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Ab initio semiglobal potential energy and dipole moment hypersurfaces for the isomerising HCN—
HNC system are computed, using a grid of 242 points, principally at the all-electron cc-pCVQZ
CCSOT) level. Several potential energy hypersurfa¢egS are presented including one which
simultaneously fits 1527 points from earliab initio, smaller basis CCS0) calculations of
Bowmanet al. [J. Chem. Phys99, 308 (1993]. The resulting potential is then morphed with 17
aug-cc-pCVQZ CCSO) points calculated at HNC geometries to improve the representation of the
HNC part of the surface. The PES is further adjusted to coincide with thbe@itio points
calculated, at the cc-pCV5Z CCSD level, at the critical points of the system. The final PES
includes relativistic and adiabatic corrections. Vibrational band origins for HCN and HNC with
energy up to 12400 cnt above the HCN zero-point energy are calculated variationally with the
new surfaces. Band transition dipoles for the fundamentals of HCN and HNC, and a few overtone
and hot band transitions for HCN have been calculated with the new dipole surface, giving generally
very good agreement with experiment. The rotational levels of ground and vibrationally excited
states are reproduced to high accuracy. 2@1 American Institute of Physics.
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I. INTRODUCTION both isomers necessitating (aemjglobal approach. Semi-
global PESs of th¢H,C,N] system have been constructed by
The [H,C,N] chemical system is of key interest for a Bowman and co-worket®??and otherg?® These PESs in-
number of reasons: It is the prototypical isomerizing systentlude both pureab initio surfaces and surfaces adjusted to
with a stable(HCN) and a metastabléHNC) isomer, both  spectroscopic dataAb initio techniques employed in these
with linear geometries; the rotations and vibrations of HCNstudies gave, in particular, less satisfactory results for prop-
and HNC have been probtd and continue to be probed erties dependent on the C—N borah initio calculations
experimentally~’ over a wide range of excitation energies; have also been performed on excited states of HCN—-HNC,
its isomerising motion has also been subject to theoreticaee for example, Stanton and Gatfs€alculations of stellar
studies® = it is an important constituent of both the inter- opacities, or indeed spectra, require not only reliable PESs
stellar medium, where anomalously high ratios of HNC tobut also dipole moment surfacé®MS) to give the neces-
HCN are found frequently, and of the atmosphere of cookary intensity information. Despite a long-running contro-
carbon stars. Furthermore, calculations by Jargensen amnrsy over the intensity of overtone spectra of HER¢there
co-workerg®4suggest that the proper and detailed treatmenappears to be surprisingly little work on the DMS of the
of the vibration—rotation spectrum can have a profound in{H,C,N] system. Indeed, we were able to identify only one
fluence on the modelling of the atmosphere of such C-starqrevious DMS which covers the isomerising region, due to
It is this problem which motivated the present study. Jakubetz and Laff. In this paper we present a semiglobal
The potential energy hypersurfa@@ES about the HCN  DMS of the[H,C,N] system and a number ab initio PESs.
minimum, and the resulting localized rovibrational energyThese surfaces not only combine results from calculations
levels, have been the subject of detailed theoreticaperformed at a number of different levels which allow us, for
studies'®>'® However, at typical C-star temperatures of example, to determine the critical points on the surface to
2000—-4000 K one would expect significant populations ofvery high accuracy, but also include consideration of elec-
tronic relativistic effects and a simple adiabatic correction to
dpermanent address: Institute of Applied Physics, Russian Academy of Smt-he Born—Oppenhelmer alppr'oxmatlon, _bOth of which are
ence, Uljanov Street 46, Nizhnii Novgorod, Russia 603024. usually neglected duringb initio construction of PESE’
PElectronic mail: j.tennyson@ucl.ac.uk Section Il of this paper presents details about abr
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initio computations and Sec. Ill describes our fits. Spectro-  Electronic energies and dipole moments were calculated
scopic results obtained are presented in Sec. IV, followed bat the selected 242 grid points employing cc-pCVQZ

conclusions in Sec. V. CCsSDOT) wave functions and correlating all electrons. At
each grid point the dipole moment was computed via the
II. ELECTRONIC STRUCTURE CALCULATIONS finite-field method. To check the suitability of the grid, 14

additional energy calculations were run, at the same level, at
new grid points about the HNC minimum; these points were
not used in the final fit. Seventeen calculations were repeated
with the larger aug-cc-pCVQZ basis also about the HNC
minimum. This was done to improve the surface around the
secondary minimunisee below.

The majority of electronic structure calculations were
performed with thauoLPRO 96° and thenwcHEM® program
systems. Calculation of relativistic energies, utilizing the
direct perturbation theoryDPT) approach of Kutzelnig>?
in the framework of the Dirac—Coulomb Hamiltonian, were
performed with a modifietf version of the program package
DALTON.3*  Determination of the diagonal Born— . )
Oppenheimer correctiof80ODC)*® utilized the code PSI® B. Stationary points

Geometries of the three stationary points investigated on
the ground-state PES of thiel,C,N] system were optimized

To investigate the suitability of single-reference coupled-at the CCSDT) level using the (augcc-p(C)VnZ
cluster (CC) techniques, in particular the one including correlation-consistent Gaussian basis sets of Dunning and
single, double, and a perturbative estimate of triple excitaco-workers®~**wheren is the cardinal number of the basis
tions[CCSOT), Ref. 37, for PES and DMS calculations for set,n is 2, 3, 4 for cc-pCVDZ, cc-pCVTZ, and cc-pCVQZ,
the ground electronic state of tfiel,C,N] system, we have respectively. Starting at the cc-pCV5Z/CCAD level full
performed multireference configuration interactidtR-Cl)  geometry optimizations proved to be computationally pro-
calculations with the cc-pVTZ basis set at three geometriesibitive. The two bond distances of linear HCN and HNC
chosen to be near the HCN and HNC minima and the saddi&ere therefore optimized by a simple two-step line search.
point (see Table IV below These calculations show th@  First the CH distancéfor HCN) or the NH distancefor
convergence of the energy differences with respect to theiNC) was optimized, keeping the CN distance fixed at an
enlargement of the reference space is very slow,(@Bhthe  estimated value, obtained by extrapolating the cc-pCVDZ to
MR-CI energies converge to values that are in excellentc-pCVQZ results using a simple three-parameter exponen-
agreement with the CCSD) relative energy values. We can tial function of the form
thus conclude that the CC$D method is a good choice for R(N)=A+BeCn o)
the PES calculations. This is additionally confirmed by ’
diagnostic value® from all-electron cc-pCVTZ CCSD cal- whereR is the distance to be extrapolatetis the cardinal
culations, which were found to be 0.0125, 0.0165, andhumber of the basis set, a#d B, andC are fitting param-
0.0220 for the HCN and HNC minima and the saddle pointeters. Next, the CN distance was optimized, keeping the
respectively. Thesd@, values indicate that it is adequate to other distances fixed at their optimized values. All distances
use single-reference techniques to describe the portions @fere optimized to within an accuracy of 0.008L This
the ground electronic state of thie,C,N] system of interest results in an accuracy for the cc-pCV5Z CGSDenergy of
for us, and that the CCSD) method is expected to yield better than 0.3 E;,. For the saddle point, only one single-
highly accurate energies and dipole moments with a judipoint calculation was carried out at the estimated cc-pCV5Z
cious choice of basis sets. CCSIOT) geometry. This geometry was obtained by estimat-

Consequently, this study of the ground-state PES anihg the values of the distances by an exponential extrapola-
DMS of the[H,C,N] system utilizes CCSO) wave func- tion, employing cc-pCVDZ to cc-pCVQZ results. The bond
tions obtained with several Gaussian basis sets. The compangle was kept at the cc-pCVQZ optimized value, since the
tations of Bowmaret al,?° also performed at the CC$D) angle was found to be virtually independent of the basis set
level, employed a very extended grid comprising 2160employed for its determination.
points. Therefore, a much smaller basis than those utilized in  Tables I-lll list computed equilibrium bond lengths and
this study had to be employed. As it is not practical to re-total energies for HCN, HNC, and the saddle point, respec-
compute CCSDT) energies at such an extensive grid with tively. Also listed are the experimental equilibrium distances

A. Computational details

large basis sets, we selected grid points from Boweizal.  of the minima®?~**
which lay less than 25000 cm above the absolute mini- The inclusion of diffuse functions in the cc basis sets

mum of the surface. This selection still resulted in too manydoes not significantly change the computed relative energies,
points, so only those grid points were retained for which theas indicated by the very small difference between the
H—-CN Jacobi angleg, was equal to 0, 20, 40, 60, 80, 100, cc-p(C)VnZ and aug-ccC)VnZ results. Moreover, the ef-
120, 140, 160, or 180°; i.e., only half of the angular grid wasfect decreases with increasing basis set quality: The
retained. This procedure resulted in a total of 242 pointscc-p(C)VnZ and aug-cc-(C)VnZ results converge to the
Finally, a variety of high-accuracgb initio methods were same limiting value.

used to determine the relative energy and geometry of three For simple diatomic molecules CC$D geometry opti-
stationary points of the ground-state,C,N] system: the two mizations with large core-valence basis sets proved to be
minima (HCN and HNG and the saddle poinftransition  extremely accuratésee, e.g., Ref. 45 Note, in particular,
statg connecting them. the excellent agreement between the extrapolated all-electron
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TABLE |. Basis set dependence of the equilibrium distariceg andr ¢y) TABLE Il. Basis set dependence of the equilibrium distancgg andr ¢y)

and the total energyH,) of HCN computed at the CCSD) level? and the total energyH,) of HNC computed at the all-electron CCSD
level?
Basis set FCIAE E./E; ren/ao ren/ag

cc-pVDZ FC ~93.189560  2.0459  2.2211 Basis set Ee/En /a0 Fen/ao
cc-pvVTZ FC —-93.275219  2.0161  2.1923 cc-pCvDZ —93.243 227 1.9016 2.2474
cc-pvQz FC —93.301303  2.0161  2.1854 cc-pCVTZ —93.356 481 1.8818 2.2155
cc-pV5Z FC —-93.309331  2.0156  2.1839 cc-pCvQz —93.390 047 1.8932 2.2099
Extrapolated FC —93.312 900 cc-pCV5Z —93.400 105 1.8807 2.2083
aug-cc-pvDZ FC —93.204711  2.0440  2.2220 Extrapolated —93.404 408
aug-cc-pVTZ FC —-93.281168  2.0166  2.1923 aug-cc-pCvDZ —93.260 925 1.9014 2.2479
aug-cc-pvQz FC —-93.303457  2.0165  2.1860 aug-cc-pCVTZ —93.362 067 1.8840 2.2171
Extrapolated FC —93.312 628 aug-cc-pCvVQZ —93.392 185 1.8816 2.2104
cc-pCvVDZ FC —-93.193818  2.0446  2.2184 Extrapolated —93.404 957 1.8812 2.2085
cc-pCVTZ FC —-93.279132  2.0180  2.1899 Expt. (Ref. 49 1.878 2.209
cc-pCVQZ FC —93.302838  2.0161  2.1850
Extrapolated FC  —93.311960 “See footnote a of Table I.
cc-pCvVDZ AE —93.268433  2.0432 22171
cc-pCVTZ AE —-93.380461  2.0160  2.1863
cc-pCvQz AE —-93.414082  2.0136  2.1805 o _ )
cc-pCV5Z AE —93.424144  2.0130 21789 transition is 3.03 D, again close to the measured dipole, 3.05
Extrapolated AE —93.428441 20128 21783 D, of Blackmanet al*®
aug-cc-pCvVDZ AE —93.284449 20413 22175 Molecular properties computed with correlation-
aug-cc-pCVTZ AE —-93.385871  2.0164  2.1873

consistent basis sets generally converge monotonically to-

aug-cc-pCvQz AE —93.416 083 2.0142 2.1811 . 50 41

Extrapolated AE 93428901 20140 21795 wardan apparent lim®*°this was found here for the com-
Expt. (Ref. 42 20135  2.1793 puted energies and most of the time for the distances of the
Expt. (Ref. 43 20141 21792  three stationary points investigated on the ground-state

_ [H,C,N] PES. The only clear exception found is the NH dis-
@AE=all electrons correlated, F€frozen core calculationgonly the va- t in HNC ted with G¥Z basi t hich
lence electrons correlatedExtrapolations to complete basis S@BS) ance In ) compuied wiih cc-p asis se S’_W Ic
limit, when reported, were performed with a three-parameter exponentiaBNOWSs an irregular convergence pattern. Such a zigzag con-
form, Eq. (1), and using the best three computed values. The cc-pCV54sergence pattern is often observed for properties that are sig-
optimized geometries were obtained with a simple two-step line search, Seﬁificantly affected by basis set superposition ef@8SB 51
text. . ’

It is well known that PESs of weakly bound complexes
may be distorted by BSSE, and in these cases the geometry
should be optimized on the counterpoié(éP)—correcteEi2

aug-cc-pCWZ CCSOT) and the experimental geometry pa- surface. For covalently bound systems, like HCN, it is gen-
rameters for HCN and HNC. Nevertheless, computation okrally accepted that the effect of BSSE is rather small, al-
the PES of thgH,C,N] system at the aug-cc-pCVQZ and though investigations have found evidence of BSSE in
cc-pCV5Z CCSDT) levels is computationally too expen- strongly bound systent$:>3>*4To investigate if the irregular
sive. For this reason, we chose to perform our CCSD convergence of the NH distance in HNC is caused by BSSE,
calculations for the PES and DMS with the cc-pCVQZ basiswe have recomputed the geometries of HCN and HNC with
set with all electrons correlated. The equilibrium distanceBBSSE corrections. Figure(d) shows that the CP-corrected
computed at the cc-pCVQZ CCSD level are in good NH distance does converge regularly with increasing
agreement with the observed values, and the computed HC8E-pCWnhZ basis set quality, confirming that the unexpected
dipole moment, 2.995 D, is close to the empirical equilib-convergence behavior of the NH distance is indeed caused
rium dipole moment, 3.048) D, of DeLeon and Muenté? by BSSE. Regular convergence is also restored by using the
and the calculated CCSD) dipole of 3.015 D of aug-cc-pCWZ sets, as illustrated in Fig.(l). This indicates
Botschwina et al#’ Furthermore, our vibrational ground- that inclusion of diffuse functions in the basis set signifi-
state J=0—1 HNC dipole determined from thd=0-1  cantly decreases the BSSE effect.

TABLE lIl. Basis set dependence of the equilibrium distanges, ryy, andrcy), the HCN angld«), and the
total energy E,) of the saddle point computed at the all-electron CCBDevel?

Basis set E./Ey ren/ag r'wn /@ ren/ag aldeg
cc-pCvDz —93.192 776 2.2571 2.6628 2.2825 71.827
cc-pCVTZ —93.303 961 2.2376 2.6347 2.2505 71.786
cc-pCvQzZ —93.337 448 2.2365 2.6252 2.2439 71.733
cc-pCV5Z —93.347 508 2.2365 2.6220 2.2426 71.733
Extrapolated —93.351 828
aug-cc-pCVDZ —93.210243 2.2709 2.6655 2.2845 71.623
aug-cc-pCVTZ —93.309 817 2.2407 2.6330 2.2515 71.763

aSee footnote a of Table I.
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The CP-corrected as well as the uncorrected CH dis- The valence-only CBS CCSDT energy difference be-
tances in HCN show regular convergence, as depicted in Figween the HCN minimum and the transition state is 16 614
1(c). The two curves are very close to each other and conem %, while the core-valence correction, obtained at the aug-
verge smoothly towards the same limit. At the cc-pCVQZcc-pCVQZ CCSD level, ist135 cm L. Adding relativistic
CCSDT) level the corrected and uncorrected CH distancesnd BODC corrections of 24 and+8 cm * (see Sec. Il ¢,
are identicallwithin the accuracy of the optimization proce- we arrive at the convergeab initio estimate of 16 733 cit

dure. for the isomerization barrier. This number may be compared
to the previous, inferior theoretical estimates of the isomer-
C. Energy separations ization barrier: 15600 cit of Lee and Rendefi® 12171

-1 23 —1 o
. . f M I l. 1 for th
Table 1V lists the energy separations between the thre((e:m of Murrell et al, Z%nd 6866 cm” for the ab initio
urface of Bowmaret al.

stationary points investigated. The energy differences shoula

be better converged than the individual energies, because

there will pe some cancellation of errors in taking.the diﬁer-Dl Auxiliary corrections

ences. This can be seen from the effect of the diffuse func-

tions, which is only 20—40 cnt for the energy differences. It has been found that electronic relativistic effects and
Table V presents the results of a valence focal-pointhe adiabatic or Born—Oppenheimer diagonal correction

analysis® of the HCN—HNC and HCN—TSsaddle point (BODC) can have a small but significant effect on the effec-

energy differences, based on coupled-cluster calculationiéve potential surface, and hence on the calculated vibration—

(Series CQ performed at fixed reference geometries. rotation levels of small molecul&$:>%5° Therefore, they
The valence-only complete basis $6BS) CCSDT es- have been considered as part of this study. Electronic rela-

timate for the HCN—HNC energy differencei5147 cmy®.  tivistic corrections were obtained using all-electron aug-cc-

We expect higher-order correlation effects, not taken explicPCVDZ CCSOT) wave functions and the DPT approach of

itly into account, to be smaller than about 10—15¢nithe  Kutzelnigg®-*? BODC energy points were computed at the

core-valence correction is 70 cm %, computed at the aug- TZ2P restricted Hartree—FodRHF) level. All these calcu-

cc-pCVQZ CCSIT) level. Adding relativistic and BODC lations were performed for 242 geometries representing our

corrections,+11 and—6 cm %, respectively(see Sec. lIIC initial grid. The results of theb initio calculations at these

below), results in a final energy difference of 5222 ¢  points for the potential energy, relativistic correction, and

This energy difference, when corrected for zero-point enerBODC can be obtained from the electronic arctfive.

gies (ZPE), taken to be—96 cm ! (vide infra), becomes

5126 cm %, with a conservative error bar of about 50 ¢

This convergedb initio prediction is in agreement with the IIl. FITTED POTENTIAL ENERGY AND DIPOLE

experimental results of Pau and Heffeyho obtained 5180 SURFACES

+700 cm™, rather than 3608400 cm* given by Maki The function we chose to represent fiwC,N] ground-

et al®” The ab initio potential surface of Bowmaet al?®  gtate PES is

gives a value of 5202 cnt for the HCN—HNC energy dif-

fl\tﬂa;iri]z? ;/\llhich also agrees with Pau and Hehre rather than V(R y)= Aiiji(R,l‘,y)Yj(I‘,‘y)Pk(COSy), )

. ik
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TABLE IV. The bond distance€R andr in a,) and the relative energy/{cm ™) of the minima and saddle points of varicais initio potential energy surfaces
and sets of potential points. Energy of the HCN minimum is set to zero in all cases.

HCN HNC Barrier

Surface R r R r Y, b R r V
CCSIOT) calculations
(optimized geometrigs
cc-pCvDz 3.2371 2.2171 2.9387 2.2474 5532 1.3306 2.2079 2.2825 16 605
cc-pCVTZ 3.1934 2.1863 2.9042 2.2155 5263 1.3342 2.1864 2.2505 16 790
cc-pCvQZ 3.1879 2.1805 2.9130 2.2099 5275 1.3363 2.1836 2.2439 16 819
cc-pCVv5Z 3.1864 2.1789 2.8997 2.2083 5276 1.3366 2.1834 2.2426 16 820
aug-cc-pCVDZ 3.2355 2.2175 2.9388 2.2479 5163 1.3365 2.2156 2.2845 16 286
aug-cc-pCVTZ 3.1943 2.1873 2.9072 2.2171 5224 1.3350 2.1887 2.2515 16 692
aug-cc-pCvQz 3.1887 2.1811 2.9017 2.2104 5245
cc-pCVQZ Points 3.1667 2.1333 2.8333 2.2444 5533 1.3963 2.1667 2.2444 16 445
cc-pCVv5Z Point$ 3.1864 2.1789 2.8998 2.2083 5276 1.3347 2.1826 2.2425 16 820
cc-pVTZ MRCP and CCSDT)
calculations(fixed geometries
MRCI(9,2/2 3.1704 2.1430 2.8752 2.1845 4847 1.5708 2.4368 2.2053 14171
MRCI(10,2/2 5202 14 316
MRCI(11,3/2 5210 14 341
MRCI+Q(11,3/2 5089 14 244
CCsOT) 5065 14 300
Potential surfaces
Bowmanet al® 3.198 2.196 2.902 2.220 5202 1.3224 2.1873 2.2558 16 843
VCVQZ 3.1888 2.1806 2.9003 2.2097 5262 1.3650 2.1595 2.2464 16 754
VQZANO1 3.1879 2.1805 2.9020 2.2101 5284 1.3522 2.1687 2.2463 16 784
VQZANO2 3.1857 2.1789 2.9005 2.2085 5275 1.3347 2.1826 2.2425 16 819
VQZANO+ 3.1855 2.1785 2.9003 2.2081 5281 1.3338 2.1828 2.2421 16 798
Expt® 3.1869 2.1792 2.8979 2.2089 e e e . .
Expt! 3.1871 2.1792 e e

AMRCI(n,m/2) indicates an active space that includes the 8* and 1-m A” orbitals(the lowest 2 A orbitals are not correlated

bPotential surface of Bowmaet al. (Ref. 20.

‘Points are not optimized to minima and saddle point but are the points closest to the minima and saddle point on our grid of points.
dOptimized to lie at the critical points.

*Experimentally determined equilibrium bond lengths determined using isotopic substitegfs 42 and 4%

Equilibrium bond lengths determined from spectroscopi¢Rif. 18.

where R,r,y) are Jacobi coordinatd®=ry_cn, I =Tcn)s allowed the parameters of these functions to change we were
with HCN at y=0. A;; is a constant for a particulasj, and  able to achieve a lower standard deviation for the fit to the
k, and P, (cosy) are Legendre polynomials for the angular overall potential energy surface. This functional form yielded
() component of the fitX andY are functions of primarily  a fit to the initial 242ab initio potential points calculated in
theRandr coordinates, respectively, and are based on Morsthis work with a standard deviation of less than 3 ¢m
coordinate transformatiort$ with There are 180 terms in this fit with,,=4, j max=5, and
X(Rr,y)=1— e @RMIR-R(r0], kmaxzs. This fit shall .be hereafter referred tq as the VC_VQZ
potential surface. Using 216 terms and maximum values of
j, andk of 5 in our fitting function, we also achieved a stan-
dard deviation of 3 cm' to the (unshifted points of
Bowman et al?° truncated at 25000 cnt, a total of 508
points. This fit will be hereafter referred to as the VANO25

3)
Y(r,y)=1—e @l re»l "

The position of the minimum im andR and the steep-
ness of the potential iR are not constant with the change of
v, hence we have made,, r., andag a function ofy. R,
also shows a less strong but significant dependence, on
hence we also made, a function ofr2. The functionsR,,
re, anda are

The HCN and HNC minima and the LEI path of the
VCVQZ surface occur at significantly different geometries
and energies than those characterising the surface of

Re(7y,r)=Ag +Bg cosy+Cg_ cos y+ DRer2 cos v, Bowman et al,?® resulting in large standard deviations

(5) (>800 cm) when both grids were simultaneously fitted.

2 This problem was solved by “shifting” the potential points

Fe(7)=Ar By cOSy+C; COSy, (®  of Bowmanet al.in ther andR coordinates and in energy as
gl Y)ZARLYJF Br,_coSy+ CRa cog y, @) a function of the angley, so that the LEI path of both sets of

points were coincident. This was achieved as follows: We

with «, a constant.
Initially the functionsR(y,r) andr (y) were fitted to
the least energy isomerizatighEl) path. However, if we

calculated the energy, thieand theR coordinates of the LEI
path of the VANO25 surface, and those of the VCVQZ sur-
face, at 40 equally spaced values over the range9. We
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TABLE V. Valence focal-point analysis of the energy difference between the HCN and HNC minima and the
energy difference between the HCN minimum and the saddle (B8)t*

Series CC

HCN-HNC AE.(RHF) §gMP2] §CCSDl 4CCSOT)] JCCSDT] AE((CC)
cc-pVDZ (33 3778 +2774 —1138 +103 —63 +5454
aug-cc-pVDZ(55) 3500 +2629 —-1117 +68 —55 +5026
cc-pVTZ (74) 3464 +2762 —1142 +136 —69 +5152
cc-pCVTZ (100 3479 +2753  —1140 +138 [-69]
aug-cc-pVTZ(115 3424 +2766 —-1117 +119 —68 +5123
cc-pVQZ (140 3415 +2771  —1135 +135 [-68]
cc-pCVQZ (198 3414 +2783 —1137 +138 [—68]
aug-cc-pvVQZ(206) 3391 +2782 —-1132 +130 [—68]
cc-pV5Z (237) 3398 +2797 —1134 +136 [—68]
aug-cc-pCVQZ(264) 3390 +2785 -1132 +133 [-68]
aug-cc-pV5Z(334) 3391 +2801 —1134 +134 [—68]
CBS 3392 +2823 —1136 +138 —68 +5147

HCN-TS
cc-pVDZ (33) 16 329 +1765 —1440 —143 —44 +16 467
aug-cc-pVDZ(55) 16 084 +1689 —1422 —162 —42 +16 146
cc-pVTZ (74) 16 465 +1729 —1382 —-120 —54 +16 637
cc-pCVTZ (100 16 480 +1701  —1380 —-120 [-54]
aug-cc-pVTZ(11H 16 410 +1694 —1374 —-129 —54 +16 548
cc-pvQZ (140 16 435 +1772  —1393 —-126 [-54]
cc-pCVQZ (198 16 431 +1759  —1389 —124 [-54]
aug-cc-pvVQZ(206) 16 406 +1763 —1388 -129 [—54]
cc-pV5Z (237) 16 420 +1779 —1399 —129 [—54]
aug-cc-pCVvVQZ(264) 16 404 [—54]
aug-cc-pV5Z(334) 16 409 +1783  —1401 [-129 [-54]
CBS 16412 +1795 —1410 [—129] —54 +16 614

#The number of contracted Gaussian functions in each basis set is indicated in parentheses. The reference
geometries for all focal-point calculations were chosen as follows:

(i) rey=2.0137a, andr=2.1806a, for HCN;

(i) ryy=1.8820a, andry=2.2100a, for HNC; and

(iii) rey=2.2425a; rcy=2.2463a,, and HCN=1.235 rad for the saddle poifTS).Basis set extrapolations

were performedRef. 50 with Eq. (1) for the RHF energies arlfly=Egg+ b* X2 for the correlation energy,
whereX is the cardinal number of the correlation-consist@n) basis and only the best three—two energies

were used during the extrapolation. The higher-order correlation increments listed in brackets are taken for the
purpose of extrapolation from corresponding entries for smaller basis sets.

then used a Legendre polynomial up to fifth-order to leastwhere W is the weight given to the point and(V) is a
squares fit the differences between coordinates and energy fifrther weighting factor as a condition of energy, given by
the VANO25 and the VCVQZ surfaces. With these functions
the points of Bowmaret al. were shifted at all values of the
angley. We fitted the shifted Bowmaet al. points truncated

at 25000 cm?, hereafter referred to as the VANO25S sur-
face. The steepness of the slope of the potential with change 25000 cm*<V<35000 cm?, w(V)=10,
of ther coordinates of the VANO25S surface was less than
that of the VCVQZ surface, resulting in a large difference in
energy(200 cmi !) between the two surfaces at high devia-
tions ofr from the local minimum. A weighting system was
chosen for all the points, to reflect the accuracy of, and the The shifted Bowmanet al. points were truncated at
differences between, the shifted points of Bowneaml.and 45700 cm, the dissociation energy of HCH,so that the

the points of this work, and the greater importance of fittingvery high-energy points did not interfere with the fit at low
accuracy at low energies. We gave a weight of 5000 to all thenergies. This weighting method was used to least-squares fit
points calculated in this work. The weighW, of the shifted the potential points calculated in this work and the remaining
Bowmanet al. points was calculated from a function based 1527 shifted points of Bowmaet al. We used 252 terms

on the inverse square of the displacement fwbm ther(y) With ipay and jmax OFf 5 and ak,,, of 6. The fit, hereafter

V<25000 cm?, w(V)=100,

V=35000 cm?, w(V)=0.5.

on the LEI path referred to as the VQZANOL1 surface, had an RMS deviation
of 3.3 cm ! from the points calculated in this work, an over-
W(r V)= w(V) ) all standard deviation of 412 ¢, and an root-mean-square

1+(200r —ro(y))?)’ (rm9) deviation of 376 cm?.
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A. Morphing the potential energy hypersurface Viscaie= Vorigt Avg(y) + Byf18(y). (15)

The vibrational fundamentals of both HCN and HNC, |n these equationd and B are the coefficients of the map-

calculated with the VQZANOL1 potential surface deviate by 4ping fit andf(y) andg(y) are functions of the angle. The
cm* or less from the observed band origins except for ther andr coordinates of the three high-accuracy points and the
HN stretching fundamentabf) of HNC (see Tables VI and R andr coordinates of the minima and saddle point in our
VII). This calculated fundamental value deviates from thepotential deviate by the greatest amount at the saddle point
observed value by 20 cm, an anomalously large deviation. (y=1.3347. The deviations irR andr at the HCN minimum
Extra points calculated at the CC8D/cc-pCVQZ level  gre roughly the same as those at the HNC minimum. A func-
in the region of the HNC minimum made little difference to tijon for f(y) that would peak aty=1.3347 whilef(y)=0
band origins suggesting that this was not a problem with th§yhen =0 andy= was chosen. The function used in this
coarseness of our grid. However, we found that the ccywork is
pCVQZ basis used to calculate our points is too small to ) i
model the HNC part of the potential accurately. With our [ (7)=Siny+0.131325si(2y). (16)
limited computer time 17 newab initio points at the level We chose the 4th power df y) in Egs.(12) and(13) to
aug-cc-pCvQZ CCSON) were calculated, see Sec. Il. We “sharpen” the peak so that the mapping at the saddle point
then adapted our initial potential by “morphing®t®using  would not influence the HCN and HNC minima regions. The
the function v mapping function(14) should be 0 aty=0 andy=. For
Voo RoF 2 7) = Verig(R+ p(R, 7)1, 7). 9) the energy scaling the damping functiti6) was used, with
morpih ong e a g(y) function whereg(y)=0 for HCN geometries and

HereVorpn is the morphed surfacd,qyq is the original sur-  g()#0 for HNC geometries. The(y) function used in
face, andp(R, y) is a distance scaling function this work is

— —1
pRY=a(n D Bj(R-Rig(7) cod(y), (10 9(y)=tan {1y~ 1.3]+ m/2 (17

bl The above functions were used to map and energy scale
whereB;; are the coefficients of the fit an@ g () is the  the VQZANO1 surface to the three high-accuracy points at
local R coordinate of the LEI path and(y) is a damping the minima and saddle point. The mapped VQZANOL1 sur-
function with the conditionsa(y)—0 when y—0 and face will be referred to as the VQZANO?2 surface hereafter.
a(y)—1 when y—a. The damping function was used to
force p(R, y) to zero at the low angles that correspond to theC. The relativistic and BODC correction fits
HCN side of the surface. The functional form fafy) is
given by

a(y)=exp—(0.60y—m))°). (11)

We used Eq(9) with nine terms and,;,=2 and j nax
=2 to morph the VQZANO1 surface with the 17 new, more . .
accurate points. The morphed surface has a standard devia- This surface proved to be far s_m_oother t_han the potentlal
tion of 4 cm'! for the 17 new aug-cc-pCVQZ points. The €NEr9Y surface, so only 80 coeffiCients Witha=3, Jmax
HNC HN stretching fundamental calculated from the mor-—3' @NdKma=4 were required to fit to the relativistic cor-
phed surface improved to within 14 crhof the experimen- '€ction points with a standard g(lewatmn of 0.3 ctnThe
tal value. The other vibrational fundamentals calculated fronf€1ativistic correction is+5.86 cm - at the HCN minimum,

71 . . 71
the morphed surface are almost unchanged from those calci-17-26 €M~ at the HNC minimum, ane-16.77 cm ~ at the
lated with the VQZANOL1 surface, as we intended. saddle point. For the BODC surface we usggh=2, jmax
=3, andk,x=4, which yielded a standard deviation of 0.93

cm % The BODC is—1.65 cm* at the HCN minimum,

B. Stationary points —7.64 cm* at the HNC minimum, and-6.37 cm * at the
) ) .. saddle point. Figure 2 shows a contour plot of our
Finally the potential was re-mapped so that the minima,5zANO2 potential surface with relativistic and BODC

and saddle point were coincident in energy and Coordi”ateéorrections(referred to as VQZANG surface in R and ,
with the three cc-pCV5Z points calculated at the critical\y;iih r fixed to the equilibrium value of 2.178%,. '

points. Coordinate mappings f&, r, and y and an energy

scaling function were least-squares fitted to the three highp Fitting the dipole moment surface

accuracy points with the coordinates and energy of the

minima and saddle point of the morphed surface. The func- The x and z components of the 242b initio dipole

are as follows: similar to those used by Broclet al®® to represent the di-

poles of KCN and LIiCN,

Both the relativistic energy correction and BODC points
were least-squares fitted with the function

CRI,y)=2 > ; A R'rIPY(cosy). (18)
T

F'map=Forigt Ar Brf4( Y, (12 )
Rimap= Rorig+ Ar+ Brf*(7), (13 ,uZ(R,r,y)=Ei ; kZO Ajjx exp(BiR)exp(C;r) PR(cosy),
Ymap— Yorig ™ B yf 16( Y, (14 (19
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HCN-HNC system

TABLE VI. Calculated HCNI=0 andJ=0 pure vibrational band origins, relative to HCN zero-point energy.

2 vy V3 VQZANO+ VQZANO2 VQZANO1l Bowmanet al. (Ref. 20 Expt?

0 0 0 3481.4B 3482.18 3481.69 3477.4

0 2 0 1414.92 1415.06 1414.24 1418.9 1411.42
0 0 1 2100.58 2100.93 2100.93 2090.3 2096.85
0 4 0 2801.46 2801.80 2800.14 28125 2802.96
1 0 0 3307.75 3308.61 3308.71 3334.1 3311.48
0 2 1 3510.99 3511.39 3510.58 3507.4 3502.12
0 6 0 4176.24 4176.80 4174.05 4178.0 4174.61
0 0 2 4181.45 4182.14 4182.14 4161.5 4173.07
1 2 0 4686.29 4687.24 4687.08 4703.4 4684.31
0 4 1 4891.76 4892.26 4890.61 4899.9 4888.00
1 0 1 5394.43 5395.67 5395.77 5399.4 5393.70
0 8 0 5537.76 5538.56 5534.28 5532.3 5525.81
0 2 2 5586.50 5587.13 5586.32 5570.5 5571.89
1 4 0 6033.72 6034.83 6034.75 6054.0 6036.96
0 0 3 6242.42 6243.43 6243.43 6211.4 6228.60
0 6 1 6260.59 6261.22 6258.49 6256.5 6254.38
2 0 0 6513.50 6515.23 6515.43 6553.2 6519.61
1 2 1 6768.51 6769.74 6769.57 6765.5 6761.33
0 10 0 6879.60 6880.72 6874.10 6873.5 6855.53
0 4 2 6960.99 6961.60 6959.97 6958.5 6951.68
1 6 0 7369.18 7370.47 7370.39 7390.3 ‘e

1 0 2 7461.60 7463.19 7463.28 74457 7455.42
0 8 1 7617.24 7618.06 7613.76 7600.6 .

0 2 3 7641.28 7642.09 7641.28 7609.4 ‘e

2 2 0 7855.84 7857.60 7858.08 7878.8 7853.51
1 4 1 8110.25 8111.54 8111.44 8115.2 8107.97
0 12 0 8197.55 8199.04 8188.72 8185.3 -

0 0 4 8283.37 8284.68 8284.68 8239.7

0 6 2 8323.52 8324.18 8321.47 8308.3 ‘e

2 0 1 8584.74 8586.88 8587.08 8595.9 8585.58
1 8 0 8691.67 8693.18 8692.59 8710.3 e

1 2 2 8830.27 8831.73 8831.55 8806.2 8816.00
0 10 1 8954.47 8955.52 8948.84 8935.0 S

0 4 3 9009.00 9009.68 9008.06 8990.5 8995.22
2 4 0 9164.08 9165.95 9167.39 9188.5 o

1 6 1 9440.12 9441.50 9441.36 9441.3

0 14 0 9488.54 9490.47 9474.37 9470.3 o

1 0 3 9508.91 9510.83 9510.92 94745 9496.44
3 0 0 9619.29 9621.88 9622.16 9668.3 9627.09
0 2 4 9674.67 9675.46 9671.22 9624.3 -

0 8 2 9675.25 9676.17 9675.33 9644.9 ‘e

2 2 1 9922.92 9924.98 9925.45 9918.1 9914.4
1 10 0 9993.95 9995.76 9993.57 10010.0 -

1 4 2 10 165.6 10 167.0 10 166.9 10152.3

0 12 1 10 266.4 10267.8 10257.3 10237.7

0 0 5 10304.1 10305.7 10305.7 10 246.8

0 6 3 10364.9 10 365.6 10362.9 10334.0

2 6 0 10 460.5 10 462.6 10 465.0 10 488.9 e

2 0 2 10 636.7 10639.2 10 639.4 10 623.7 10631.4
0 16 0 10749.7 10752.1 10727.4 10724.2 e

1 8 1 10 758.0 10 759.6 10 758.8 10 755.3

1 2 3 10871.1 10872.7 10872.5 10826.4

3 2 0 10925.3 10927.8 10928.9 10951.0 ‘e

0 10 2 11 006.5 11 007.5 11 000.8 10971.4 10974.2
0 4 4 11 035.7 11 036.4 11 034.8 10997.7 11 015.9
2 4 1 11225.9 11227.9 11229.4 11229.2 ‘e

1 12 0 11271.7 11273.9 11 268.2 11279.5

1 6 2 11 489.4 11 490.8 11 490.6 11 467.5

0 14 1 11536.1 11538.1 11535.0 11514.6 ‘e

1 0 4 11 549.6 11551.4 11550.3 11487.4 11516.6
3 0 1 11672.8 11675.9 11 676.2 11 686.9 11674.5
0 2 5 11 688.1 11 689.1 11 688.3 11617.6 e

0 8 3 11710.1 11710.8 11 706.6 11 664.3

2 8 0 117445 11 746.6 11751.8 11770.2

2 2 2 11 969.9 11 967.9 11972.6 11 939.9

0 18 0 11977.7 11 980.8 11 944.0 11 939.8

1 10 1 12 055.7 12 057.5 12 055.1 12 051.4

1 4 3 12192.5 12194.9 12197.0 12 166.6

3 4 0 12 200.6 12202.2 12202.7 122215

0 0 6 12 304.5 12306.3 12 302.4 12 233.8

0 12 2 12311.7 12 313.0 12 306.3 12 265.7

0 6 4 12 382.0 12 385.3 12387.7 12334.8

®References 1, 2, 4—6.

PThe HCN zero-point energy for given surface.
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TABLE VII. Calculated HNCI=0 andJ=0 pure vibrational band origins, relative to HNC zero-point energy.

12 v, V3 VQZANO+  VQZANO2 VQZANO1l Bowmanet al. (Ref. 20 Expt?

0 0 0 5185.62 5180.27 5183.40 5023.2

0 2 0 941.917 942.541 942.601 919.9

0 4 0 1903.10 1904.61 1904.67 1895.5 “e

0 0 1 2024.95 2025.29 2025.54 2024.6 2023.88
0 6 0 2834.81 2837.40 2837.32 2858.8 e

0 2 1 2955.05 2955.92 2956.24 2929.2 e

1 0 0 3665.10 3666.55 3672.35 3599.1 3652.68
0 8 0 3759.86 3763.67 3763.16 3794.7 e

0 4 1 3902.41 3904.11 3904.45 3892.2

0 0 2 4029.21 4029.89 4030.44 4024.4

1 2 0 4558.15 4560.11 4567.20 4507.1

0 10 0 4679.69 4684.95 4683.85 4727.3

0 6 1 4820.95 4823.73 4823.90 4832.8

0 2 2 4946.74 4947.86 4948.47 4912.6

1 4 0 5469.23 5471.98 5480.24 5440.7

0 12 0 5568.34 5575.51 5573.89 5638.0 e

1 0 1 5676.51 5678.3 5684.39 5628.7 5664.85
0 8 1 5736.39 5740.4 5740.12 5752.6 e

0 4 2 5879.59 5881.49 5882.1 5862.4

0 0 3 6012.87 6013.89 6014.76 5999.1

1 6 0 6354.07 6358.05 6354.99 6337.0

0 14 0 6404.38 6413.83 6411.88 6482.6

1 2 1 6558.72 6561.02 6566.03 6518.2

0 10 1 6646.85 6652.35 6651.51 6676.6

0 6 2 6784.63 6791.92 6788.03 6781.6

0 2 3 6917.05 6918.4 6919.33 6871.3 e

2 0 0 7189.47 7192.43 7199.25 7116.7 7171.41
0 16 0 7199.11 7208.06 7205.92 7279.9 e

1 8 0 7226.47 7231.44 7240.87 72255

®References 70 and 71.
The energy of the HN@0,0,0 state relative to the HCN zero-point energy.

=~

ax Jmax=2, andkq,,,=6 and achieved a standard deviation of
(R Y)=2 > kz_: Ajji exp(BiR)exp(C;r)Pi(cosy). 0.008 D during the fit. Fop, , we used =2, j max=2, and

Lol (20) kmax=5 and achieved a standard deviation of 0.002 D. The

dipole points of this work are limited to nuclear geometries

The z axis of our dipole surface lies along the CN bond {5t correspond to energies of less than 25 000'¢ronse-
and thex axis lies perpendicular to threaxis so that the H quently, the dipole moment surfacé®MSs) can only be
nucleus bends in th&z plane. Foru,, we usedina=2,  considered reliable for energies below this value.

Values for the various constants necessary to generate
the VQZANO+ PES and DMS, an@&ORTRAN subroutines
representing the surfaces, are given in the electronic
archive®!

IV. NUCLEAR MOTION CALCULATIONS

R (@0) Our vibrational, rotational, and dipole transition calcula-
tions were performed with thevrab program suité® which
uses an exact kinetic-energifKE) operator and a discrete
variable representatiofDVR) for the vibrational motions.

- Jacobi coordinates were used with Legendre polynomials to

: : ; L : — 15 give the angular grid points and Morse oscillatorlike func-

' ' tions for the radial grids. 40 grid points were used for Ehe

coordinate, 25 for the coordinate and 50 for the angular

coordinate. This was sufficient to converge all calculations

FIG. 2. Contour plot of HCN—HNC VQZANG@ surface inR and y coor- reported here.

dinates withr fixed to the near HCN equilibrium value of 2.12§. The

contours have a minimum value of 5000 chrand a maximum value of A. HCN and HNC band origins

25000 cm?, with increments of 5000 cnt. The HCN and HNC minima . . . .
and barrier are ay=0, y= rad, andy=1.3338 rad, respectively, and their We have calculated allJ&0) vibrational band origins

coordinates are marked by crosses. (VBOs) for HCN and HNC states below 12 400 cfnrela-

Gamma {rad)

Downloaded 24 Oct 2002 to 128.192.2.84. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 115, No. 8, 22 August 2001 HCN-HNC system 3715

TABLE VIII. Calculated HCN rotational—vibrational energy levels, relative to the zero-point energy of HCN.

(v1vhvs) J VQZANO+ VQZANO1 Expt? Obs—calc®
(00°0) 1 2.959 2.954 2.956 —0.0005
5 44.39 4431 44.32 —-0.08
10 162.72 162.44 162.54 -0.18
15 354.94 354.32 354.58 —-0.36
20 620.93 619.87 620.34 -0.59
(01¢0) 1 718.85 714.94 (—3.90°
5 760.27 756.29 —0.06
10 878.60 874.51 -0.18
15 1070.80 1066.51 —-0.38
20 1336.77 1332.22 —0.64
(00°1) 1 2103.52 2099.78 —-0.01
5 2144.67 2140.87 -0.07
10 2262.21 2258.28 -0.20
15 2453.14 2449.01 —0.40
20 2717.33 2712.93 -0.67
(10°0) 1 3310.68 3314.41 0.00
5 3351.83 3355.49 -0.07
10 3469.34 3472.88 -0.19
15 3660.23 3663.56 —0.40
20 3924.38 3927.42 -0.69

*Experimental datéRefs. 5, 72, and 73
PObs—calc. for VQZANO+ results corrected for the vibrational error.
°The lowest rotational state for (&D), taken as vibrational error.

tive to the HCN zero-point energy. Results calculated withterm values obtained for both surfaces show good agreement
our ab initio VQZANO+, VQZANO2, and VQZANOL1 sur- with the experimental values, showing that our surface is
faces are reported in Tables VI and VII. These results agreaccurate for the calculation of rotational states. The three-
well with experiment, the HCN and HNC fundamentals point mapping has improved the rotational levels for both
agree to within 4 cm! except thev;(HNC) fundamental. HCN and HNC. Particularly notable is the improvement in
The morphed VQZANO?2 surface shows an improvementhe CN bond length in our calculations compared to those of
over the unmorphed VQZANOL1 surface, cutting the value ofBowmanet al., which is reflected in an improved represen-
Eobs— Ecac by 1/3. This shows that the 17 aug-cc-pCVQZ tation of the rotational motion.
CCSOT) points used made a significant difference to the = We have also calculated rovibrational energy levels for
cc-pCVQZ CCSDT) surface, implying that the electronic the fundamental bands of HCN and HNC using the
structure of HNC needs a basis larger than cc-pCVQZ to/QZANO+ surface, see Tables VIII and IX. The obs.—calc.
calculate its electronic structure accurately. for these levels have been calculated and corrected for the
Our HCN and HNCab initio VBOs are significantly —known vibrational error, the rotational errors are, as for the
closer to experiment than thab initio VBOs of Bowman pure rotational levels, less than 0.7 cthfor the J= 20 state.
et al,, especially for the HNC band origins and the HCN This small error makes the surface useful for spectroscopic
levels containing excited CH stretch. The better agreement dine assignments.
our HNC band origins again shows the need for using a
larger Qaussian basis for HNC geometries. For bending cN and HNC band transition dipoles
states withv,<8, the results from our surfaces are closer to
experiment than the band Origins calculated by Bowman Wave functions for 6eJ<4 states calculated with the
etal. However, for bending states withwv,=8 the VQZANO+ potential surface and the DVR3D program suite
VQZANOL surface gives results that are of comparable acwere used to compute transition dipoles using our dipole
curacy to those of Bowmast al, but the VQZANO+ and ~ surface. Band dipole strengths can be calculated from the
VQZANO2 surfaces give VBOs that are roughly 5 cm line dipole strengths by dividing the line dipole by the square
further from the experimental values. This increase in errofot of the appropriate Hd—London factor¥" for a par-
in our results is caused by the change in coordinates of thicular transition dipole. There is a difference in thertte
HCN minimum in the three point mapping. There is someLondon factors used in various works: Smiéft all use

cancellation of error in the bend and CN stretch combinatioionl—London factors that are a factor of 4 and 2 greater than
band origins of Bowmaet al. with v,=0, v,>8, vz=1. those of Makiet al®® for the II-3 and=-II bands, respec-

tively. This in turn will give band dipoles that are a factor of
1/2 and 1{2 the band dipoles calculated with the e
London factors used by Makit al, for the II-3 and = -I1

The HCN and HNCJ=1, 5, 10, 15, 20 pure rotational bands, respectively. To compaab initio and experimental
states have been calculated with the VQZANO1l anddipole band strengths it is necessary to know whichnlHo
VQZANO+ surfaces, see Tables VIII and IX. The rotational London factor was used to calculate the experimental dipole

B. HCN and HNC rotational energy levels
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TABLE IX. Calculated HNC rotational—vibrational energy levels, relative to H{D,0 J=0 state.

(v1vhvs) J VQZANO+ VQZANO1 Expt? Obs—calc?
(00°0) 1 3.021 3.025 3.042 0.02
5 45.36 45.29 45.36 0.00
10 166.29 166.02 166.29 0.00
15 362.72 362.11 362.72 0.00
20 634.52 633.45 634.50 0.02
(01¢0) 1 468.15 465.74 (—2.42°
5 510.48 508.07 0.00
10 631.38 628.97 0.00
15 827.77 825.36 0.00
20 1099.50 1097.09 0.00
(00°1) 1 2027.95 2026.86 -0.02
5 2069.98 2068.88 -0.03
10 2190.05 2188.92 -0.06
15 2384.92 2383.89 0.04
20 2654.92 2653.66 -0.19
(10°0) 1 3667.97 3655.66 0.11
5 3710.13 3697.72 0.01
10 3830.34 3817.85 -0.07
15 4025.56 4012.98 -0.16
20 4295.63 4282.97 -0.24

*Experimental datéRefs. 71 and 74
PObs—calc. for VQZANO+ results corrected for the vibrational error.
°The lowest rotational state for (&D), taken as vibrational error.

band strength and use the same factor to calculatealthe and transitions involving a change of. Our results are also
initio band dipole. In this work we employ the 'Hie-London  closer to experiment than the results of Jakubetz and?Lan.
factors used by Maket al. which we have rederived from
the matrix elements given by Gordy and CS8k.
Jorgenseet al'® computed, at the CASSCF level with a
(C—N,H)=(5s4p2d,3s1p) basis set the frequencies and in- We have obtained newb initio (semjglobal potential
tegrated band intensities of eight HCN bands. We have caknergy and dipole moment surfaces for the HCN—HNC sys-
culated the band transition dipole for these eight HCN bandsem, based principally on cc-pCVQZ CCSED electronic
the (020)—-(01:0) HCN band and the HNC fundamental structure calculations. The final calculated and fitted PES,
bands, using rotational transitions withi<d<4, see Tables termed VQZANGOCH, includes relativistic and adiabatic cor-
X and XI. Our results compare well with experiment, espe-rection surfaces. Our best estimate for the critical energies on
cially the states involving a transition of the HC stretah)(, the VQZANO+ surface is that HNC lies 5281 crhabove
and are generally within experimental error. Our results areghe HCN absolute minimum. This value is reduced to 5186
generally much closer to the experimental values than arem ! when zero-point energy effects are included. The bar-
those of Jgrgenseet al, especially the fundamental bands rier between these minima lies 16 798 chabove the HCN

V. CONCLUSION

TABLE X. HCN band dipolegDebye.

Transition This work[CCSD(T)] CASSCP AQCC® Expt?

(0,1%,0) — (0,0,0) 0.19963) 0.27 0.1891)
(0,27,0) — (0,1,0) 0.19964) 0.1884)
(0,22¢,0) — (0,1},0) 0.19969) 0.1894)
(0,2,0) — (0,0,0) 0.04822) 0.048 0.049®)
(0,0,1)— (0,0,0) 0.00184) 0.0 0.0012 0.001 362)

(1,0,0)— (0,11,0) 0.02382) 0.02 0.02261)
(0,1%,1) — (0,0,0) 0.009 08) 0.012 0.008 265)
(1,0,0)— (0,0,0) 0.08533) 0.095 0.070 0.08317)
(1,24,0) — (0,0,0) 0.0098) 0.013 0.009 8611)
(1,0,1)— (0,0,0) 0.004 362) 0.0024 0.0024 0.0055

#Mean band dipole, with standard deviation given in last digit.

PAb initio CASSCF and CCI calculations of Jgrgensenal. (Ref. 13, transformed from integrated band
intensities to band dipoles.

Ab initio TZP AQCC dipole surface calculations of Jakubetz and (Ref. 27, transformed from integrated
band intensities to band dipoles.

YExperimental datéRefs. 68 and 75-77
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TABLE XI. HNC fundamental band dipole®ebys. system which will be used both to generate opacities for the
atmospheres of cool stars and to aid the analysis of labora-
tory spectra of this system. Our bes initio potential en-
(0,1,0-(0,0,0) 0.4627) 0.5217) ergy surface, VQZANG@-, also provides an excellent starting
(2'8'3)H(O'O’O) 0'10353) 0'10 0'27617) point for determining a high accuracy surface using spectro-
(1.0,0-(0,0.0) 0.15080 016 010810 scopic data for the combined HCN and HNC molecules. The
3Mean band dipole, with standard deviation given in last digit. surfaces due to Bowmaat al.*®2°have been used as a start-
PAb initio TZP AQCC dipole su_rface .o_f Jakubetz ar_]d L@ef. 27, trans- ing point for a spectroscopically fitted surfa%ilewhich re-
c,fzorme-d from integrated band intensities to band dipoles. produce experimental vibrational band origins to within 1
xperimental datdRef. 78. ) . ) ;
cm ~. As our experience has shown, a better starting point
for a spectroscopic fit leads to a better fitted PES, so we

minimum. These last two values can be compared witH’VOUld expect a significant improvement to the fitted HCN—

5126+50 cm * and 16 733 cm!, obtained using a focal- HNC PES from our present starting point.
point procedure. The focal-point estimates are expected to be
more accurate than any others presently available. ACKNOWLEDGMENTS
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