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Three-dimensional near-equilibrium potential energy surfaces and dipole moment functions have
been calculated for the ground state of nitrous sulfildS), using a large basis set and the coupled
cluster method with single and double substitutions, augmented by a perturbative estimate of triple
excitations[CCSIO(T)]. The CCSOT) equilibrium bond lengths with a correlation consistent
polarized valence quadruple zétx-pVQ2) basis set are,(NN)=1.1284 A andR.(NS)=1.5904

A, which have been corrected to 1.126 and 1.581 A, respectively, based on the results of the
corresponding calculations on the NN and NS diatomics. Rotational—vibrational energy levels and
the corresponding infrared intensities for NNS have been determined using variational methods with
the CCSDT)/cc-pVQZ potential energy and dipole moment functions. The calculated band origins
(cm™) 11, v, andwyy and their intensitiegkm/mol) at the CCSDT)/cc-pVQZ level are 740.7/38.6,
463.1/0.01, and 2061.4/385.8, respectively. A complete set of second-order spectroscopic constants
have been obtained from tlad initio potential energy surface using both the standard perturbation
theory formulas and the variationally determined rovibrational energies. Comparison of the
theoretical vibration—rotation interaction constafits with those obtained from the published high
resolution Fourier transform infrard&TIR) spectra clearly demonstrate that the rotational quantum
number () assignments must be revised in all the observed hot bands. A new set of spectroscopic
constants for NNS, derived from a reanalysis of the published FTIR frequencies, is presented. These
are in excellent agreement with our CC@I predictions. Values of the quadrupole coupling
constants at each nucleus are predicted using multireference configuration inteffd@&®ich with

the same cc-pVQZ basis. @996 American Institute of Physid§0021-9606)02816-7

I. INTRODUCTION CCSD levels ofab initio theory, showing that linear NNS is
the most stable form, and Collingt al® carried out

CCSOT) calculations for the ground state of NNS with

by mfrared.(IR) spectroscopy and mass spectrometry as "f'arger basis sets, resolving several important discrepancies
decomposition product of the flash vacuum pyroly&ivp) between experiment and theory. Tl initio studies in

of 5-phenyl-1,2,3,4-thiatriazofe A high resolution infrared . . o
spectroscopic study of NNS has been carried out by BroerefS' 5 and 6, however, were mainly limited to predictions of

et al? using the FVP production scheme. They determine&he equilibrium structure or harmonic frequencies and inten-

the v, fundamental frequencgNN stretching to be 2047.59 sities using analytic gradient methods. In an attempt to make
em™t and derived the , structure of NNSy o(NN)=1.1388 more direct comparisons with experimentally obtained vibra-

A and Ry(NS)=1.5775 A, on the basis @, constants from tional frequencies, Wong and Bacgl%en.ave also p_erformed
the spectroscopic studies on the normal andeNsotopes. & CCSIT) study of the near equilibrium potential energy
The stretching fundamental frequencigsand v5 in an Ar ;urface of NNS in its ground electronic st-atcla, yielding vibra-
matrix were observed to be 752 and 2039 énby Kam- tional band origins up to 4100 cm, variationally deter-
bouris et al? Also the isotopic shifts of the NN stretching Mined, as well as anharmonic force constants. _
fundamental were investigated by Hassanzadeh and The present work also involves a large basis set
Andrewd in infrared spectra of NNS isotopomers in an Ar CCSOT) investigation of the near equilibrium region of the
matrix. Several correlatedb initio calculations on NNS in  NNS ground state potential energy surface, but it is extended
the ground electronic staté>")>~’ have been carried out in several respects in comparison to the studies described in
recently using the complete active space self-consistent-fiel@efs. 6 and 7. The largest basis set used here is at the qua-
(CASSCH method, the configuration interaction method druple zeta level rather than triple zeta level used in the
with single and double substitutionISD), the coupled earlier work'" and includes polarization functions through
cluster method with single and double substitutic@ESD,  type. A complete electric dipole moment functiGBDMF)

and CCSD augmented by the perturbative treatment of tripléas been obtained in addition to the potential energy function
excitations[CCSO(T)].8 Davy and Schaeférinvestigated (PEP. The variational programs of Tennyson and
possible structural isomers of NNS using the CISD andco-workerS'*® have been employed to obtair-0—2 energy

The nitrous sulfide moleculeNNS) was first observed
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levels in all vibrational states up to 4900 cf along with _ _
the corresponding infrared band intensities, from the V(Slyszyss):z/ (S)'(S)(Se), ey
CCSDT) PEF and EDMF for NNS. A full set of second- !
order spectroscopic constarfigbration—rotation interaction, whereS;, S,, S;=Ar(NN), AR(NS), A6(~NNS), respec-
anharmonicity, et¢.are derived from thab initio PEF, us- tively. Our CCSIT)/cc-pVTZ calculations of the PEF over-
ing both perturbation theory formulas and in some cases thigp the previous work of Wong and Bacskagxcept that our
variational energy levels. The extensive high resolutionsampling region in the potential energy surface is somewhat
study of the NN stretching regiofv;) of NNS by Fourier —expanded along the direction of NS stretching and that sev-
transform infrared FTIR) spectroscopincluded many hot eral cross terms of quintic and sextic order have been ne-
band lines. Analyses of 5 of these hot bands was presented gtected in our expansion of the potential energy surface. The
Ref. 2, leading among other things to a complete set ofitting of the potential energy surfaces and the calculations of
vibration—rotation interaction constar(is,, a,, andag). Of  the second-order spectroscopic const&nteere carried out
these a;, which is derived from fundamental band data, is inusing the SURFIT progrartf. Electric dipole moments were
excellent agreement with our CC8D) value, bute; anda,,  @lso computed at each geometry sampled for the potential
which come from the hot band analyses, are in serious diggnergy calculations, using a finite field method with field
agreement. Furthermore the FTIR results égrand o, are ~ strengths of=0.002 a.u. Each dipole moment vector was
inconsistent with the pattern exhibited by related moleculesshifted and rotated into an Eckart reference frafié’ Thus
e.g., OCS and NCS whereas they; anda, values produced thez axis in the Eckart frame was defined as @, axis, to
at all levels of theory up to our highest, by either perturba-Which thex axis is perpendicular, with the origin of the axes
tion methods or variational methods, fall within the typical chosen as the center of mass. The dipole moments in the
expected range for this isoelectronic sequence. We havieckart frame defined above were fit to quartic polynomials
traced the discrepancies to the assignment ofltqeantum  of the form of Eq.(1), with expansion coefficients denoted
numbers in the hot bands. We present a reanalysis based by Dijx, wherem=z or x. Electric field gradients for NNS
a revised) numbering in all five hot bands and a new set ofwere calculated by the internally contracted multireference
FTIR spectroscopic constants for NNS. These new expericonfiguration interactiofCMRCI) method*~* with the cc-
mental values are in excellent agreement with our Ca3D PVQZ basis. In the CMRCI the reference function was ob-
results. We have attempted also to estimate the equilibriurtfined by selecting configurations from a full valence
structure of NNS by combining the FTIRy's and our theo- CASSCF calculatioff-* with a selection threshold of 0.01.
retical ;s for normal isotopic NNS and NKS. There re- Using the analytical potential energy and dipole moment
main some discrepancies between the resultaist and  functions, full 3D variational calculations were carried out to
those from our CCS[Y) calculations. When the latter are obtain accurate rovibrational energy levels and dipole mo-
corrected by reference to results for the diatomic NN and Ngnent matrix elements. These calculations used the program
molecules, the NS distance prediction is substantially imsuites of Tennyson and co-workér¥ The reader is refered
proved, but the agreement for the NN distance is slightlyto the original references for the specific details of the meth-
degraded. ods. The vibrational basis functions were constructed from
products of Morse functions for the stretches, and the angular
coordinate was treated using a discrete variable representa-
Il. DETAILS OF THE CALCULATIONS tion (DVR) based on associated Legendre polynomials. A
The correlation consistent polarized valence quadruplé®tal of 17 Morse functions were used for the NS stretching
zeta(cc-pVQ2) basis set, as well as the correlation consistenfo0rdinate, while 12 functions were used for the NN stretch.
polarized valence triple zetdcc-pVT2) basis set, of For the angular coordinate, 80 DVR points were chosen

Dunning and Woon and Dunnintf, were used in these cal- (Over 6=0-180). After solving the effective 2D radial
culations. The cc-pVTZ basis set consisted of agHamiltonian at each DVR point, the solutions with energies

(10s5p2d1f ) primitive set contracted to a p8p2d1f] for lower than 15 000 cm* were selected to construct the full
N and a (159p2dif) primitive set contracted to 3D Hamiltonian matrix, which was then diagonalized to ob-

[5s4p2d1f] for S. The cc-pVQZ basis set is designated as 4ain the eigenvalues and eigenvectors. The sizes of the result-
(12s6p3d2flg) primitve set contracted to a ing matrices were generally smaller than 18d®MO0 in or-
[5s4p3d2 f1g] for N and a (1611p3d2 f1g) primitive set der to converge the lowest 60—80 eigenvalues to within 0.1—
contracted to [85p3d2flg] for S. The CCSDT) 1.0 cm®. For the calculations involving nonzero total
calculation&® with both the cc-pVTZ and cc-pVQZ basis angular momentuntJ>0), a two-step procedure was used,
sets were carried out using the MOLPRO suiteabfinitio @S outlined in Ref. 9.
programs:® with only the valence electrons being correlated.
g t:;a' °£V5:; Syr:g;)?g%;:g't‘gfye E%”:: E;T&i;’f&gam' IIl. SPECTROSCOPIC CONSTANTS AND POTENTIAL

0 N ENERGY FUNCTIONS
—0.42;<AR(NS)=<0.7a;,, and —30°<AA(/NNS=30°

around the experimentally determined geomé&tfne result- The PEFs for NNS calculated by CC8D/cc-pVTZ
ing CCSOT) energy values were then fit to polynomials in and CCSIT)/cc-pVQZ are shown in Table I, where the rms
the internal displacement coordinates: deviations of both of the fitted surfaces are less than 0.4
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TABLE I. The expansion coefficients of the CCED potential energy  this was practically the only reasonable approach to resolv-
functions for NNS(in a.u). ing the discrepancies. The vibrational quantum number as-

CCSDIT)lcc-pVTZ  CCSOT)/cc-pvQz sigr_n‘pgnts of the_ hoF bands were strongly supported by the
[ j k2 Cij® Cii® ab initio results(vide infra) and seemed to be beyond doubt.
0 0 0 507,048 848 507,098 146 After experimenting with various p_osabl]easggnments we
5 0 0 0.580 052 0.582 689 found that one and only one ch0|-ce produced a r'easonable
1 1 0 0.086 563 0.089 589 pattern ofB, , ,, values andg;’s in agreement with the
0 2 0 0.161 813 0.165 538 theoretical results. In the three hot bands with one quantum
0 0 2 0.063 295 0.063 724 of vibrational excitation in either the bend or NS stretch
3 0 0 —0.772 099 -0.775 329 e
2 1 0 —0.042 935 —0.043 642 mode,m must be changed tm—1, while in the two bands
1 2 0 -0.012 722 —0.016 841 involving v,=2 orv,=2 m must be shifted tan—2. Here
0 3 0 —0.206 354 —0.209 853 m is the conventional Fortrat parabola indg%+1 in theR
1 0 2 —0.057.249 —0.058.030 branch and-J" in the P branch. Thus in the(200—(201)
0 1 2 —0.069 203 —0.069 276 . ) ;
4 0 0 0621 182 0.625 633 band for example the line previously assignedRis) or
3 1 0 -0.013 131 —0.013 874 m=9 becomesR(6) or m=7, while the line previously
2 2 0 0.033 105 0.036 235 thought to beP(1) or m=—1 is now assigned aB(3) or
1 3 0 0.008 759 0.010 688 m=—3. The revised and published band origins and rota-
0 4 0 0.134 821 0.136 456 tional and centrifugal distortion constants are given in Table
2 0 2 ~0.007 372 ~0.006 795 'ug _ 9
1 1 2 0.078 877 0.077 385 lIl. The band origins are shifted by 0.4—-0.9 ¢hand the
0 2 2 0.026 293 0.025 964 rotational constants of the hot bands by 30-65 MHz. In
0 0 4 0.011335 0.011929 Table Il a column labeled FTIRev.) gives the revised val-
g g 8 :g'ggg 3‘5‘1 :8'323 gég ues of those spectroscopic constants affected by the reanaly-
0 1 4 0010074 0011347 sis. With «; and o, t-aken from this column, a!l threg of the
4 1 0 0.024 801 0.025 563 a; values are now in excellent agreement with #einitio
6 0 0 0.181 255 0.172 889 predictions of them, as are the anharmonicity constXnis
0 6 0 0.024 844 0.025 816 and X,3, which can be extracted from the band origins for
0 0 6 0.002 174 0.001 643 2 ;

thev,=1 andv,=1 hot bands, respectively. The patterrBof

“The indices, j, andk are defined in Eq(l) of the text. values is also very systematic in sequences ©£0,1,2 or
*Expanded about(NN)=2.138 11@,, R(NS)=3.020 803, ¢=180.0°. v,=0,1,2, indicating small values of the higher-order vibra-

C — i — o . . . . . .
Expanded about(NN)=2.132 398, R(NS)=3.005 358, ¢=180.0". tion rotation interaction constanty’s) and confirming the

new assignments in all the hot bands. This improved agree-
cm™L. Various rotational and vibrational spectroscopic con-mentis especially evident in Table 1V, which compares the

stants are obtained from both the triple zeta and quadrupIETlR rotational constants with those calculated variationally
zeta PEFs by second-order perturbation theory and are di om the CCSRT)/cc-pVQZ potential energy surface. The

played with the bond distances in Table II. Most of the specdifference(d) is nearly constant at-56 MHz for the revised

troscopic constants at the CCEDIcc-pVQZ level were also  Values(vide infra for the exceptionB,,y), but not for the
derived from the variationally calculated rotational— ©figinal ones. Note that noB.>B,, as would be expected.

vibrational energy levels, and these values are also shown RSO in regard to the new assignments it should be men-

Table II, parenthetically. The column labeled FT(Brig) tioned that the line at 2041.064 75 Chin the table for the
gives the published valugsf several of these constants de- V2=1 hot bandg(formerly m=2, nowm=1) cannot belong
rived from the original analyses of the gas phase high resd® this band, because there is R0) line whenl=1. The
lution infrared data. In addition to the, fundamental bands original assignment also suffers a similar difficulty in that no
for NNS and NN“S the following hot bands in normal NNS M=—1 line would be expected in the,=1,1=1 bands and
were analyzed in Ref. 2:(100—(101), (200—(201), nom=-2 line (J=2—1) would be expected ina,=2,1=2
(01°0)—(01°1), (011'0)—(0171), and (022'0)—(022f1).  band. Even though the lines closest to the band gap iff'te

The experimentak constant, which comes from the FTIR isotope band were not assigned, fheumbering in that band

fundamental band, is in excellent agreement withaheni- ?S secure, because any other choice gives completely unreal-
tio results, but the FTIRa; (7.67 MH2 and a,(—38.52 istic molecular structure results.
MHz) are not. The experimental, values(in MHz) in OCS Since theab initio calculations of the vibration—rotation

and NCS are 37.46 and 25.33, respectively, while e interaction constants now seem to be quite reliable, we have
values are-10.75 and—9.50 in the same ordéf:?’ Inspec-  chosen to estimatB,’s for both relevant isotopic forms of
tion of Table Il reveals that thab initio predictions of these NNS from the FTIRBy's and the CCSII)/cc-pVQZ values
two numbers for NNS are essentially converged with respec®f a,+(a;+a3)/2, where the latter quantity was derived from
to basis set and also that the variational calculations suppotie variationally calculated’s for the ground and funda-
the second-order perturbation theory results. The problermental states. This process leadsBf'(NNS) = 6517.27
with «; and a, led us to reexamine the rotational quantumMHz and BE'(NN34S) = 6358.60 MHz, which in turn pro-
number assignments in the various FTIR hot bands, sincduce our best estimate of the equilibrium geometry of NNS.
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TABLE Il. Spectroscopic constants and bond distances of NNS.

Experiment
ccsoT)y/ ccsoTy/
Constants cc-pvTZ cc-pvQZ2 FTIR (orig.)b FTIR (rev)® Solid state
ro(NN) (A) 1.1314 1.1284
R.(NS) (A) 1.5985 1.5904
ro(NN) () 1.1411 1.1379 (1.1368 1.1388
Ro(NS) (A) 1.5968 1.5886 (1.5897% 1.5775
B, (MHz) 6406.38 6461.43 6469.791 6517.085
B.(*5) 6250.10 6303.88
B, (MHz) 6377.38 6432.91 (6432.65 6488.41
By(**9) 6222.05 6276.29 (6275.86 6330.83
o, (MHz) 39.71 39.43 (39.89 7.67 39.43
a, (MHz) —6.67 —6.92 (—6.67) —38.52 —6.88
as (MHz) 31.61 31.46 (31.18 32.12
D, (kH2) 1.93 1.93 1.96
ge (MH2) 8.24 8.32 (8.54 8.14 7.88
oy (cm™ 750.3 758.9
w, (cm™ 464.9 468.1
wg (cm™Y 2089.8 2093.6
v (em™Y) 731.9 740.6 (740.7 752
v, (cm™Y 459.7 463.1 (463.1)
vs (cm™Y) 2057.6 2061.6 (2060.4 2047.6 20402
2039’
X4 cm™h —7.49 -7.42 (—7.47)
Xy (cm™h) 0.12 0.22 (0.059
Xag (cm™h) —13.60 —13.53 (—13.6)
X3 cm™h 3.59 3.72 (2.42 2.21 2.63
Xy (cm™h) —-5.19 —-5.25 (—4.97
Xog (cm™h) —-6.78 —6.75 (—6.53 —-7.39 —6.96
Xy (em™h) 0.18 0.13 (—0.06)
Gogo (€M™ 1874.7 1884.3 (1883.85

@The values in parentheses are derived from variationally calculated rotational—vibrational energy levels for the
CCSDOT)/cc-pVQZ potential energy function of NNS.

bThe original FTIR results in gas phaéRef. 2.

‘The revised FTIR results in gas phase.

dSolid Ar matrix infrared results from flash vacuum pyroly&ia/P) (Ref. 3.

Solid Ar matrix infrared result from microwave dischar@eef. 4.

rgst(NN) = 1.1307Aand2§5t(NS) — 1.5782 A. Sincethe ac- theoretical estimate of the molecular structure of NNS by
curacy of the derived structure depends on the accuracy &Pplying corrections to the CCSD)/cc-pVQZ bond lengths
the isotope shift irB,, use of theoretical’s for both isoto- ~ based on calculations on the diatomic fragments*Nahd
pomers should be a better choice than using the experimentiS™ at the same level of theory. The CCEVcc-pvVQZ

B, for the main isotope and an estimatBg for the NN**S  bond distances of these diatomics ay\NN)=1.0977 A and
species. Similarly am, structure can be calculated directly ro(NS)=1.4940 A, which are longer than the corresponding
from the cc-pVQZB,'s (r§=1.1366 A,R9=1.5897 A and  experimental valué$ by 0.0026 and 0.0096 A. Applying
compared to the FTIR, structure(Table I)). (The partialr,  these corrections to NNS givesy(corr)=1.126 A and
structure mentioned in Ref. 2 is by definition exactly theRc(corr)=1.581 A andBS*" = 6521.2 MHz, which is within
same as the, structure when data are available only for two about 7 MHz of the experimental value, to some extent for-
isotopomerg. The differences of thab initio ry's from the tuitously, because the remaining differences between the cor-
FTIR ones should be very close to those of #feinitio r.'s rected and estimated bond lengths are opposite in (@ign
from therﬁSt' values, since the samevalues enter in either =-0.0047 A andAR=0.0028 A. Extension to a quintuple
comparison. The cc-pVTZ value of, (1.1314 A is large  zeta basis would be expected to further decrease the two
relative to ther&" by only 0.0007 A, and extension of the purelyab initio bond distancegbut presumably not the cor-
basis set to cc-pVQZ decreases it by 0.0030 A, so that outrected ones by small amounts(~0.001 and~0.003 A)
highest level purelab initio value ofr ,(NN) is too short by  based on the calculations for the diatomic molecules, leaving
0.0023 A relative tor:. The triple zeta result foR,  significant errors relative to th@“values. The unusual sen-
(1.5985 exceedsRE™ by 0.0203, but going to the quadruple sitivity of the bond lengths of NNS to the level of correlation
zeta basis decreasBg by 0.0081 A, in this case a substan- treatment, and the difficulty of obtaining quantitative accu-
tial improvement, leaving theab initio value higher by racy, in the sense of tending to underestimate the NN dis-
0.0122 A tharRe™". We have also attempted to improve the tance and overestimate the NS distance has been discussed
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Pak, Woods, and Peterson: Spectroscopic properties of nitrous sulfide

TABLE llI. Original and revised rotational and centrifugal distortion constants for NNS from FTIR%data.

7077

(000—(001) (100—(101)

orig. (NNS)° orig. (NN34g)¢ orig* revd
o cm™Y 2047.591 87®8) 2047.408 9720) 2049.797 8824) 2050.226 1(29)
B” (MHz) 6488.414 (45 6330.648 (120 6480.727 (147 6448.981 (270
B’ (MHz) 6456.297 (45 6299.431 (117) 6449.294 (144 6417.538 (265
D" (kHz) 1.962  (6) 1.881 (31) 2.100 (46) 1.802 (220
D’ (kHz) 1.995  (6) 1.914 (33 2.109 (50) 1.817 (209
s (cm P 7.01x10°4 9.62x10* 9.80x10°* 9.65x10°*

(01%€0)— (01'€1) (014'0)—(011)

orig® revd orig® revd
Vo (em™Y) 2040.203 30(22) 2040.634 3830) 2040.202 3R23) 2040.633 7830)
B” (MHz) 6522.773 (87 6491.350 (163 6531.090 (96) 6499.226 (181)
B’ (MHz) 6491.184 (84) 6459.864 (159 6499.548 (96) 6467.686 (180
D" (kHz) 2.052 (16) 2.074 (80) 1.992 (19 1.806 (89
D' (kHz) 2.084 (17) 2.046 (77) 2.024 (19 1.796 (89
s (cm™YP 8.40<10°* 8.41x10°* 9.38x10°* 9.07x10™*

(200—(201) (02270)—(02211)

orig.° revE orig.° reve
Vo (em™Y) 2046.640 66(39) 2047.495 5846) 2032.898 8830) 2033.766 6638)
B” (MHz) 6470.930 (252 6407.592 (499 6564.439 (264) 6502.382 (554)
B’ (MHz) 6439.302 (246 6375.911 (480 6533.503 (259 6471.315 (563
D” (kHz) 2.330 (118 2.194 (530 2.156 (128 2.014 (630
D’ (kHz) 2.403 (128 2.137 (488 2.202 (138 1.821 (639
s (cm™ P 1.10x10°° 1.10x10°°3 1.08x1073 1.07x10°°

#The standard errors in parentheses for the revised spectroscopic constants are computed using the esfiratdiance matrices, multiplied by mean
square residuals?, for the sixth-order polynomial fits, taking into account the way each spectroscopic constant depends on more than one polynomial
coefficient.(See pp. 83 in Ref. 28.

PRoot-mean square residuals for the fitted curves.

‘Original analysis of FTIR datéRef. 2.

‘YRevised value obtained by shiftimg to m—1, still using data of Ref. 2.

°Revised value obtained by shifting to m—2, still using data of Ref. 2.

already in Ref. 6. We thus expect that a treatment of correing frequency is available. An estimate @} based on the

lation beyond CCSDI) would be required to make a sub- I-doubling constant| was suggested in Ref. 2, but the inad-

stantial improvement in the accuracy of thb initio bond  equacy of the approximation used thénamely omitting the

distance predictions. terms involving the coriolis zeta constantms already been
The CCSDOT)/cc-pVQZ fundamental frequencies ob- discussed fully in Ref. 6. In fact the agreement of our calcu-

tained by second-order perturbation théBnare v (NS

stretching=740.6 cm?, 1»,(NNS bending=468.1 cm?,

and (NN stretching=2061 cm'?, differing from corre-

sponding variational results by only 0.05, 0.0, and ]__me TABLE IV. Variationally calculated rotational constantsiHz) using the

respectively. The variational result for the NN stretching fre-CCSRT)/cc-pVQZ potential energy function for NNS compared to experi-

quency(r;=2060.4 cn1?) at the CCSDT)/cc-pvQZ level is ™™

still too large by 12.4 cm?, compared to the high resolution constants ccsa)  FTIR(orig)® AP

result of Brownet al? It is not likely that the difference

FTIR(rev)®  A¢

between theory and experiment in the NN stretching fre- Boo gjgi; 2322';' 2451';
quencyv; would be reduced by extending the basis set, smceB 6439.2 6526.9 833 64953 561
in the CCSIT) calculations thes; value tends to increase as Bmo 6392.5 6480.7 88.2 6449.0 56.5
the basis set is extended. The NS stretching frequeney Bio1 6361.0 6449.3 88.3 6417.5 56.5
the CCSIT)/cc-pVQZ level is smaller than the solid Ar Bou 6408.4 6495.4 87.0 6463.8 55.4
matrix value(752 cm 1)® by 11 cm L. Matrix effects, how- 2022‘0 6445.4 6564.4 1190 65024 57.0
021 6415.6 6533.5 117.9 6471.3 55.7
ever, in this frequency could easily exceed th& cm B,y 6351.1 6470.9 119.8 6407.6 565
found in thev; band(Table Il). As the basis set is extended 3201 6294.1 6439.3 145.2 6375.9 81.8

from cc-pVTZ to cc-pVQZ, all the vibrational frequencies —— ,

increase. The NS stretching frequeney, which increases Zg”%'ﬁng‘lg’?'sgégg%datéRe‘(' 2.

by. 8.7 cm'?, is affected most, while the other frequencies reyised values obtained by shiftimg values(see text.
shift by only 3—-4 cm™. No direct measurement of the bend- ‘A=FTIR(rev)—CCSDT).
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TABLE V. The CCSOT) force fields for NNS in internal coordinatéad A™").

Force ccsoTy/ ccsoT)y/ Force ccsoT)/ ccsoTy/
constarft cc-pVTZ cc-pvVQz constarit cc-pVvTZ cc-pvVQz
f,, 18.061 6 18.1437 frrer 828.870 2 834.809 1
fir 1.3477 1.394 8 frr —-4.380 4 —4.6282
far 5.0385 5.1545 forR 7.3622 8.058 4
f o 0.5519 0.555 6 firRrR 2.9220 3.5655
frer —136.295 6 —136.865 8 fRRRR 179.897 0 182.079 8
for —2.5263 —2.5680 frr o0 —-0.459 1 -0.4231
firr —0.748 6 —~0.990 9 frroo 2.456 1 2.409 6
frrRr —36.426 8 —37.0446 fRros 1.637 4 1.616 9
fro0 -0.9433 —0.956 2 f oono 1.186 1 1.248 3
froo -1.140 3 -1.1415

#The force constants are defined such that
V(ry,rp,rg) =Ve= (L2025 i ArAri+ (U3 2 fij ArArjAr + (LAN X Fijg Ar ArjAr Ary +---

latedq (computed with the’s properly accounted fomwith unperturbed value, but the CC8D value of By, is about
the experimental onéTable 1), as well as the similar agree- 25 MHz away from the value that would be extrapolated
ment for the other second-order constants, can be taken &®m less excited vibrational states. Thus the perturbation
the best confirmation that the theoretical valuewgfis rea-  effect on the rotational constant of this state is also overes-
sonably accurate. Of the two anharmonicity parameterséimated by the variational calculation.
which can be extracted from the FTIR analysis, it can be
seen that the variational method provides a significantlyjy. ELECTRIC DIPOLE MOMENT FUNCTIONS AND
closer theoretical value than the second-order perturbatioRIELD GRADIENTS
theory in the case 0K,3, while for X,; both methods are
satisfactory, but the perturbation theory result gives som
what closer agreement.

The CCSDT)/cc-pVXZ (X=T or Q) force fields up to
quartic order are shown in Table V. In fact our CQSDcc- : .
pVTZ force constants show some deviations from the ones '“m:ijzk Dii(S1)'($2)!(Sy), m=2z or x, 2

obtained in Ref. 7 with the same method. These deviations ]
are mainly due to the fact that in the force field calculationgVhere the reference geometries used to expand the EDMFs

in Ref. 7 more quintic and sextic terms were included in thé" Ed- (2) are the equilibrium ones obtained by the CG$D
expansion of the potential energy surface, resulting in differcalculations with the corresponding basis set. The Ca$D

ences of 4.9 and-5.4 cm ! between their calculated values ¢¢-PVQZ EDMF was used to calculate the dipole moment
of v, and v and our CCSIT)/cc-pVTZ results. matrix elements, using rotational—vibrational wave functions

Ro-vibrational energy levels of NNS up to 4100 th obtained from the variational calculations. The band inten-
; e A 2
determined by variational methods using the CCBIzc- Sty Sis given by

o- Dipole moments calculated by a finite field method at
the CCSOT)/cc-pVTZ and CCSDT)/cc-pVQZ levels of
theory were fit to polynomials similar to E{L)

pVQZ PEF, are tabulated in Table VI and compared to the 47Ny _
second-order perturbation results. The band origins of the S=v =22 [(v1v2v5|u[000|?  (cgs unit3,
fundamental, first overtone, and simple combination bands 3)

calculated by perturbation theory are in excellent agreement S(km/mol)=16.1941
with the variational results, with deviations of at most 1.5 4 2
cm L. In fact the only one of the levels involved in the ob- Xw(em ) [(v1vavsp(a.u)|000)|*.

served FTIR bands that exhibits a significant perturbation byrhe CCSOT) EDMFs in the Eckart frame are displayed in

a nearly degenerate level, i.e., that shows a clear differencable VII. The CCSDT) equilibrium dipole momentg., are
between the variational and perturbation theory results, is th8.043 D(cc-pVTZ) and 0.081 D(cc-pVQ2). The CCSIHT)/

(201 state, which is close to th€00 level. Inspection of cc-pVQZ dipole moment is 0.056 D in the ground vibra-
Table Ill reveals that the origin of the corresponding hottional state, slightly less tham, . As pointed out in Ref. 6 the
band is indeed shifted by about 6 chfrom where it would  theoretical value ofi, has tended to decrease sharply as the
have been expected by simply extrapolating the positions devel of calculation has improved. The sign of the dipole
the fundamental band and the=1 hot band, and that the moment, however, is opposite in most of the lower level
direction of this shift is consistent with the shift of tk201) calculations (sulfur end negative compared to the two
level in Table VI. The magnitude of the perturbation, how-theory levels given in Table Vi{sulfur end positive (Ac-
ever, is overestimated by the variational calculation. Simitually only the magnitude of the dipole moment is given in
larly in Table IV the rotational constafi,y; has aA value  Ref. 6, although the predicted direction is apparently not the
that is quite different from those for all other vibrational same for all levels of theory tabulated thér&€hus w, has
states observed. The FTIR value is very close to the expectaready passed through zero and further improvements in ba-
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TABLE VI. The CCSOT)/cc-pVQZ vibrational band origineem™?) and infrared band intensitie® (km/mol)

for NNS.
Band CCSDT)/cc-pvVQZ Experiment
n V2 vy Var. Pert. FTIR IR (matrix)® Sealc.
0 1 0 463.10 463.1 0.01
1 (o 0 740.65 740.7 752 38.59
0 b 0 925.57 926.0 4.24
1 1t 0 1198.77 1198.5 5.56E-05
0 3t 0 1388.89 1390.1 7.02E-04
2 ° 0 1466.37 1466.5 0.05
1 b 0 1655.84 1656.2 0.06
0 L 0 1851.08 1853.8 0.01
2 1 0 1919.78 1919.1 2.43E-03
0 ° 1 2061.40 2061.6 2047.59 2039 385.82
1 3t 0 2113.89 2114.9 7.99E-04
3 o° 0 2176.96 21775 0.38
2 b 0 2371.70 2371.5 5.71E-04
0 1! 1 2517.96 2518.0 0.59
3 1 0 2625.85 2624.8 6.25E-04
1 o 1 2804.47 2806.0 2.42
4 ° 0 2872.71 2873.6 0.03
0 b 1 2974.67 2974.2 0.05
3 b 0 3072.85 3072.0 1.08E-04
1 1t 1 3255.82 3257.1 2.85E-04
2 o 1 3526.52 3535.5 0.07
5 ° 0 3558.46 3554.9 0.02
1 b 1 3706.65 3708.0 7.88E-03
4 b 0 3759.80 3757.6 2.75E-04
0 4L 1 3889.36 3888.5 7.47E-04
0 ° 2 4095.57 4096.2 3.83
aReference 2.
bReference 3.
TABLE VII. The CCSO(T) EMDFs u, and u, for NNS (in a.u).
z X
ik ik
i j k2 cc-pvTZ cc-pvVQZ i k cc-pVvTZ cc-pvVQzZ
0 0 o 0.016 9 0.0319 0 1 0.041 8 0.0110
1 0 0 1.1982 1.2212 0 1 —0.4420 -0.4426
0 1 0 -0.902 7 -0.9237 1 1 0.0217 0.0358
2 0 0 -0.3934 —-0.3888 0 1 —-0.0036 0.0109
1 1 0 —-0.060 8 -0.0715 1 1 0.0036 —0.0191
0 2 0 0.084 2 0.094 6 2 1 0.0629 0.0726
0 0 2 -0.3751 —-0.3890 0 3 —-0.0120 0.0158
3 0 0 -0.542 4 —0.546 5 0 1 0.082 4 0.0745
2 1 0 1.076 9 1.0927 1 1 -0.0162 -0.0330
1 2 0 -0.684 2 -0.6827 2 1 0.2519 0.2037
0 3 0 0.1280 0.1346 3 1 -0.0225 -0.0120
1 0 2 0.2723 0.2740 0 3 0.1071 0.0745
0 1 2 0.268 2 0.268 1 1 3 -0.0300 -0.0401
4 0 0 0.399 2 0.407 6
3 1 0 —-1.0420 -1.0326
2 2 0 1.160 2 11291
1 3 0 —-0.707 4 —0.686 0
0 4 0 0.1558 0.1437
2 0 2 -0.0814 -0.092 4
1 1 2 —-0.245 4 -0.2134
0 2 2 0.0799 0.058 7
0 0 4 -0.1117 -0.1070

&The indiced, j, andk are defined in Eq(1) of the text.

PExpanded about(NN)=2.138 11@,, R(NS)=3.020 803, #=180.0°.
°Expanded about(NN)=2.132 398, R(NS)=3.005 359, #=180.0°.
The positive polarity of the equilibrium dipole moments denoteNS*, and all EDMFs are expressed in an
Eckart frame(see the text
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