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Vibrational energies for NH 3 based on high level ab initio potential
energy surfaces
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D-42097 Wuppertal, Germany
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Ab initio coupled cluster calculations with single and double substitutions and a perturbative
treatment of connected triple substitutiof€CSOT)] have been carried out to generate
six-dimensional6D) potential energy surfacd®ES and dipole moment surfacéBMS) for the
electronic ground state of ammonia. Full 6D-PES and 6D-OW8100 pointswere computed with

the augmented correlation-consistent triple-zeta bgasig-cc-pVT4. For a selected number of
points (420 in C5, symmetry and 1260 in lower symmetrynore accurate energi€§BS+) were
obtained by extrapolating the CC8D results for the aug-cc-p¥Z (X=T,Q,5) basis sets to the
complete basis set limit and adding corrections for core-valence correlation and relativistic effects.
Two procedures were investigated to enhance the quality of the 6D-PES from (TZSD
aug-cc-pVTZ by including the CBS data points. The resulting 6D-PES were represented by
analytical functions involving Morse variables for the stretches, symmetry-adapted bending
coordinates, and a specially designed inversion coordifapeto 76 fitted parameters, rms
deviations of about 5 cit for 14400 ab initio data points For these analytical surfaces,
vibrational energies were calculated with a newly developed computer program using a variational
model that employs an Eckart-frame kinetic energy operator. Results are presented and compared to
experiment for the vibrational band centers of \ihd its isotopomers up to around 15000 ¢m

For our best 6D-PES, the term values of the fundamentals are reproduced with rms deviations of 4.4
cm ! (NH3) and 2.6 cm? (all isotopomers the maximum deviation being 7.9 ¢th © 2002
American Institute of Physics[DOI: 10.1063/1.1521762

I. INTRODUCTION calculateab initio potential energy surfaces for the electronic
o _ . ground state of Nk, and from these surfaces we compute
Amm;)r.na Is a textbook example of a nonrigid \inrational energies by means of a newly developed com-
molecule, i.e., a molecule capable of tunneling betweeny o nrogram. The vibrational calculation is variational but
multiple minima on its potential energy surface. In the ;N\H employs an Eckart-frame kinetic energy operatsee, for
molecule, the tunneling motion is an inversion during WhiChexampIe, Ref. 1 We intend to develop this theoretical,model

the molecule flips, much like an l_mereIIa flipping over in further to describe the rotational motion, and the Eckart-
stormy weather, between two equivalent configurations thaftrame approach is chosen in order to minimize rotation-

are mirror images of each other. This large amplitude vibra- . . . . .
. ) Lo vibration coupling and thus facilitate the accurate calculation
tion causes the rotation-vibration energy levels of J\id

o . " . ; . of highly excited rotational states.
exhibit inversion splittings which are easily detectable in the o . .
piting y Many ab initio studies have been concerned with the

rotation-vibration spectra. Owing to the nonrigidity of am- . : . . .
P g giary version barrier of ammonia. The most recent high-level

P : oo
monia, its intramolecular dynamics has been extenswel)}1 X s
studied. In addition to this more academic interest, ammonigalculaﬂon% employ coupled cluster theorfCCSIT)]

is an important molecule in an astrophysical context. It is the” ith extrapolat_|on to the .complete.,- bagls (9@8§) I,'m't and_
fourth most abundant constituent in the atmospheres of Jup[yrther corrections to arrive at adiabatic equilibrium barriers

ter and Saturn and spectral assignments are useful to det&f 1758 and 1777 e, respectively. By contrast, only a few
mine atmospheric temperatures. ab initio potential energy surface®ES have been pub-

Due to the large amplitude vibration, the accurate calculished for ammonia. An early analytic surfé_cg/as deter-
lation of the rotation-vibration energies of the ammonia mol-mined from experimental rovibrational transition data with
ecule directly from the potential energy function is a chal-the use of somab initio force constants in the fitting proce-
lenging problem which has been addressed a number éfure. A complete quartic force field was computed at the

times(see, for example, Refs. 4).6n the present work, we CCSOT) level (basis sets: cc-pVTZ, cc-pVQzand used to
derive spectroscopic constants by rovibrational perturbation

a o . . theory? This force field refers to the equilibrium structure of
Electronic mail: thiel@mpi-muelheim.mpg.de . . . .

YAuthor to whom correspondence should be addressed. Electronic mai@mmon'a_- aqod therefore it cannot dgscr'b? correctly the nver-
jensen@uni-wuppertal.de sion motion.” More recently, two-dimensional potential en-
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ergy surfaces for totally symmetric motions were generatedar relativistic correction E,.) was evaluated at the ATZfc
by CCSOT) calculations (basis sets: aug-cc-pVTZ, cc- |evel as the sum of the expectation values for the mass—
pVQZ, aug-cc-pVQZ and employed in variational calcula- velocity and the one-electron Darwin terrttypical values
tions which led to very good agreement with experiment foraround 0.115 and-0.144 a.u., significant cancellatipiThe

the 22 inversion levels studiéd.FinaIIy, a full six- final corrected energy Heo) is given by Econ=Eexa

dimensional potential energy surface was determined by den+ E_ -+ E,.

sity functional theory with the B97-1 functionabasis set: Geometries were optimized for a variety of basis sets
TZ2P) and used in three different variational treatmentsysing a gradient convergence criterion of 0.00001 a.u. so
which yield similar vibrational energies and reproduce thethat the resulting bond lengths and angles are expected to be
explelrémental fundamental wave numbers to within 15precise to about 0.00001 Bohr and 0.001°. Potential energy
cm = . . _ ~ surfaceqPES were generated at five levels: ATZfc, AQZfc,
As mentioned previously, this paper presents variationaph57fc, CBS (Eyya, and CBS+ (E,). We employed the
calculations of the vibrational energies of ammonia with parsame grid at all levelésee below, and therefore defined the
ticular emphasis on the inversion process. They are based @iid in terms of bond lengths and angles rather than displace-
full six-dimensional potential energy surfaces evaluated agent coordinates. Dipole moment surfa¢®$1S) were only
the CCSDIT) level that are more complete and more accurateéomputed at the ATZfc level using a numerical finite-

than other theoretical surfaces published previoi##400 difference procedure with an added dipole field of 0.005 a.u.
points from CCSIT)/aug-cc-pVTZ enhanced by data with

complete basis extrapolation and further correctiohsthe

following, we describe the computation of thb initio sur-

faces(Sec. ), their representation by analytical functions

(Secs. llI-IV), and the vibrational energy calculatioffSec. = B. Optimized geometry and inversion barrier

V). Table I lists optimized geometries and inversion barriers

that have been obtained without any extrapolations or correc-
II. AB INITIO CALCULATIONS tions. We confirm previous experience that the N—H bond
length converges in an irregular pattern due to basis set su-
perposition errors inXZ calculations’! whereas the XZ
All quantum-chemical calculations were carried out atand ACXZ results converge more smoothly upon basis set
the CCSOT) level (coupled cluster theory with all single extension. For some basis sets, the optimized geometries in
and double substitutions from the Hartree—Fock referenc@able | can be compared with recent literature valiés
determinant augmented by a perturbative treatment of con-which are reproduced within the expected precisisre
nected triple excitatioé!® using the MoLPrRO2000  above.
package*®The correlation-consistent families of basis sets  In Table | the AC5Zcc calculations should be most reli-
cc-pVXZ, aug-cc-p\KZ, and aug-cc-pC¥Z (X=T,Q,5) able since they employ the largest basis set and include an
developed by Dunning and co-work&$’ were employed. —explicit treatment of core—valence correlation. Our best di-
For brevity, we denote the CC$D calculations with the rectly computed inversion barrier is therefore 1783.5 tm
cc-pVXZ, aug-cc-p\KZ, and aug-cc-pCXZ basis sets by The AC5Zcc equilibrium geometry R=1.0109 A, «
XZ, AXZ, and ACXZ, respectively. According to whether =106.77°) is well reproduced by other calculations with
the frozen core approximation was applied or not, “fc” large basis sets, in particular by AQZgeviations of only
or “cc” is added to the notation. Default thresholds from 0.0002 A and 0.04° The dipole moments at various opti-
MOLPRO2000were used unless noted otherwtée. mized geometries were also computed at the ATZfc level and
To reach the complete basis $&BS) limit, AXZfc (X are given in Table | as the last column. Only tide compo-
=T,Q,5) energies were calculated and extrapolated accordient along theC; axis was calculated, since the other com-
ing to® ponents are zero by symmetry.
E—E. +p/X3 B Table Il compares the inversﬁon barriers d.erived from the
extra ' current and previod$ work. Basis set extension and core—
whereb is a fit parameter an&K=3,4,5 now denotes the valence correlation obviously tend to lower the barrier while
cardinal quantum number of the basis set. An alternativeelativistic corrections yield a slight increase. Our extrapo-
proceduré employs separate extrapolations of the Hartree-lated CCSIT) barrier of 1821 cr? lies close to and be-
Fock energy by an exponential angdiand of the CCSDI)  tween analogous previous valugsThe core—valence cor-
correlation energy according to E(.). We have tested both rection of —50 cmi ! is somewhat less negative than found
procedures and find that they yield essentially identical repreviously’® and the relativistic correction of 18 crhis
sults in our case. Therefore we have only used the firsalso slightly smaller. These corrections lead to an estimate
approach?® (Ecor) for the barrier of 1790 cm'. Using a more accurate
The extrapolated total energies from Efj) (E.9 can core—valence correction of64 cm ! (see footnote d of
be corrected for core—valence correlation and relativistic efTable I) and adding a diagonal Born—Oppenheimer
fects. The core—valence correlation contributi@h ) was  correctiof of —10 cmi ! would shift this value to 1766
obtained as the energy difference between frozen-corem 2, close to the final estimates of 1758 chfrom Ref. 7
(ACTZfc) and all-electronfACTZcc) calculations. The sca- and of 1777 cm® from Ref. 8.

A. Computational scheme
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TABLE I. Optimized geometries, inversion barriers, and dipole moments at the GQ$&vel for NH; .2

Cs, D3p

Method E/a.u. Ryn /A ayny/deg E/a.u. Ryn /A ayny /deg Ej/cm? M, /Debyé
Dzfc —56.402 802 2 1.027 287 103.537 —56.388 657 2 1.005 150 120.000 3104.5 —1.6326959
TZfc —56.473 197 2 1.014 128 105.644 —56.463 000 8 0.995 238 120.000 2237.9 —1.554 045 4
Qzfc —56.493 053 2 1.012 455 106.183 —56.483 8236 0.994 900 120.000 2025.7 —1.5310501
5Zfc —56.499 451 2 1.012 090 106.514 —56.490 8220 0.995 233 120.000 1893.9 —1.5161957
ATZfc —56.480562 7 1.014 898 106.401 —56.4717393 0.997 529 120.000 1936.5 —1.5198056
AQZfc —56.4957326 1.012 823 106.537 —56.487 226 1 0.996 024 120.000 1867.0 —1.5147146
A5Zfc —56.500 284 2 1.012 291 106.580 —56.491 866 1 0.995 597 120.000 1847.6 —1.508 3129
ATZcc —56.497 886 5 1.012 014 106.686 —56.489 630 6 0.995 217 120.000 1812.0 —1.507 090 8
AQZcc —56.527 2939 1.010 688 106.727 —56.5190129 0.994 489 120.000 1817.5 —1.5130483
A5Zcc —56.5384213 1.009 815 106.776 —56.530 1609 0.993 689 120.000 1812.9 —1.5052934
ACb5Zcc —56.559 220 3 1.010 904 106.769 —56.551094 3 0.994 593 120.000 1783.5 —1.505028 8

&The (aug-cc-p(C)VXZ basis set is denoted as (A)(XJ. Notations “fc” and “cc” correspond to frozen-core and all-electron calculations. See text for
details.
PATZfc level calculations for theC;, geometries.

C. Potential energy and dipole moment surfaces Six-dimensional (6D) PES were determined on

The one-dimensionallD) PES was explored as the in- three grids. The first oné6D-1) was generated by varying
all bond lengths and angles in the rangByy

version potential from planarity through the minimum out to
=[0.85,0.90,0.95,0.99,1.01,1.05,1.10,1.20 and ayny

a well-bent geometry. The minimum energy path for inver- . |
sion was determined by optimizing the N—H bond length for=[120,116,112,108,104,100,90]8@eg. This large grid

each HNH angle. Three kinds of 1D PES are reported irProduced 14 400 data points. The ATZfc level was chosen for
Table 1Il. The first one(1D-ATZfc) was calculated at the this PES to limit the computational gffort. The'corresponding
ATZfc level through geometry optimizations. The second®P DMS was also computed for this large grid.

one (1D-CBS and the third ong1D-CBS+) were deter- The second grid6D-2) employed 560 data points close
mined from the corresponding theoretical 2D P&8e be- 0 the equilibrium geometry. In this case, the variables
low) as follows?? For a given angle, the energies at variousCOVver the range Ry;=[0.99,1.01,1.06A and auyy
bond lengths were interpolated using cubic splines, and th&[120,116,112,108,104,9&leg, respectively. Similar to the
minimum was then located by fitting the interpolated) 2D case, five PES were computed at the ATZfc, AQZfc,
data points near the minimum to a parabola. A5Zfc, CBS, and CBS levels.

Cs, (or Dg,) symmetry was maintained when generating ~ The third grid (6D-3) extends over the same
the 2D PES. The grid was set up with 21 distanégg,  region as the first one(6D-1) but is considerably
between 0.60 and 1.65 A and 20 angles; between 70° sparser: Ry;=[0.85,0.99,1.05,1.2004  and  apny
and 120°. The data points were more dense in the vicinity of=[120,112,101,90,80deg. At the corresponding 700 data
the equilibrium geometry and the saddle pdihin total 420  points, potential energy surfaces were again calculated at the
data points were computed. The 2D PES were first obtaine&TZfc, AQZfc, A5Zfc, CBS, and CBS levels. The differ-
at the ATZfc, AQZfc, and A5Zfc levels, and those at the CBSences between the CBSand ATZfc energies at these 700
and CBS+ levels were determined afterwardsee Sec. points were interpolated employing cubic polynomials which
[IA). The 2D DMS was generated on the same grid at theallowed us to determine corrections to the ATZfc energies of
ATZfc level. all 14400 points on the largéeD-1) grid. Adding these cor-

TABLE II. Inversion barrier of NH .2

This work Ref. 7 Ref. 8
Contribution Theory/basis E/cm™? Theory/basis E/cm™?t Theory/basis E/cm™?
Extra. CCSD(T)/XZ 182P MP2/XZ,CCSD(T)XZ 1810 CCSD()/(A)XZ,CCSD(T)-R12/B 1831
Core corr. CCSDT)/ACTZ —50ed MP2/CQZ —64 MP2/CQZ,CCSDT)-R12/B —64
Relat. corr. CCSDI)/ATZ 18° MP2/TZ 23 HFNZ,CCSOT)/YZ,HF/u-CYZ 20
BO corr. no yes -11 yes —10
Sum 1790 1758 1777

®Barriers after extrapolation to the CBS limit, core-valence correlation corrections, scalar relativistic corrections, and diagonal Borein@uiBa)
corrections are listed. For extrapolatiof=T,Q,5 in this work,X=0Q,5,6 in Refs. 7, 8 and¥=D,T,Q in Ref. 8. See text and also the cited literature for
details.

bTwo-point extrapolation witiK=Q,5 yields 1827 cm'.

‘Evaluated at the AC5Zcc geometry. Essentially the same results are obtained at other high-level ge@®2fiesdQZcc, A5Zco.

9The CCSMT)/A5Zfc and CCSIT)/AC5Zcc barriers obtained from individually optimized geomettigable |) imply a core—valence correlation correction
of =64 cm%, in complete agreement with previous wofRefs. 7, 8. We quote the less accurate correction from CCBIA(C)TZ for the sake of
consistency, since our PES calculations employ this level for the core—valence correlation cotsegti®ec. Il A
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TABLE Ill. Inversion potential for NH.?

1D-ATZfc 1D-CBS 1D-CBS-
ayny/deg R /A E/a.u. Ryn /A E/a.u. Ryn /A E/a.u.
120.000 0.997 529 —56.4717393 0.994 989 —56.4977313 0.993 985 —56.578654 5
119.000 0.998 833 —56.472 961 8 0.996 262 —56.498 861 7 0.995 264 —56.5797705
118.000 1.000 129 —56.4740930 0.997 534 —56.499 962 5 0.996 530 —56.5808419
116.000 1.002 701 —56.476 091 4 1.000 023 —56.5018311 0.999 037 —56.582 7356
114.000 1.005 254 —56.4777354 1.002 469 —56.503403 3 1.001 484 —56.584 272 4
112.000 1.007 796 —56.479014 8 1.004 863 —56.504 623 9 1.003 886 —56.585473 1
110.000 1.010331 —56.4799180 1.007 224 —56.505 499 3 1.006 249 —56.586 282 9
109.000 1.011 599 —56.480 225 2 1.008 383 —56.505752 4 1.007 410 —56.586 552 9
108.000 1.012 867 —56.4804345 1.009 515 —56.505 967 0 1.008 573 —56.586 723 2
107.000 1.014 137 —56.480544 6 1.010818 —56.506 020 1 1.009 727 —56.586 824 3
106.000 1.015 409 —56.480 554 5 1.012118 —56.506 0121 1.011 039 —56.586 810 3
105.000 1.016 685 —56.480463 1 1.013414 —56.505 874 6 1.012 334 —56.586 650 7
104.000 1.017 967 —56.480 269 4 1.014 713 —56.505691 7 1.013 640 —56.586 453 7
103.000 1.019 254 —56.4799724 1.016 007 —56.505379 1 1.014 937 —56.586 104 0
101.000 1.021 852 —56.479 064 5 1.018 589 —56.504 426 2 1.017 532 —56.585 1539
99.000 1.024 492 —-56.4777311 1.021174 —56.503 025 2 1.020 136 —56.583 756 2
95.000 1.029 952 —56.4737543 1.026 417 —56.4989190 1.025 404 —56.579617 2
90.000 1.037 275 —56.466 231 3 1.033 700 —56.4913341 1.032594 —56.571969 2
80.000 1.054 695 —56.442 077 4 1.050918 —56.466 7370 1.049 804 —56.547 350 7
70.000 1.078 830 —56.404 424 9 1.075125 —56.428 651 4 1.074 026 —56.509 094 1

#1D PES,Cg3, or D3, symmetry, bond lengths optimized. See text for details.

rections to the ATZfc energies yields an interpolated high-ll. THE ANALYTICAL FUNCTION USED

level surface on the large grid that is denoted byTO REPRESENT THE POTENTIAL ENERGY SURFACE
6D-1-CBS'. By construction, the CBS$ energies on the
6D-3 grid (700 pointg are reproduced by this surface. Its

quality can further be checked through comparisons with th ; _— :
available CBS- energies on the 2D and 6D-2 grids. Exclud- ment, to de_termlne the accuracy of thie |r_1|t|o calcu_latlons, .
ing the points that are also included in the 6D-3 grid theVe have fitted a parameterized analytical function, which
root-mean-square deviations are 2.69 &n@D, 227 corr;- depends on all six vibrational coordinates of NHhrough
parisong and 0.62 cm* (6D-2, 544 comparisonsand the theab initio points. . ,
corresponding maximum deviations are 8.49 &rt2D) and It is well known that the potential energy function for the
2.23 cmt (6D-2). The agreement between. computed GBS inversion motion of NH is strongly anharmonic with a rela-
and interpolated CBSenergies is particularly good close to tively small barrier to planarity. Even in the vibrational states
equilibrium (deviations smaller than 2 cid for NH dis- of lowest energy the molecule can tunnel through the barrier
tances between 0.97 and 1.07. A& should be stressed that and access two equivalent minima on thg potentia! energy
the current approach does not allow for extrapolation wher urfa(ie. Bgcause of the_ s_trong gnharmonICIty O.f this um-
the cubic polynomials may produce meaningless result rella” motion the description of it requires special consid-

. . ; ; .. eration.
(checked for 2D. Inside the interpolation region, however, it . . . .
appears to be reliable and to provide a high-level surface we des_cnbe f'rSF the coordinates used in the parameter-
close to CBS- quality. ized analytical function that represents the potential energy

It might be instructive to indicate the computational ef- function. The.protons n Ngia_re labeled as 1, 2, 3, and

fort required to construct the surfaces by specifying thedenotes thg instantaneous distance between the N nuc!eus

single-processor CPU times on a Compaq EG83 MH2). and protonl.. We express the dgpendenge of the potential

About 4 min are needed for one ATZfc energy calculation,e.nerg.]y function on ‘h?se stretching coordinates by an expan-

and hence the 6D PES and DMS on the large grid take aboto" " the Morse variables

40 and 240 days of the CPU time, respectively. To obtain the g=1—exp—a(ri—ry)), =123, )

PES at the CB$ level, most of CPU time is spent on the

A5Zfc calculations(4 h CPU time per point, compared with wherer, is the common equilibrium bond length for the

30 min per AQZfc point. Overall the CBS- PES on the 2D, three bonds, ana is a molecular parameter. By using the

6D-2, and 6D-3 gridg420, 560, and 700 pointsake about Morse variables in Eq2) rather than bond length displace-

75, 100, and 125 days of CPU time, respectively. mentsr; —r for expanding the potential energy function, we
For the sake of brevity, the 2D and 6D surfaces are nobbtain faster convergence of the expansion. Also, when we

tabulated here. They have been fitted to analytical potentiaise Morse oscillator eigenfunctions as stretching basis func-

functions(Sec. Ill) and are well represented by a set of po-tions for the variational calculations, we have the advantage

tential energy parametefSec. I\). of being able to calculate the integrals over thanalytically

With the purpose of computing vibrational energies for
gmmonia and, by comparing the theoretical values to experi-
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when setting up the matrix representation of thewhere the parameter, is the equilibrium value op in the
Hamiltonian?* We define the “interbond angle; as the = Cj, symmetry equilibrium geometry, amlis chosen suffi-
angle between the N—Hand N—H bonds(where, for ex-  ciently large for the fitting of theb initio points to be satis-
ample, by N—H we mean the bond between the N nucleusfactory. In our case, thab initio data are well described with
and the proton labeled 2«, is the angle between N—Fand  a potential of fifth order.

N—Hs;, and a3 is the angle between N—Hand N-H. Our choice of the function sip.—sinp to expand the
These three angles have the common equilibrium valye coefficients Fj (sinp) is based on the fact that sip
and we definA aj= a;— a,. We form the following sym-  —sinp attains its minimum value at planar geometries where
metrized combinations of th& «; : a1t ay+ az=2m. Thus, our expansion for the potential en-
1 ergy function has a maximum or a minimugie., the first
§4a:%(2A a;—Aay—Aaj), (3)  derivative vanishesat planar geometries as required by sym-

metry. Also, as mentioned above, gilis totally symmetric

1 under the symmetry operations M).
Eap= (Aaz~Aag), (4 ymmetry op Dsn (M)

these two coordinates had, symmetry in the molecular V. POTENTIAL FUNCTION FITTING

symmetry grou3,(M) (see pp. 41 and 85 of Ref).lwe  TO THE AB INITIO POINTS

express the dependence of the potential energy function on  \ye have chosen the followirap initio data sets as input
the inversion angle through the quantity for the fitting procedure: 6D-1-ATZfc(14400 points

2 6D-1-CBS (14400 points and 6D-CBS (1680 points;
smp—‘/—jsm(a/Z), ® " combination of all CBS points from 2D-CBS-, 6D-2-
where CBS+, and 6D-3-CBS-). The latter set covers only a rela-

a=3ay+ar+asg) (6)  tively small grid of nuclear geometries, but all points are

is the average of the instantaneous values of the three intetomputed at the highest level applied presently. The former
bond anglesy; . If the molecular geometry haS;, symme-  two sets cover the full 6D-PES, and the interpolated
try, then it is easy to show thatis the angle between ti®;  6D-1-CBS' energies are expected to be almost as accurate
axis and any one of the bonds. In less symmetrical configuas those from 6D-CB$. Table IV lists the resulting poten-
rations there is no simple geometrical interpretatiop,obut  tial energy parameter&hat are allowed by symmetry and
sinp can be easily determined in any configuration, and it isdetermined to be significantly different from zgrand the
totally symmetric in the molecular symmetry group. standard deviations of the fits: all values are given i tm
By analogy with the expansion used for triatomic mol- except for the equilibrium inversion coordinate (in deg,
ecules in Ref. 25, the parametrized analytical function usethe equilibrium bond length, (in A), and the Morse param-
to represent the potential surface is chosen as etera (in A™Y). In the case of 6D-1-ATZfc, the equilibrium
geometry from the fitting proceduf@able 1V) can be com-
V(&;sinp)=V+ Vo(sinE)JrE Fi(sinp)¢; pared to that from direct optimizatiofTable |): the devia-
J tions are 0.000 037 A for the bond length and 0.015° for the
. bond angle.
+gk Fjk(sinp) & A total of 76 and 75 fit parameters were necessary for
6D-1-ATZfc and 6D1-CBS", respectively, to get a reason-
+ > Fiu(Sinp)&;&cé gble description of the full 6D-PER4 400 points extending
j=<k=l in energy up to 30000 cit), whereas 70 parameters were
sufficient for the smaller 6D-CBS grid. In each case, the
+ > Fiam(Sinp)&&&iEnt -, standard deviations of the fits were very sm@l-5 cm%,
j<k=<Il<m Fs : P :
see Table IV indicating that theab initio energies depend
(7 smoothly on the vibrational coordinates. However, some of
where the five curvilinear internal coordinateg, {k the fitted parameters have quite different values for the vari-
=1,2,3,4,4b} are made up of the three local Morse vari- ous potential surfaces, especially for high order parameters.
ables(2) for k=1, 2, 3 and the degenerate bending symme-Consequently, we cannot estimate the accuracy ofathe
trized coordinate$3—4) for k=4a, 4b respectively. The ex- initio calculation from the fitting of the points alone; this
pansion coefficientsF, (sinp) depend on sip; the fitting only reflects the internal consistency of the data
inversion coordinate is the sixth internal coordinate needegoints. To determine this accuracy, it is necessary to carry

for describing the vibrations of the ammonia molecule. out the vibrational calculations and compare the resulting
The pure inversion potential function is defined as theoretical vibrational energies with the corresponding ex-
5 perimental values.
Vo(sinE)ZE fgs)(sinpe—sinﬁjs; (8) The interpolation scheme leading to the ABCBS
s=1 surface is one way of using high-accuracy CB#forma-
and the expansion functions are tion to correct 6D-1-ATZfc energies so that high-accuracy
n energies can be computed at a large number of nuclear ge-
_ L (9 (cinn —cinT)S ometries. We have also explored another way towards the
Fi..(sinp) 520 fjic.(sinpe sinp)*, © same end. We have constructed an analytical potential sur-
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TABLE IV. Potential energy parameters for the ground electronic state af.NH
6D-1-ATZfc 6D-CBSH 6D-CBS' 6D-APS
Pe 112.37547€10) 112.09220) 112.06910) 112.084866)
Fe 1.01493%28) 1.01032471) 1.010290827) 1.01033715)
@ 2.15 2.15 2.15 2.15
Ve —12396051.1715) —12419378.428) —12419378.7¢14) —12396051.1715)
f2 32919553 326006122 32667943) 322858479
f3 —486714520 —4060281477) —427230519 —4164884304
fg 10697662985 7758049463 8620912820 131589060941
£ —2122063213011
f1 —3398810) —3333445) —3357110) —33240104
f2 5270898) 44356450 4704796) 44268969
f3 —3568361699 —3985306271) —3468541713 —42425315179
f1 5456668839 93188632154 5673838644 104031875849
9, 3815722 3884122 38755.218) 3872716)
1 —1858338) —18348296) —1876938) —18155451)
f2, 56381380 644421625 55717354 760853187
3 —2425592506 —32050314073 —23748%2356 —43084725523
9, —412.122) —492(22) —422.622) —-412.722)
fls 487532 4553201) 4820(31) 487532
2, 39890420 476061986 40429423 39890420
3, —744342827) —13878417523 —773622780 —744342827)
f0ata 16940.434) 16817.292) 16780.528) 16940.434)
fata 6476580) 67008287 6718Q75) 6476580)
f20a —1114541994 —887993005 —864261507) —1114541994
f3ata 37619416352 11959535112 8878112643 37619416352
2,aV302 —4472.561) —453836) —4405.359) —4472.561)
f1aV3N2 —-2010Q118 —20278763 —20530114) —-2010Q118
2,0V302 —814982137 —727488100 —822661848 —814982137
£2aV3N2 29848916069 23915062130 27475913280 29848916069
i 655.437) 476(23) 509.934) 41632
i, —1004385) —11004349) —1053980) —13268958
2, 22276660 409303270 28679654 7883710104
0 —277.929 —305(19) —307.526) -277.929
i, 197350) 1370309 165549 197350)
2.5 10078400 221593574 13188400 10078400
050 —243.189) —34876) —236.282) —243.789)
fls 4432144 11511385 4632139 4432144
£ ata —406.467) —45617) —529.654) —406.467)
fLata 20078232 16166481 18262152 20078232
£2 ata —254952800 1323783 —254952800
f9,V3N2 —274712) —290569) —276712) —274712)
V312 —13878199 —-1345@990 —14234188 —13878199
9572 —5040116) —510388) —499415) —504016)
L2 -17212329 —141981795 —17526297) -17212329
2,002 393233039 6504220322 367812482 393233039
£ ta —2261.343) —235626) —2356.643) —2261.343
1100 —-9737125 —10335541) —9494124) —-9737125
2t —-162251381) —141681333 —162251381)
=5 /\2 929113 106046) 897(11) 92913)
3 s0/\2 2791340 2698190 2791340
— f50m/\2 —128393547 —128393547
00 337915 2729159 354415) 3547154
fl —4388267) —68971960 —4297269 —65263561)
913 —420(11) -33387) —487(11) —420(12)
s —-161(14) -10914) —-161(14)
112z 3915249 56932066 3808249 3915249
9105 —18214) 10(95) —144(15) —18214)
1103 1215244 33722125 969247) 1215244
£, sata —229229) —1482103 —204927) —229229)
1 mda 5913533 17364507 5913533
92\ 2 139734) 1962173 164234) 139734
3 0man/\2 —6546622 —14853345]) —10368611) —6546622
93000 125230) 394128 968(28) 125230)
L rmta —13899563 —99862492 —10275537) —13899563
fsman/\2 886(47) 2078247 132045) 886(47)
— flaman/\2 14669908 125264945 8550879 14669908
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6D-1-ATZfc 6D-CBSt 6D-CBS* 6D-APS
£9,,V3N2 —104943) —-1069257 —135743) —104943)
flimV3h2 —6390651) 1131(4029 —2978647) —6390651)
£ ssatata 65518) 829(41) 72314) 655(18)
fL odata 13562397 67391128 8850306 13562397
2 15mV3N2 222639 3170209 252837 222639
flamV3N2 4398604 110874243 1778595 4398604
100V2 241939) 2091195 229439) 241939)
fLopV2 —6483709 —16264386 —391%700 —6483709
2 jodada 316.293) 223(60) 260.693) 316.293)
£ joada 3581(18) 51781131 4285176 3581(181)
£ sadaao2 —-106248) -1813147 -1521(43) —106248)
3 sadaao\2 —19739934 —163662784 —13132855 —19739934)
Standard deviation 4.6 43 4.3 5.7

@0btained by means of a one-dimensional fitting of a stretching Morse potential &btimitio points in the vicinity of the equilibrium geometry and kept
fixed in the fitting of the other potential surfaces.

face 6D-APS by first fitting the analytical function in E)
to the 6D-1-ATZfc points and then to the 2D-CBSb initio

fixed axis system are obtained in Ref. 29. Here, we have
introduced a new inversion coordingigand it is necessary

points. In the second fitting all parameters, which could noto clarify its definition in order not to confuse it with the
be reliably determined, were held fixed at the values obinstantaneous inversion coordingieemployed to describe
tained in the initial fit to the ATZfc points. Thus, in a sense, the potential energy functiofsee Fig. 1L The two inversion
the CBSt potential is superimposed on the ATZfc potential. coordinatesp andp are identical when the molecule is in the
In the 6D-APS potential, the information about the 2D purereference configuration witlC;, symmetry and all three
symmetric stretching and bending motion is obtained frombond lengths equal to.. If the molecule is distorted away
the CBSt+ points, but the information about all other vibra- from the reference configuration, it is possible to expyess
tional motions originates in the ATZfc points. Thus, when weterms ofp and the other vibrational coordinates. For a given

leave the region in coordinate space with the GBfoints,

nuclear geometry, the instantaneous valug f determined

the potential energy function does not just extrapolate arbitogether with the instantaneous values of the Eckart arfjles
trarily. Instead its behavior is governed by the ATZfc calcu- ¢, y used as rotational coordinates by solving four equations
lated points. The 6D-APS potential parameters are given imbtained from the Eckait and Sayvet? conditions.

the last column of Table IV. To reach the standard deviation
of 5.7 cm ! with respect to the 2D-CBS potential energy
surface it was necessary to include one paraméggr,n
addition to those used in the other fittings.

V. VIBRATIONAL ENERGY CALCULATION

For the vibrational energy calculations we have devel-
oped a progranxy3. This program is based on the Hougen—
Bunker—JohngHBJ) formalisnt® (see also Refs. 1 and 27
involving a nonrigid reference configuration that follows the
large-amplitude inversion motion of the ammonia molecule
The other(small amplitude vibrations are then measured as

§=Z Bi(p)d;,

displacements from this reference configuration. In practical
terms, in the HBJ approach the inversion motion is treated
together with the rotation, and the inversion coordinate can
be thought of as a fourth rotation angfewe give here only
a very brief outline of the theory developed to do the vibra-
tional energy calculation® more details will be given in a
subsequent publication.
To get an expression for the nuclear kinetic energy in the
HBJ formalism we choose the reference configuration for
XH; type-molecules to hav€;, symmetry: the three bond
lengths are held fixed at equal valugsand the bond angles
are equal but are allowed to vary. The componex(p) of
the position vector for nucmu—ithe protons are labeled 1, 2, FIG. 1. Reference configuration chosen for ammonia. The origin of the

3, and the nitrogen nucleus is labeled id the molecule-

H,

&

a

a

For the kinetic energy the internal coordinates used are
linearized at an arbitrary reference configuratfoso that
they approximate the curvilinear internal coordinates given
in Egs.(2)—(4),

(10

whered; is a three-component column vector describing the
displacement of nucleusfrom its reference position in the
molecule-fixed axis systerB,(p) is a transformation matrix,
and S is a five-dimensional column vector containing the
linearized vibrational coordinates. This vector is defined as

molecule fixed axis system coincides with the center-of-mass.
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(SHT=(Ar! Ar, ArL, S, ,Sh), (11) local-mode notation. The quantum numbers in the local-
1 2 314a14b . . . .
mode notation are obtained as those for the basis function

where the superscript denotes transposition and with the largest contributiofi.e., the largest absolute value

1 of the eigenvector coefficiento the eigenfunction. In the
Sja=—=(2Aa— Aahb—Aab), (120  standard notatiom, is the usual harmonic-oscillator quan-

V6 tum number for the totally symmetric stretching mod§g is

1 the harmonic-oscillator quantum number for the inversion,
Shbzg(Aalz—Aals)- (13  andpis the parity of the inversion state in question, axjgj

and v'44 are the quantum numbers for the two-dimensional

With this choice of coordinates we simplify the expres- harmonic oscillator for the degenerate stretching and bending
sion for the vibrational kinetic energy, which is obtained by mode, respectively. For the local notatiop, n,, andn; are
performing a Sgrensen procedtirvith seven constraints: the local stretching quantum numbelg, and| describe the
the fact that the molecule-fixed axis system has origin in thelegenerate bending mode witlbeing the quantum number
nuclear center-of-mass in conjunction with the Eclsand  for the vibrational angular momentum, andcorresponds to
Sayvetz* conditions. the inversion mode.

As explained above, the potential energy function is ex- By comparing the deviations between calculated and ob-
pressed in terms of the three Morse variables in &),  served band centers in Table V, one can get an impression of
which in turn depend on the instantaneous values of the threthe quality of the potential surfaces 6D CBS", 6D-
bond lengths, the two bending coordinates defined in 8)s. CBS+, and 6D-APS. As discussed aboi&ec. 1V), the 6D-
and(4), and the “instantaneous” inversion coordingiede- = CBS+ surface is obtained by directly fitting one set alf
fined in Egs.(5) and(6). These coordinates are all geometri- initio points computed at the highest level of theory em-
cally defined so that the parameters in the analytical expreployed in the present work, whereas the -6BCBS" and
sion for the potential energy function have the same value§D-APS surfaces result from the combination of the GBS
for all isotopomers of the molecule. The kinetic energy op-and ATZfc data points. The calculated band centers in Table
erator, on the other hand, is expressed in terms o¥ document that all the potential surfaces considered are of
{Ar} ,Ar} ,Ar5,S,,,S,,,p). To obtain the vibrational high quality; the agreement with experiment is comparable
Hamiltonian we must carry out suitable coordinate transforfor all of them(see also rms deviations in Tablg Wut best
mations to ensure that the operators representing the kinetfor the 6D-APS surface. Band center calculations have also
and potential energies depend on the same coordinates. Thigsen performed for the 6D-1-ATZfc surfadeesults not
is achieved by expanding the potential energy function irshown in Table V: as expected, the rms deviation of 34.0
terms of linearized coordinates in Ed.1) up to fourth order. cm* is larger here than in the other cases because of the
Expansion coefficients are obtained numerically computingexclusive use of data obtained with a smaller basis.
partial derivatives of the potential energy function with re- Due to strong interactions between states and to the fact
spect to linearized coordinates at the equilibrium geometrythat several calculated energies are often close to a given
The transformation does not simply lead to the potentiakexperimental energy, in some cases we could not establish a
function being expressed as a Taylor expansion in the lineadirect correspondence between experimental and calculated
ized coordinates. We express it in terms of the Morse varidata. For this reason, only band centers with obvious assign-
ables in Eq(2) with bond length displacements—r. deter- ments are reported in Table V. We could not determine an
mined in terms of the linearized coordinates. Consequentlyappropriate assignment for the vibrational polyad blokks
the potential energy function used in the vibrational Hamil-=n;+n,+n3+(Np)/2=3,...,6 as illustrated in Table VI,
tonian has the desirable properties resulting from the exparwhere we list the corresponding band centers. The calcula-
sion in curvilinear coordinates: It approaches a constantion reported in this table has been done with the 6D-APS
value for long bond lengths, for example. potential parameters. The largest contributions in local nota-

The energy calculations are performed by variationallytion to the respective eigenvectors are also shown in Table
diagonalizing a matrix representation of the inversion-VI and in some cases do not correspond to the standard
vibrational Hamiltonian. This matrix representation is con-assignment$.To obtain a correct assignment we must also
structed in a basis set whose functions are obtained as prodempute the transitions intensities.
ucts of(a) Morse oscillator functions for the local stretching The band center values corresponding to the pure inver-
modes; (b) two-dimensional isotropic harmonic oscillator sion 4v, band require some comments. In 1984 Ziegler and
functions for the bending modes described {8},,S,,};  Hudsori’ reported the values 3448 cm ' and 4045
and (c) inversion functions depending qn The latter func- +5cm ! for the band centers of thev4 and 4v, states,
tions are obtained by numerically solving the one-respectively. However in 1999 Kleinet al° claimed a new
dimensional inversion Schdinger problem with the value for the 4 around 3462 cm', which is in good
Numerov—Cooley methotf:34-3¢ agreement with our calculation. Except for the,4state, the

The results of band center calculations for Nahd its  calculated pure inversion band centers are very close to the
isotopomers'™®NH;, NT;, ®ND;, and ND; together with  experimental values. We calculate the term value of thg 4
observed data are given in Tables V-VII. In the tables westate to be 4067.39 cm. For the states,v, in Table V
label the states in the “standard” spectroscopic notation, asvhose energies are determined experimentally at high preci-
they appear in experimental papérs®3’~land in the sion, the deviation from experiment is a few ¢hlt seems
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TABLE V. Experimental and calculated vibrational band centers fog NH

6D-CBS+ 6D-1-CBS 6D-APS
r vy vh v'33 v'4“ n, n, ng Ny n, Expt? Calc. Expt— Calc. Calc. Expt-Calc. Calc. Expt- Calc.
A 01" °0° 00001 932.43 936.92 —4.49 936.05 -3.62 934.77 —-2.34
A 02" 0°0° 00002 1597.47 1603.34 -5.87 1602.77 -5.30 1601.79 —-4.32
A 03" 0°0° 00003 2384.1% 2385.33 -1.18 2385.75 -1.60 2383.14 1.01
A; 00" Q020 00020 3216.02 3209.88 6.14 3201.16 14.86 3211.05 4.97
A 10" 0°0° 0010d0 3336.02 3336.70 —0.68 3337.33 -1.31 3338.97 -2.95
A; 04" 0°q° 00004 34620 3466.29 —4.29 3466.98 —4.98 3464.24 —2.24
A; 017 0°2° 00021 4115.63 4109.18 6.44 4093.67 21.95 4095.66 19.96
A 117 0%0° 00101 4294.51 4302.85 -8.34 4300.85 —6.34 4302.06 —7.55
A 10" 0°2° 00120 6520 6524.01 —4.01 6518.16 1.84 6527.08 —7.08
A; 207 0°0° 00200 6606.0 6590.88 15.12 6587.41 18.59 6591.77 14.23
A 00" 2°0° 01100 6795.3 6793.20 2.10 6791.87 3.43 6788.45 6.85
A; 00" 3°0° 11100 10232.52  10244.41 —-11.89 10234.35 -1.83 10230.09 2.43
A 50" 0°0° 00500 15450.82  15425.97 24.85 15438.07 12.75 15445.50 5.32
E; 00°0°1! 00020 1626.28 1619.33 6.95 1615.15 11.13 1621.00 5.28
E; 01" 01t 00021 2540.58 2536.82 3.71 2530.14 10.39 2532.24 8.29
E; 00" Q0 22 00020 3240.18 3225.14 15.04 3216.05 24.13 3227.14 13.04
E; 00" 1t 0° 00100 3443.68 3443.97 -0.29 3442.14 1.54 3440.10 3.58
E; 01" 1t 0° 00101 4416.91 4423.10 -6.19 4419.24 -2.33 4417.73 -0.82
E; 10" 0%1! o010 4955.85 4950.01 5.84 4945.30 10.55 4953.55 2.30
E; 00" 11t 0010 5052.60 5037.74 14.86 5029.99 22.61 5033.08 19.52
E; 01" 1t1t 00121 6012.90 5999.01 13.89 5987.30 25.60 5988.76 24.14
E; 10" Q022 00120 6566.22 6545.79 20.43 6535.84 30.38 6548.61 17.61
E; 10" 1t ° 00200 6608.88 6597.26 11.57 6588.50 20.33 6594.38 14.45
E; 00" 11272 00120 6677.28 6664.48 12.75 6657.93 19.30 6660.27 16.96
E; 00" 220° 01100 6850.26 6851.87 —-1.67 6847.93 2.27 6844.27 5.93
E; 20" 0°1! 00220 8200 8213.84 —13.84 8203.59 —3.59 8211.59 —11.59
E; 00" 3'0° 01200 10110.86  10098.24 12.62 10093.73 17.13 10112.69  —1.83
E; 30" 1t 0° 00400 12675.5 12645.69 29.81 12653.05 22.45 12654.68 20.82
E; 40" 1*° 00500 15451.19  15472.90 -21.71 15439.33 11.86 15461.37  —10.18
A] 00 0°q° ooodo 0.79 0.74 0.05 0.76 0.03 0.74 0.05
A] 01 0°a° 00001 968.12 971.32 —-3.20 970.80 —2.68 968.97 -0.85
A 02 0°0° 00002 1882.18 1882.79 —-0.61 1882.62 —0.44 1880.22 1.96
A] 03 0°0° 00003 2895.51 2894.65 0.86 2894.87 0.64 2892.33 3.18
A 00 Q°2° 00020 3217.59 3211.01 6.58 3202.38 15.21 3212.27 5.32
A 10 0°0° 0010d0 3337.08 3337.53 —-0.45 3338.18 -1.10 3339.81 —-2.73
A} 04 0°q° 00004 404% 4068.95 —23.95 4069.22 —24.22 4067.39 —22.39
Al 01 Q°2° 00021 4173.28 4153.24 20.01 4140.08 33.17 4143.47 29.78
A 117 0°0° 00101 4320.06 4329.37 -9.31 4328.30 —-8.24 4328.63 —-8.57
A] 00 2°0° 01100 6796.78 6788.79 7.94 6788.22 8.51 6784.73 12.00
' 00 30° 11100 10234.78  10230.76 3.97 10224.81 9.92 10219.59 15.14
Al 50 0°0Q° 00500 15447.38  15436.30 11.08 15433.91 13.47 15446.90 0.48
E; 00 0°1! oooto 1627.37 1620.21 7.16 1616.05 11.32 1621.91 5.46
= 01 0°1* 00021 2586.18 2575.62 10.51 2569.78 16.35 2571.94 14.19
= 00 Q22 00020 3241.61 3226.14 15.47 3217.08 24.53 3228.14 13.47
E} 00 1'0° 001d0 3443.99 3440.10 3.89 3437.87 6.12 3436.08 7.91
E} 01 10° 00101 4435.4 4438.26 —-2.86 4434.98 0.42 4432.78 2.62
E} 10 0°1t 00120 4956.79 4951.00 5.79 4946.32 10.47 4954.55 2.24
E} 00 1t1t 00120 5052.97 5028.49 24.48 5019.62 33.35 5022.25 30.72
E; 01 11! 0011 6037.12 6011.44 25.68 6000.92 36.20 6001.81 35.31
E} 10 0022 00120 6566.22 6547.07 19.15 6537.13 29.09 6549.97 16.25
E; 10 1*¢° 00200 6609.66 6588.12 21.54 6592.07 17.59 6596.87 12.79
= 00 1272 00120 6677.95 6668.19 9.76 6657.49 20.46 6660.67 17.28
E; 00 220° 01100 6850.76 6850.07 0.63 6845.44 5.26 6842.75 7.95
E; 00 3t0° 01200 10111.3¢  10092.49 18.82 10094.64 16.67 10118.33  —7.02
E; 30 1*0° 00400 12675.5 12646.87 28.63 12652.78 22.72 12655.96 19.54
E; 40 1'0° 00500 15448.7 15477.48 —28.78 15437.99 10.71 15455.05 -6.35
rms 13.6 16.1 13.0

&The experimental energies are taken from Ref. 28, except where otherwise indicated.
PFrom Refs. 37, 38.

‘From Ref. 2.

YFrom Ref. 4.

°From Ref. 40.

'From Ref. 3.

9From Ref. 39.

"From Ref. 41.
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TABLE VI. Ambiguous assignments of the calculated band centers foy.NH

i r vy vh v|33 U|44 Expt® Calc. ‘I’zE---Cr,:,tr:ﬁinz|n1>|n2>|n3>|N|b>‘ni>
3 E; 10" %42 9639.65 9621.62 0.98)|1)|0)|22)|0)+0.11/0)|0)|1)0°%[6) +---
9654.22 0.78)]0)]2)|2°|0)+0.340)|0)|2)| 2°)| 1)+ --
9681.23 0.9(D)]0)|1)]4%]0)+0.241)|1)|0)|11)|2) +---
20" 11 ° 9689.84 9700.82 0.92)|0)|1)|4%)|0)+0.170)|0)|2)|22)|0) +- --
00" 11 4° 9738.15 9718.55 0.86)|0)|3)|0°)|0)+0.380)|0)|2)|22)|0) + --
9740.21 0.5[0)|0)|2)|22)|0)+0.490)|0)|2)|11)[2) +- -+
4 E; 10" 0° 62 12 628.20 12 615.09 0.82)|0)|3)|2°|0)+0.220)|0)|3)|2°)| 1)+ --
30" 1t 0° 12 675.50 12 654.68 0.6%)|0)|4)|0°)|0) + 0.190)|0)|4)|0%| 1)+
12 709.57 0.6[0)]0)|4)|0%]0)+0.521)|1)|0)|1)|5)+---
5.5-6 18 090.10 0.66)]1)|0)7%)]0)+0.451)]1)|3)|0%|1) +- -
E; 50" 11 0° 18 109.47 18 098.38 0.90)|0)|6)|0°)|0) + 0.350)|0)|6)|0%|1) +- -
18101.88 0.8a)|1)[2)|31)0)+0.231)[1)|2)|3%)|1) +- -
18 115.23 0.8[2)1)|0)|5%)|0)+0.271)|1)|2)|2%|1) +---
5.5-6 18 068.04 0.73)]2)|0)]1%)]0)+0.223)]2)|0)|11)[ 1)+ --
A; 60" 0°0Q° 18 109.47 18 098.17 0.90)|0)|6)|0°)|0) + 0.350)|0)|6)|0%| 1)+
18112.81 0.90)|1)|3)]11)|0)+0.281)|1)|3)]11)|1) +- -
18 150.00 0.7/)|1)]0)| 71)]0) +0.530)|0)| 1)|97)|0) + - --

N is a polyad block numbeX=n;+n,+n;+ (Ng)/2.
PReference 2.

likely that the calculated energy for/d should have a com- relative to experiment; for the complete vibration-inversion
parable deviation. Thus it is probably more accurate than thelamiltonian the predictions are too low.
present, approximate experimental value of 4045 trivor The band centers for various isotopomers of ammonia
the same reason we did not include in Table V the experihave been calculated from the 6D-APS potential energy sur-
mental data that appeared in Ref. 38, where they were rdace. Table VII shows that with thab initio force constants
ferred to as “private communication” with L. D. Ziegler. of NHs3, the prediction of the experimental data is good.
These values are all lower than our predictions by 20—4learly there is no large breakdown of the Born—
cm L. Besides, we do not include for the correspondingOppenheimer approximation in the electronic ground state of
states with negative parftyin Table VI. They would only NH;. Some experimental data cited in Ref. 38 have rela-
increase the size of the table without adding new informatively low accuracy(+50 cm }); these values are not useful
tion. These energies are 18 109.18 ¢nfior A’ symmetry for the comparison of our theoretical results with experiment
together with 9642.32, 9689.72, 9738.84, 12628.2, anénd have not been included in the tables.
18107.56 cm* for E] symmetry. Table VII shows that the local quantum numbers for the
It is worth making a few points related to the comparison'*NDs levels at 4887.29, 4938.44, and 4887.67 ¢rand the
between experiment and the theoretical results for thg NHNT; level at 2014.1 cm' are in disagreement with the
molecule. As the initial step in the calculations reported here;standard” notation. However tha quantum numbers of our
we computed the pure inversion energy levels from the pur@assignment are consistent with the work of Kauppi and
inversion Hamiltonian by neglecting the interactions with theHalonert?> who have calculated the vibrational energies of
other vibrational modes. A considerable improvement wasmmonia by considering only the small-amplitude vibrations
obtained when we introduced the vibration-inversion Hamil-(i.e., the vibrational modes other than the inversion mode
tonian. That means that the correct description of the
V|bra_1t|on-|nver5|on |r)teract_|on is essentlal fpr a gqoq repPros,; cONCLUSIONS
duction of the pure inversion energies. This fact is in some
sense related to the important interactions not only between We report here extensivab initio calculations of the
the pure symmetric stretching and the inversion modes notegotential energy surface for the electronic ground state of the
by Pesonert al.® but also between inversion and asymmet-ammonia molecule in conjunction with variational calcula-
ric bending modes. tions of the vibrational energies. Even for a relative small
Interestingly enough, for the majority of the pure vibra- molecule like NH, a very large number dodib initio points
tional stateqfor which the inversion mode is in its ground are required to characterize the potential energy surface in
statg we obtain theoretical energies closer to experimenthe region of configuration space accessible to the molecule
from the purely vibrational Hamiltoniatwhich neglects in- at low or moderate vibrational excitation. To allow an accu-
version motion (see Table VII} than from the complete rate calculation of the rotation-vibration energies, dfeini-
vibration-inversion Hamiltoniarisee Table V. Also, the as- tio points must be generated at a high level of theory, and it
signment of the states in Table VI are straightforward wherbecomes a formidable computational task to derive them. In
the inversion is neglected. Besides, for such states, the préhe present work, we have explored two possible ways of
diction by the purely vibrational Hamiltonian are too high overcoming this problem by combinirap initio points ob-
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TABLE VII. Experimental and calculated vibrational band centers for iso- TABLE VIII. Five-dimensional calculations of the vibrational band centers
topomers of NH.

for NH;.

' vyv,0f0 ninpngNyn  Expt®  Cale.  Expt-Calc.
14ND3
A, 01°0°0° 00001 7456 74555 0.05
'Y 02" 0°0° 00002 1359.0 1360.10 —1.10
A 03" 0°0° 00003 1830.0 1827.74 2.26
Al 00" 0°2° 00020 2359 2358.92 0.08
Al 10" 0°Q° 10000 2420.05 2422.13 —2.08
A 04" 0°0° 00004 2482.0  2479.32 2.68
Al 01" 0°2° 10001 3093.01 3087.99 5.02
Al 117 0°0° 00021 3171.89 3174.67 —2.78
E; 00" %1 00020 1191.0  1190.05 0.95
E; 00" 1t 0° 10000 2563.96 2564.91 —0.95
E; 01" 1t ° 10001 3327.94 3329.96 —2.02
E; 00" 1 2° 20000 4887.29 4887.07 0.22
E; 10" 11 0° 10020  4938.44 4935.49 2.95
E; 00" 220° 11000 5100.66 5097.45 3.21
Al 00 0°0° 00000 0.05 0.05 0.00
AY 01 0°0° 00001 749.15  748.97 0.18
A] 02 0°0° 00002 1429.0 1429.53 —0.53
Al 03 0°0° 00003 2106.6  2104.60 2.00
A] 00 0°2° 00020 2359 2359.03  —0.03
Al 10 0°0° 10000 2420.64 242219 —155
Al 04 0°0° 00004 2876.0 2870.17 5.83
A] 01 0°2° 00021 3099.46 3092.76 6.70
A] 11 0°0° 10001 3175.87 3177.75 —1.88
E; 00 0°1! oooto 1191.0  1190.11 0.89
E; 00 1'0° 10000 2563.96 2562.16 1.80
E; 01 1*¢° 10001 3329.56 3334.85 —5.29
E; 00 12° 20000 4887.67 4884.76 291
E; 10 1'0° 10020  4938.44 4938.27 0.17
E; 00 220° 11000 5100.66 5098.62 2.04
15NH,
A, 01°0°0° 00001 92846 930.88 —2.42
A; 02" 0°0° 00002 1591.19 1595.64 —4.45
A; 03" 0°0° 00003 2369.32 2368.45 0.87
Al 117 0°0° 10001 4288.0 4296.00  —8.00
A] 00 0°0° ooodo 0.76 0.71 0.05
A 01 0°0° 000d1 962.69 963.87 —0.98
A] 02 0°0° 00002 1870.86 1869.08 1.78
A] 03 0°0° 00003 2876.13 2872.96 3.17
A 11 0°0° 10001 4312.3 432155  —9.25
1NT,
A 01" 0°0° 00001 656.37  655.64 0.73
Al 10" 0°Q° 00020 2014.1 201595 —1.85
E; 00" 0°1! oooto 996.28 997.12 —0.84
E; 00" 1'0° 10000 2184.76 2184.27 0.49
A 00 0°0° 00000 0.01 0.01 0.00
Y 01 0°0° 00001 657.19  656.42 0.77
A 10 0°0° 00020 2014.1 2015.96 —1.86
E; 00 0°1? 00020 996.28 997.13 —0.85
E; 00 1*0° 10000 2184.76 2184.67 0.09
15ND3
A, 0170°0° 00001 739.53 74057 —1.04
A 00 0°0° 00000 0.05 0.05 0.00
A] 01 0°0° 00001 742,78 74369 —0.91

®Reference 28.

6D-APS

I 0800l ninyngNpn,  Expt®  Cale.  Expt-Calc.

A, 00°0°2° 00020 3216.8 3209.1 7.7
A, 10°0°0° 001d0 3336.6 3333.2 3.4
A, 10°002° 00120 6520.0 6511.1 8.9
A, 20°0°0° 002d¢0 6606.0 6594.0 12.0
A, 00°2°Q° 01100 6796.0 6799.5 -35

A, 00-30° 111640 10233.6 10259.8 —26.2

A, 50 0°Q° 005d0 15449.1 154546  —55

A, 60" 0°0° 00600 18109.3 18106.9 2.4
E, 00° 0°1! 00020 1626.8 16255 1.3
E, 00" ° 22 00020 32409 3236.6 43
E; 00" 1*° 001cd0 3443.8 3443.0 0.8
E, 107001t 00110 4956.3 49544 1.9
E, 00" 11t 00110 5052.8 5037.1 15.7
E, 10°0°22 00120 6566.2 6554.6 11.7
E, 10° 1t 0° 00200 6609.2 6589.2 20.0
E, 00°1'2°2 00120 6677.6 6659.7 17.9
E, 00" 22¢° 01100 6850.5 6859.3 -8.8

E; 20°0° 1t 00210 8200.0 8216.7 -—16.7

E, 1070042 00140 9641.0 9629.0 12.0
E, 20711 (° 0030¢0 9689.8 9681.0 8.8
E, 00" 114° 00140 97385 97259 12.6
E, 00" 3tQ° 01200 10111.1 10126.4 —153

E; 10" 0° 62 00160 12628.2 12628.0 0.2
E, 30711 Q° 0040d0 12675.5 12653.7 21.8
E; 40711 ° 0050d0 154499 154549  -5.0

E, 50°1* 0° 00600 18108.5 18107.0 1.5

®References to experimental data are in Table V. The experimental values
are obtained as the averages of the inversion-split vibrational energies.

CBS+ results, which were calculated over the 700-point
6D-3 grid only. We denoted the corrected points as
6D-1-CBS'. In the second approach, we produced the 6D-
APS surface by first fitting the analytical function in E@)

to the 6D-1-ATZfc points and then to the 2D-CBSb initio
points, constraining in the second fitting all parameters,
which could not be reliably determined, to the ATZfc values.
Table V shows that the root-mean-square deviation between
experimental and theoretical band centers is 16.1 cfor

the 6D-1-CB$ surface and 13.0 cnt for the 6D-APS sur-
face. The rms deviation for the 6D-CBSsurface, where the
points are calculated over the smaller 2D, 6D-2, and 6D-3
grids, is 13.6 cm®. That is, in the present case, the “refit-
ting” procedure leading to the 6D-APS surface produces bet-
ter vibrational energies than the interpolation scheme leading
to the 6D-1-CBS3 points. This is perhaps slightly surprising
since in the construction of the 6 D-CBS" points, we seek

to obtain CBS- accuracy at all the 14 400 points of the 6D-1
grid by interpolating to these geometries the difference be-
tween the ATZfc and CB$ energies calculated at the 700
points of the 6D-3 grid. In the construction of the 6D-APS
surface, we are making a less transparent improvement of the
analytical PES by fitting as many parameters as we can from
the high-accuracy 2D-CBS points which are located

tained at different levels of theory for constructing one sur-chiefly along the minimum energy path for inversion. The
face. In the first approach, corrections were applied to thenergy in other regions of configuration space are “sacri-
ATZfc ab initio points, which are calculated over the 14 400-ficed” in that they are determined from the lower-accuracy
point 6D-1 grid. The corrections were determined by theATZfc points. It is fair to say that for all of the potential
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surfaces employed here, the agreement with experiment éfuwoLprozo00is a package céb initio programs written by H.-J. Werner and
the vibrational energies is very good, the typical deviation P.J. .Knowles, with contributions from R. D. Amos, A. Bernhardsson, A.
being significantly less than 1%. The slightly lower rms de- SBerninget al

.. . . . C. Hampel, K. Peterson, and H.-J. Werner, Chem. Phys. 0é6, 1
viation obtained with the 6D-APS Surf.ace relative to the (1992, and references therein. The program to compute the perturbative
6D-1-CBS surface may well be fortuitous and thus not yiples corrections has been developed by M. J. O. Deegan and P. J.
indicative of any real difference in the quality between the Knowles,ibid. 227, 321 (1994
two surfaces. It should also be mentioned thatabeinitio ~ °T. H. Dunning, J. Chem. PhysD, 1007(1989.
potential energy surface calculated in the present work givegP: E- Woon and T. H. Dunning, J. Chem. Phy§, 1358(1993.

a sianificantly better reproduction of the experimental vibra Thresholds in atomic units: Primitive atomic orbitghO) integrals are
signih Yy product Xperi VIDIa- heglected if the exponential factor is below #4 Contracted AO and

t!onal energies than obtained previouslyal initio (?alcma' symmetry AO(SO) integrals are neglected if they are less than 0
tions. For example, we reproduce here the experimental fun-convergence criteria for HF calculations: 8 for density and 107 for

damental energies to within 7.9 ¢thas compared with 15 energy; for CCSIT) calculations: 101° for energy and 10 for coeffi-
cm ! for Ref. 6. cients; and for geometry optimization: 19 for gradient and 10° for
In the course of calculating the vibrational energies, we energy.
have demonstrated the importance of asymmetric bendinngD Feller, J. Chem. Phy26, 6104(1992; 98, 7059(1993.
inversion interaction for describing accurately the pure inver- - Helgaker, W. Klopper, H. Koch, and J. Noga, J. Chem. Phg§, 9639
sion states. Consideration of only the totally symmetriCeit yan Mourik, G. J. Harris, O. L. Polyansky, J. Tennyson, A. G.<Zaa
stretching modes together with the inversion is inadequate and P. J. Knowles, J. Chem. Phyid5 3706 (2001).
for a precise calculation of the term values of the pure inver?*The interpolation method was tested for the plaBay, configurations
sion states. using ATZfc, AQZfc, and A5Zfc. The resulting N—H bond lengths were
As mentioned above, the model for the vibrational mo- 0.997 554, 0.996 018, and 0.995 577 A, respectively. They deviate from

. . - the directly optimized bond lengths in Table | by oniy0.000 025,
tion of NH;, developed here is variational, but employs an —0.000 006, and-0.000 020 A, respectively. This indicates the precision

Eckart-frame kinetic energy operat@ee, for example, Ref.  of the interpolation. The corresponding deviations in the total energies are
1). This model is a first step towards a theoretical procedure +0.000 029,+0.000 028, and+0.000 047 a.u., respectively.

for the variational calculation of rotation-vibration energies **The bond length takes the following valu¢8:60, 0.70, 0.80, 0.85, 0.90,

of ammonia. It is hoped that with such a procedure, which 0.95, 0.97, O'%g'}s\l'()lh' 1.03.|1.05i; 1'031' 1];0|?' 111, l'|l5'm1'20' 1.25, 1.35,
minimizes rotation-vibration interaction, highly excited rota- tlﬁggé ?55155.}55};5 [i;o,elfg,g 181:11e156,t1i4,01(1);v,”lglov,a1lcj)§, fo;?rf;?é ioe,
tional states ofXY; molecules can be studied; such states 105 104, 103, 101, 99, 95, 90, 80,]#teg.

will perhaps exhibit interesting behavior similar to the “four 2*R. Lemus and A. Frank, Chem. Phys. L&#49, 471(2007).

fold energy cluster formation” that takes place in soiid,  “°P. Jensen, J. Mol. Spectros2§ 478(1988.

molecule<? 26]. T. Hougen, P. R. Bunker, and J. W. C. Johns, J. Mol. SpectBdst36
dded i After submission, we became awar (1970.
Note added in proo#ifte S"i46 ssion, we became aware 27D, Papousk and M. R. Aliev,Molecular Vibrational-Rotational Spectra
of three other relevant pape‘Y’s. (Elsevier, Amsterdam, 1982
28y, Spirko, J. Mol. Spectroscl01, 30 (1983.
29D, Papotiek, J. M. R. Stone, and V.pftko, J. Mol. Spectrosc48, 17
(1973.
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