rather 
different in the four levels of theory as mentioned in Sec. 
IV A. For this molecule the B, value seems to be less sen- 
sitive to the level of theory and the basis set. 

D. Quartic centrifugal distortion constant 

The experimental value for quartic centrifugal distor- 
tion constant, D”, is obtained from the IR spectrum of the 
us band (3; transition) of N,S.4 Although this effective 

clvalue is not directly comparable with the theoretically de- 
termined D, value, it is obvious that the SCF D, values are 
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overestimated relative to the experimental D” value. On 
the other hand the CISD and CCSD values are in satisfac- 
tory, and the CCSD(T) values are in good agreement with 
the experiment. It appears to be important to use a reliable 
geometry and vibrational frequencies to reproduce the ex- 
perimental centrifugal distortion constant. The D, quantity 
is more sensitive to the level of theory than the B, constant 
discussed in the preceding section. 

E. Rotational /-type doubling constant 

The rotational l-type doubling constant has been ex- 
perimentally determined4 to be 0.2714X 10e3 cm-‘. The 
corresponding theoretical value is obtained using Eq. ( 11) . 
The SCF 4; values are again significantly overestimated 
compared to the experimental value. On the contrary the 
CISD and CCSD values show encouraging agreement and 
the CCSD (T) values display very good agreement with the 
experimental value. Brown, Elmes, and McNaughton have 
used this qz value to estimate the w2 frequency ignoring 
Coriolis coupling terms, the second and third terms in the 
brackets in Eq. ( 11) .4 That is, they estimated the w2 fre- 
quency as 

2Bz 2(0.215 809)2 
-343 (cm-‘). w2=q;= 0.000 2714 - (13) 

However, it must be pointed out here that the Coriolis 
coupling terms are not small relative to unity as demon- 
strated in Table II. In fact, at the most reliable TZ2PE 
CCSD(T) level of theory the contribution of the Coriolis 
coupling terms is 0.402. Including this contribution the w2 
frequency becomes 481 (343 x 1.402) cm-‘. This “ad- 
justed” experimental harmonic vibrational frequency will 
be compared with the theoretical value in the next section. 
The SCF level of theory underestimates the prefactor 
(2 Bz/q;) and overestimates the Coriolis factor [the sum of 
the three terms in the brackets in Eq. (1 l)]. Correlated 
levels of theory reproduce the experimental prefactor very 
satisfactorily. However, the CISD and CCSD wave func- 
tions somewhat overestimate the Coriolis factor relative to 
the most reliable CCSD(T) results. 

F. Harmonic vibrational frequencies 

The experimental N-N stretching frequencies in Table 
I are fundamental (anharmonic) values and they were ob- 
served via the matrix isolation technique2,5’6 and gas-phase 
IR spectroscopy.4 The harmonic vibrational frequency for 
the N-N stretch (ws) at the SCF level of theory is sub- 
stantially overestimated, 25.5%, relative to the experimen- 
tal fundamental value (gas phase). This large deviation 
may be attributed to the significant underestimation of the 
N-N bond length at the SCF level. The bond lengths pre- 
dicted by the CISD and CCSD wave functions are much 
closer to the experimental values; longer N-N and shorter 
N-S bond lengths relative to the SCF values. Accordingly 
the o3 vibrational frequency from the CISD and CCSD 
methods is significantly improved; however, the deviations 
are still large, 13.6%, and 7.6%, respectively with the 
TZ2Pf basis set. At the CCSD(T) level of theory the dis- 
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TABLE II. Theoretical predictions of the bending frequency (in cm-‘) for the NsS molecule using Eq. (1 l).’ 

Parameter Coriolis constants Prefactor Coriolis Frequency 

Level of theory 5 I2 5 23 C-:/q;) factor a2 

SCF/DZP 
SCFfIZZP 
SCFfl”Z2Pf 
SCF/TZ2P2f 
CISD/DZP 
CISD/TZZP 
CISD/TZZPf 
CCSD/DZP 
CCSD/TZ2P 
CCSDiTZZPf 
CCSD(T)/DZP 
CCSD(T)/TZZP 
CCSD(T)/TZ2Pf 
expt.b 

0.319 0.948 
0.317 0.949 
0.319 0.948 
0.318 0.948 
0.307 0.952 
0.309 0.951 
0.307 0.952 
0.300 0.954 
0.304 0.953 
0.302 0.953 
0.285 0.959 
0.292 0.956 
0.287 0.958 

. . . . . . 

247 1.949 481 
232 2.130 495 
254 1.952 497 
253 1.979 501 
325 1.474 478 
319 1.527 488 
331 1.501 497 
321 1.429 459 
316 1.481 469 
327 1.461 477 
329 1.373 451 
325 1.411 459 
334 1.402 469 
343 I.000 343 

“Coriolis factor is the sum of the three terms in the brackets in Eq. ( 11) 
bEstimated fundamental bending frequency is from Ref. 4. 

crepancy between theory and experiment is drastically nar- 
rowed. The deviation is only 27 cm- ’ ( 1.3%) with the 
TZ2P basis set and 32 cm- ’ ( 1.6%) with the TZ2Pf basis 
set. For the isovalent N20 molecule the experimental har- 
monic and fundamental frequencies for the N-N stretch 
are 2282 and 2224 cm-‘, respectively.41-45 Thus the anhar- 
manic correction for this mode is -58 (22242282) cm-’ 
or -2.6% for NzO relative to the fundamental frequency. 
For the N2S molecule the anharmonic correction is con- 
sidered to be smaller than that for the N20 molecule. The 
CCSD (T) harmonic vibrational frequencies 2075 cm- ’ 
(TZ2P) and 2080 cm-’ (TZ2Pf) should be very close to 
the “real” (yet undetermined) harmonic frequency. 

The N-S stretching frequency was quite recently ob- 
served at 752 cm-’ in the Ar matrix.6 Contrary to the 
N-N stretching mode, the theoretical frequency for the 
N-S stretching mode is underestimated by all levels of 
theory except the TZ2PECCSD(T) method. This under- 
estimation in the frequency is apparently due to overesti- 
mation of the N-S bond length by ab initio methods used 
in the present research. The CCSD(T) harmonic vibra- 
tional frequencies of 730 cm-’ (TZ2P) and 757 cm-’ 
(TZ2Pf) are in very good agreement with the experimental 
fundamental value of 752 cm-‘. 

As mentioned in Sec. IV E the experimentally esti- 
mated4 bending frequency of 343 cm-’ is too small. Our 
“adjusted” experimental bending frequency of 481 cm-’ 
appears to be quite reasonable. At all levels of theory the 
predicted bending frequency agrees reasonably well with 
the “adjusted” value of 481 cm-‘. However, the apparent 
good agreement of the SCF frequency may be fortuitous, 
since the SCF prefactor and Coriolis factor are significantly 
different from those of the correlated levels of theory (see 
Table II). 

G. Vibrational isotopic shift 

In 1992 Hassanzadeh and Andrews were able to ob- 
serve the N-N stretching frequencies for several iso- 

topomers.5 The isotope shifts between 14N’4N32S and 
14N’5N32S, 15N’4N32S, and 15N’5N32S are 36.3 (2040.2- 
2003.9) cm-l, 30.9 (2040.2-2009.3) cm-‘, and 67.9 
(2040.2-1972.3) cm -l, respectively. Theoretical estimates 
for these isotope shifts as well as experimemental values 
are tabulated in Table III. The SCF method was not able to 
distinguish between the shift to the 14-15-32 and the shift 
to 15-14-32 isotopomers. However the shift to the 15- 
15-32 isotopomer was reasonably well reproduced by the 
SCF wave function. The correlated levels of theory repro- 
duce the isotope shifts very satisfactorily. In particular, the 
agreement between the experimental and the CCSD(T) 
values for the isotopic shifts is excellent. 

V. CONCLUDING REMARKS 

A theoretical investigation on the linear dinitrogen sul- 
fide (N2S) has been carried out using higher levels of the- 

TABLE III. Theoretical predictions of the vibrational isotopic shift (in 
cm - ‘) for the N-N stretching mode. 

Isotopomer *4N*4N32S *4N*5N32S 15~14~32s +j’5N32S 

Level of theory 

SCF/DZP 0.0 43.2 42.9 86.9 
SCF/TZ2P 0.0 43.4 43.2 87.4 
SCF/TZ2Pf 0.0 43.2 42.9 86.9 
SCF/TZ2P2f 0.0 43.2 42.9 87.0 
CISD/DZP 0.0 39.7 36.7 77.3 
CISD/TZZP 0.0 40.1 37.7 78.6 
CISD/TZZPf 0.0 40.4 37.4 78.7 
CCSD/DZP 0.0 38.1 34.2 73.0 
CCSD/TZ2P 0.0 38.4 35.3 74.5 
CCSD/TZ2Pf 0.0 38.7 35.0 74.5 
CCSD(T)/DZP 0.0 37.1 31.4 69.3 
CCSD(T)/TZ2P 0.0 37.0 32.3 70.1 
CCSD(T)/TZ2Pf 0.0 37.5 32.0 70.2 
expt.’ 0.0 36.3 30.9 67.9 

aFundamental vibrational frequencies are from Ref. 5. See text for details 
(Sec. IV G). 
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ory and larger basis sets compared to previous work. 
Equally important, a far more sophisticated analysis of the 
rotation-vibration problem has been completed. The pre- 
dicted molecular structure and spectroscopic parameters 
are found to be considerably sensitive to the level of theory, 
probably due to existence of closely spaced high-lying oc- 
cupied and low-lying unoccupied molecular orbitals. As is 
usually the case for the molecules with multiple bonds, 
inclusion of higher excitations (higher than singles and 
doubles), and the use of a basis set augmented with mul- 
tiple polarization and higher angular momentum polariza- 
tion functions appears to be essential to accurately describe 
the multiple bonds of N,S species. All experimental phys- 
ical properties studied in the present research have been 
reproduced with quantitative accuracy employing the 
CCSD(T) level of theory with the TZ2P and TZ2Pf basis 
sets. 
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