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We report theoretical values for the transition moments of an extensive set of vibrational bands in
the electronic ground state 8INH;. For selected bands, we have further made detailed simulations
of the rotational structure. The calculations are carried out by means of recently developed
computational procedures for describing the nuclear motion and are based on a higiilevgbd
potential energy surface, and high-level dipole moment surfaces, for the electronic ground state of
NHs;. The reported theoretical intensity values are compared to, and found to agree very well with,
corresponding experimental results. It is believed that the computational method, in conjunction
with high-quality ab initio potential energy and dipole moment surfaces, can simulate
rotation-vibration spectra of Xypyramidal molecules prior to observation with sufficient accuracy

to facilitate the observation of these spectra. By degrading the accuracy of selected elements of the
calculations, we have also investigated the influence of customary approximations on the computed
intensity values. €005 American Institute of PhysidDOI: 10.1063/1.1862620

I. INTRODUCTION sitions, with subsequent prediction of the frequencies for un-

Modernab initio calculations of molecular potential en- assigned lines, by means of models involving effective

: : ot
ergy surfaces, coupled with high-level treatments of the g ,
nuclear motion, provide very accurate descriptions of the dln ret:lgnt _papef"fs Wehhave QGTCrIbeg :hi devglogjlmgnt
properties of isolated molecules. In particular, the theoreticaf" _app_lcatl_on ofat eore_tlca modet for simu ating
calculations often yield molecular energy levels in very goodrotatlon-wbr_atlon spectra for |solateq el_ectronlc states of
agreement with the results of spectroscopic experiment .Y3 i)yrt:?]mldNal (rFr{\o]I‘eCtAJrIeGS. Tr:jeBang:(D:atl?Ss% sg far(,j )r;ave
One could think that owing to the progress in theoretical een o the |§| 265' » 6, and Band PH €1s. > an
methods, the assignment of molecular spectra would beco olecules. In't'a"_}" we dgvelo_ped a computgﬂonal proce-
increasingly trivial: The spectrum, or at least the transitionf unrst.:;rs (;?Ig(ﬂatrl:gle?tiz[go?r-ovr::)rzgobn'ngtr']c?rg:)eizn?:lld e\évave
frequencies, can be predicted from first principles with suf—ur : . V?/ith , ur as TN It;tl inp d wi[[h thi
ficient accuracy that the assignment of each individual tranS'9Y surtace. energies 3 optaine N

sition can be straightforwardly obtained from the theoreticalprocedEf;e from a hlgh-quallt)a_b Initio po'_[ent|al energ)_/
calculation. There are examples, such as the Wate§urface, we were able to assist the assignment of high-

wfi o . . resolution molecular spectra, in that we could verify—for the
molecule™? where such a “first-principles assignment” can b fy

. . + 0
be_made, but presentaay assignment of speca s % P e et o e berdiof
largely based on the more traditional methods of general pat- and %, bands of““NH P y

tern recognition, search for combination differences, and thé? 3 4 s

" . . Our theoretical model for the rotation and vibration of an
least-squares fitting of the frequencies for the assigned tran- . . . .
q 9 d g XY 3 molecule(for details, see Ref.)as a variational(i.e.,

perturbation-theory-free implementation of the Hougen—

dAuthor to whom correspondence should be addressed. Electronic maiBunker—Johneéhenceforth HBY approachu'lz The HBJ ap-
yurchenko@mpi-muelheim.mpg.de )

YAuthor to whom correspondence should be addressed. Electronic mairf)r(-)""_Ch is dESigneq to_provide m_aXimum separation of the
thiel@mpi-muelheim.mpg.de rotational and vibrational motions in the quantum-
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mechanical description, and so our model is particularly suit-

able for calculating the energies and wave functions of

highly excited rotational states. So, recehtlye could gen-

erate energies and wave functions for states With80 in

the vibrational ground state of BHtnd study the formation

of sixfold clusters of rotational energies; these clusters are

analogous to the fourfold clusters extensively discussed for

XH, molecules(see Refs. 12 and 13 and references therein
Since we can treat highly excited rotational states of

XY ;3 molecules, we can generate the energies and wave func-

tions necessary to simulate realistic rotation-vibration spectra

of them. Such simulations obviously help “bridging the gap”FIG. 1. The labeling of the nuclei, the molecule-fixed axis systgm and

betweenab initio theory and experimental spectroscopy; selected coordinates employed for Ntsee text

they are a prerequisite for the first-principles assignments

mentioned above. We have already descfitibe extension 6D-1 grid in Ref. 4 consisting of 14 400 unique geometries

of our theoretical model to the computation of line strengthshat form a regular grid in the range 0.855&;<r,=<r;

(see below and intensities for electric dipole transitions <1.20 A and 80% a; < a,<a3=<120°. Here/; is the in-

within an isolated electronic state of an X@yramidal mol-  stantaneous value of the internuclear distance N-iH

ecule. We have also reporfethe calculation ofab initio =1,2,3, and thebond angles are given ag =/ (H,NH3),
dipole moment surfaces for the electronic ground state ofy,=/ (H,;NHs), andas= (H;NH,) [see Fig. 1
"NH, together with initial applications of the new intensity ~ |n the ab initio calculations the components of the mo-

model to*NH; rotation-vibration transitions; in the present |ecular dipole moment are given in a right-handed Cartesian
work we extend these calculations and, by comparing ougxis systenx’y’z’ with origin in the nitrogen nucleus. The
computed intensities with the results of more approximate, nucleus lies on the’ axis with a positive value of the’

treatments, we make a critical assessment of various approxtoordinate, and the’z’ plane is defined by the nitrogen
mations customarily made in intensity calculations. For anucleus and the protons,tnd H.

detailed discussion of the theoretical description of the mo-

lecular rotation-vibration motion and the intensities of the

associated transitions, the reader is referred to Refs. 6 and B, A general analytical representation of the dipole
respectively. The present work gives only a brief outline ofmoment

the theory, intended to provide the reader with sufficient in- the so-called molecular  bond (MB)

forrergzz?n for understanding the origin of the results that \M_:‘representatioﬁ',21'22 the electronically averaged dipole mo-
P : . . ment vecto?*? u for NH; is given by

One purpose of the present paper is to determine the =
degree of agreement with experiment that can be obtained in = uF°"%, + u5°"%, + u5°"%;, (1)

pure” ab initio calculations of molecular intensities. In con- where the three functionﬁ?ond, i=1,2,3, depend on the

sequence, our calculations are based on a potential ener%Jrational coordinates, ang is the unit vector along the
surface and dipole moment surfaces obtained directly frorrP\I !

ab initio calculations: We have made no adjustments to fit —H; bond,
experimental data for N4 ri—r
&= o (2
i 4

Il. THE MOLECULAR DIPOLE MOMENT with r; as the position vector of nucleus(the protons are
A. The ab initio calculation labeled 1, 2, 3, and the nitrogen nucleus is labeled 4, see Fig.
1) in the axis systenx’y’z’ defined above. As discussed in
Ref. 8, the representation @f in Eq. (1) is “body fixed” in
§he sense that it relates the dipole moment vector directly to
the instantaneous positions of the nudies., to the vectors
r;). In consequence, we can use [Et).to obtain the coordi-
nates ofu in any axis system.

Our implementation of the MB representation for the
electronic-ground-state dipole moment of Nid detailed in

As discussed in Ref. 8, thab initio dipole moment val-

MOLPRO2000(Refs. 14 and 1ppackage at the CCSD)/aug-
cc-pVTZ level of theory(i.e., coupled cluster theory with all
single and double substitutioffsind a perturbative treatment
of connected triple excitations'® with the augmented
correlation-consistent tripl¢ basis®?9 in the frozen-core
approximation (abbreviated as ATZfc level Dipole mo- Ref. 8; here we give only a brief outline. We express the
ments were computed in a numerical finite-difference proceg, ... f’unctionS(—L_Bond i=1.2 3 as
dure with an added external dipole field of 0.005 a.u. The b T
convergence thresholds were 10for density and 10 a.u. —8ond > 1 —
for energy in Hartree—Fock calculations, and ¥G.u. for M= E (A - &), 3)
energy and 10° for coefficients in CCSIDT) computations. =

The ab initio dipole moment surface used in the presentwhere(A™);; is an element of the nonorthogonak® ma-
study has been determined on a six-dimensional ¢tié trix A™! obtained as the inverse of
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1 COSag COSay We have determined the values of the expansion param-
eters in Eq.(8), which we take to fourth order, in a least-
squares fitting to the 8 14 440ab initio dipole moment pro-
jectionsu-g, j=1,2,3,calculatedab initio for NH; at the
When the molecule is planar, i.e., whept a,+a;=2m, the ~ CCSDT)/aug-cc-pVTZ level of theorySec. Il A). Details of
determinan{A|=0 andA cannot be inverted. For planar ge- this fitting are given in Ref. 8. We could usefully vary 91

ometriese,, &, ande; are linearly dependent and there are paramete_rs _in the final fitting, which had a root-n_wez_in-square
infinitely many possible values dﬁ?ond,ﬁgon_d,ﬁgond)_ In  (rms) deviation of 0.0006 D. Table | lists the optimized pa-

this case we sgif°"=0 in Eq.(1) and expresg in terms of ~ rameter values. Parameters, whose absolute values were de-
e, ande, only, i.e., we determing®°"® andz5°"in terms of termined to be less than their standard errors in initial fit-
n-e andp-e,. tings, were constrained to zero in the final fitting and omitted
We have shown in Ref. 8 that the projectiopse;, j from the table. Furthermore, we give in the table only one
=1,2,3, in Eq.(3) can be expressed in terms of the geo-Member of each parameter pair related by €d).
metrically defined coordinates, r,, rs, ay, @, andas. By ~ As already reportt_e_f‘i,the ATZfc dipole moment surface
utilizing that a permutation of the protons in Nidoes not 9ives rise to an “equilibrium” moment of=1.5198 D at
change the molecular dipole mom&nive further derivefi ~ the ATZfc ab initio equilibrium geometry offy=r,=rs=re

that all three projections are given in terms of a single func—=1-013‘,19 A anda; = a,=a3=a,=106.4°. The experimental
HON 7eg(I 1,5, 5, a1y, tp, 03): valug® for p, is (1.561+0.005 D.

A=|cosa; 1 cosay |. (4)
COSa, COSa; 1

M€= uo(ry, Mo, g, aq, 0, @3) = wo(F 1, T3, Mo, a, @3, ), Ill. COMPUTATIONAL DETAILS
5 A. Rotation-vibration wave functions

We wish to calculate the intensities of electric dipole
transitions within the ground electronic state of NHVe
6)  consider a transition from an initial statewith rotation-
o o o vibration wave functiojd ") to a final statef with rotation-
M €3= uo(I3,0, o, a3, a1, @09) = po('3,12, 11, a3, @00, 1) vibration wave functiodd){v)). As discussed at length in Ref.
(7) 6, the rotation-vibration wave function®")) and|®\") are
) o _ obtained, together with the associated rotation-vibration en-
This function is expressed as an expansion ergies, in variational calculations, i.e., by diagonalization of
— 0 0 0 a matrix representation of the rovibrational Hamiltonian.
“O_g “(k)gk+%"(k")§k§' +k|2m“(k")vm§k§'§m Consequently, the wave functions are expressed as linear
' v combinations of basis functiorisee Eq.(65) of Ref. 6]:

M€= oMo N3, F, ap,ag,a) = uo(ra,r, M3, a0, a1, a3),

+ 2w mnbiEmbat (8) .
AR @)= 3 CW, [JuKmymdlV), w=iorf, (12)
VKTrm

in the variables . - .
where (WK)T _ are expansion coefficient$), Km, 7o) is a
r

&c=reexp- grd), k=1,2,3, (9) symmetrize?j rotational basis function, and the vibrational
basis functionV) is given by
&=coday_g) - cos(z?w) = % +coda_y), 1=4,5,6, IV) = [np[n2)[ng)| o, L, Thend M Jus K, Tin) - (13

10 All the functions |ny), [ny, [ng), [Ny, lp, Thend, and
Ini,Jw, K, Tiny), @and the quantum numbers labeling them are
which are chosen such thah=0 for (r,=r,=r;=0,ay=a, defined in detail in Ref. 6iny), ), and |ny) are one-
= a;=2m/3). Following Marquardtet al,?> we have intro- dimensional Morse-oscillator eigenfunctions describing the
duced the factor exp82r2) in order to keep the expansion in Strétching motion of the XY molecule, [N, Iy, Thend IS @
Eq. (8) from diverging at large;. symmetrized eigenfunction of the two-dimensional harmonic
The function ug(ry,rs,ra, ap, @, @) iS invariant to the oscillator modeling the small-amplitude bending motion, and
simultaneous interchanges-— rs and a, < a5 [Eq. (5)] and, In;, dw, K, 7iny) is @ symmetrized inversion basis function ob-
© O .nq tained by numerical solution of a zero-order inversion

therefore, the expansion coefficien&éo), IO o )
M:(OI)mn in Eq. (8) are subject to constraints. In general, we Schrodinger equation. All three quantum NUMDEES Thena
o, and 7,, assume values of 0 or 1 in such a way that the

have
parity*>*of |3, Km0 is (=1)7, the parity ofiny, Iy, Thend
M(kﬁ’?l,vm,““:#(kﬂ)'mw (11) is (=1)™end and the parity of |n,J,, K, 7 is
(—1)7‘|nv_
if the indicesk’,l”,m’,... areobtained fromk,l,m,... by The rotational basis functiongl, Km, 7. depend on
replacing all indices 2 by 3, all indices 3 by 2, all indices 5three Euler anglé3%2*6, ¢, x, which define the orientation
by 6, and all indices 6 by 5. For instanqe(zo)=u(30), (50) of the molecule-fixed axis system xgedative to the space-

— (0 0_ (0 0_ (0 0 _ (0 0 _ (0 - . - .
—,ug), ﬂgg-ug; Mgg-ﬂgg ,u(ly)zﬁz—,ui)gyg and,u(ll)zye—,ulq)gy5 fixed (or laboratory-fixedl axis systemXYZ The xyz axis
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TABLE |. MB-representation dipole moment parametérsD unless otherwise indicatgdor the electronic

ground state of Nl

Parameter Value Parameter Value Parameter Value
BIAT 1.092815? wo -2.0417) w0 3.019094)
w 8.7013) uwo 8.9515) WO -0.579493)
) -4.63266) 1, -1.96119) 1% 0.526276)
I 0.21811) e 2.96717) s 1.303873)
p 0.515871) w 1.36020) wo 76.4089)
1y ~43.7574) ros 3.42122) W9, 7.4617)
K3 -4.96125) Ky ~73.5294) s 6.4920)
Hia 3.21980 s -2.1015) G ~3.13520)
Hag 8.19651) Hiaa 0.488476) PR -1.73426)
1y 0.41638) wo, 0.351360) Hss 050022
1 29.7437) 10, 0.384430) u -1.06139)
1 ~0.19646) n 0.494735) o -2.63935)
1 ~5.29045) o -0.053a34) WO 3.7618)
K 0.55453) o -93.615) Ao ~2.4517)
wd -0.526@49) w 4.8427) o 2.72327)
Mg -0.432747) w0 11.9118) pO ~2.86685)
1o ~0.19638) 05 9.7059) o -0.95441)
s 0.681482) C ~2.6214) 29, -0.222769)
i 97.517) K6 ~1.80245) Ao ~1.026155)
K7, 1.7334) H1sg ~3.6419) 1 -0.743386)
ek ~5.2525) PG 3.26836) RO -15.1816)
Ky -9.8416) 1O -0.99535) 1 -0.745356)
K 1.70752) 156 6.64944) w2 ~0.649973)
K 2.4011) o -26.8474) 1O -0.351289)
Koz 12.0870) P 2.56941) 29, ~0.090326)
K36 -0.6911) K96 1.12035) o -0.054214)
My ~0.645455) P ~4.6414) 19 -0.024613)
M0 -4.13522) w0 3.78734) u -0.070415)
Higs -3.86821) G 0.51836) w9 -0.214713)
Hags -6.14427) P 0.331965) AL 0.061715)
155 ~0.79434) m 0.0006

*Quantities in parentheses are standard errors in units of the last digit given.
bRoot—mean—square deviation of the fitting in D.

system follows the rotation of the molecule. In our HBJ-rium structure of customary rotation-vibration thedisee,
based theory, it is defined in terms of Eckart and Sayvetfor example, Ref. B For the XY; molecules considered
conditions®** these conditions minimize the coupling be- here, we define the reference configuration to have three
tween different types of molecular motion, in particular, be-equal, constant bond lengthg=r,=r;=r, and three equal

tween rotation and vibration.

Each stretching basis functi¢n§>, j=1,2,3,depends on

one coordinateAr{=r{~r,, where r{ is the linearized
versior? of the internuclear distanag andr. is the equilib-
rium value ofr;. The bending basis functiomy,lp, Thend
depends on the coordinatesS),,S,), the linearized

versioné of

1
Sia==2ay - ay - ay),
V6

1
Sip==(ap— ag).
V2

(14)

(15

Finally, the inversion basis functiom;,J,,K, 7, depends
on the HBJ inversion coordindté&>**p. In HBJ theory™ the

small-amplitude vibrationddescribed by the coordinates

(r(€€

but variable bond angles;=a,=a3. Thus, the reference
configuration hasCs, or D3, geometrical symmetry and we
define the inversion coordinageas the angle between tia
rotational symmetry axis and any one of the N—H bonds as
shown in Fig. 1. That is, & p< 7 and the reference configu-
ration is planar forp=1/2.

In the variational calculations the expansions of the ki-
netic energy factoFsGaB and the pseudopotent‘?au are
taken to fourth order, and the potential eneXgis expanded
through sixth order. In the numerical integration of the inver-
sion Schrodinger equation a grid of 1000 points is used. The
size of the vibrational basis set is controlled by the parameter
Pmax Where

P=2(n;+ny,+ng) +n+ny < Py (16)

rs,rs, S, S,,) herd are viewed as displacements from a The matrices are diagonalized with routines from the
flexible reference configuration replacing the rigid equilib- LAPACK Iibrary.27 Further details can be found in Ref. 6.
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B. Line strengths and intensities aug-cc-pVTZ level of theory also used in the dipole moment
calculations described in Sec. Il A. At 3814 selected nuclear
geometries, more accurate energigBS+) were deter-
mined by extrapolating the CCSD) results to the complete
basis set limit and including corrections for relativistic ef-

In the present work, we neglect hyperfine structfine,
the effect of the nuclear spins on the molecular eneyglas
this approximation, the line strendttf** S(f—i) of the
rotation-vibration transitiorf i is obtained from Eq(4) of

Ref. 8: fects and core-valence correlatidifhe differences between
T the ATZfc and CBS+ energies were fitted by a sixth-order
Sfei)=gey > (OD[madiH?, (17)  Polynomial in geometrically defined, internal coordinates,

nSmf,mi A:X,Y,Z| |l Pr) and the CBS -5 surface(which is close to CBS+ qualily

. ) o ) 4 was generated by adding corrections, computed from the six-
wheregy is the nuclear spin statistical weight factot'and  grqer polynomial, to the ATZfc energies at all 51 816 grid
pais the electronically averaged component of the moleculapgints. An analytical representation of this surface was ob-
dipole moment along the space-fixed aisX, Y, or Z. The  ained by fitting a sixth-order expansion, given in [j7) of
quantum numberey andmy are the projections of the total Ret. 4, through all CBS -5 data points. The resulting 181
angul_ar momentum, in u_nits df, on theZ axis in the initial potential parameters will be published elsewl’?ermey
and final states, respectively. . . are presently available from the authors on request. The

The intensity of absorption spectra is determined by theogg+*_5 gyrface provides a complete description of the
absorption coefficient **¢(7) which depends on the absorp- electronic-ground-state potential energy surface of;NH
tion wave numbet. If we assume the absorbing molecules ¢, energies up to 20 000 cthabove equilibrium.

to be in thermal equilibrium at an absolute temperafiyrihe
integral of e(v) over an absorption line is related to the line

strength as ) _ )
D. The representation of the dipole moment in the Xyz

81Ny e BT axis system
()= | emdi=— A& g B
Line (4mep)3hc Q In order to compute the matrix elemert¢’ | |V") («
X[1 - exi— hGi/kT)] S(F ). (19) =X,Y,2), that enter into the expression for the line strength in

Eqg. (21) of Ref. 8, we must determine, from thab initio
This expression is valid for the transition from the state results discussed in Sec. Il A, the dipole moment compo-
with energyE; to the statef with energyE;, wherehcr;;  nents(uy, uy, i, in the molecule-fixed axis systeryz As
=E;—E;, N, is the Avogadro constarty, is Planck’s constant, di_SCU_SS@ extensively in Ref. 8, we aim at representing
c is the speed of light in vacuunk, is the Boltzmann con- (i, 4y, 4,) @S expansions witp-dependent expansion coef-
stant,e, is the permittivity of free space, and, finall,is the ficients
partition function defined a®=2x,g; exp(—E;/kT), whereg;
is the total degeneracy of the state with enekgyand th_e Ma(ﬁ'é’é,ﬁa, fﬁb;f’) = ud(p) +E Mﬁ(p)fﬁ
sum runs over all energy levels of the molecule. Experimen- k
tal values ofl (f i) are obtained by numerical integration of

experimentally determinee() values. + 2 i b
A detailed expression for the line strength of an indi- k=l
vidu_al rotation-vibration tran_sition within an is_olate_d elec- + > Mﬁlm(P)fﬁééffn
tronic state of an XY pyramidal molecule is given in Eq. ksl=m
(21) of Ref. 8. This expression is used in the intensity calcu- u 0 00
lations reported in the present work. It is obtained by insert- + k<|<2m<n “klmn(p)gﬁgfgr(ﬂfﬁ' -
ing Eq. (12) in Eq. (17) and expressingts, A=X,Y,Z, in o
terms of (uy, uy, ), the dipole moment components along (19

the molecule-fixed axesyz The line strength is expressed in _ _ _
terms of the vibronic matrix element¥’ | |V"), a=x,y,z,  in the linearized variables
and in terms of the expansion coefficiemﬁvf,)K, , and
(i) e &=1-exd-aAr), k=1,2,3, (20)
Cynnyr  from Eq. (12). The transformation(y, wy, uz)
e ) i
— iy, iy, 1) i carried out by means of standard techniquest| =S = and &,=S,,. The range parameter occurs in the
described, for example, in Chapter 14 of Ref. 12. Examplegnalytical representation for the potential energy funclion.

of the application of these techniques are given for triatomic  The p-dependent functiong, (p) (a=x ory) in Eq.
molecules in Refs. 28 and 29. (19) are chosen as

C. The ab initio potential energy surface N oS s .
) , i, (p)= 2 pi(sinpg=sinp), O<p=<m, (21
The calculations of the present work are made with the =0

CBS” -5 ab initio potential energy surface®® At the first
step towards determining this surface, ATZfc energies weravhere we takey,=/2, corresponding to the planar configu-
computed for 51 816 nuclear geometries at the CO$D ration. To represent,, we choose
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aw
pi (p) = 2 uiy? (cospg = cosp)®  for SSp=m
s>0

(22)

and

B (p)==pig (m=p) for0<p< g (23
The dipole moment componentgy, u,) haveE’ sym-
metry in D3(M), the molecular symmetry grofif*?2* of
NHs, and u, has A} symmetry. The irreducible representa-
tions of D3,(M) are given in Table 1 of Ref. 8 and in Table
A-10 of Ref. 12. The functions in Eq$21)—(23) are chosen
S0 as to ensure théf,, uy, 1,) transform correctly unde’,
the inversion operation ing,h(M).lz'24 The transformation

properties under the nuclear permutation operations i

J. Chem. Phys. 122, 104317 (2005)

tial energy function. In calculating the vibrational wave
functions, we use theb initio potential energy surface
CBS**-5 (Sec. lll ) and a basis set witR,,,,=14 [Eq.
(16)]. With this basis set, thd=0 matrix blocks corre-
sponding toA andE symmetries in the group;,(M) have
the dimensionsN(A)=1455 andN(E)=2571,respectively.
The values of the vibrational transition moments are, to a
large extent, determined by the variation of the dipole mo-
ment components with the vibrational coordinates. By com-
paring our theoretical values for the vibrational transition
moments to experimental values and other theoretical values
available in the literatur8?223~*¥or 1“NH,, we can assess
the quality of the ATZfc dipole moment surface. We make
this comparison in Tables Il and Ill. In these tables, the vi-
brational states are labeled such that a superscript
+ indicates the lowefsymmetrig¢ inversion component; the

rEjpper (antisymmetri¢ component is indicated by a super-

psh(M)12'24imposc(es)symmetry relations between the EXPAN‘g rint —. The symmetric and antisymmetric components of
sion parameterg,,” (a=Xx, y, 0r 2) in Egs.(21)«(23); these e \ibrational ground state are labeleti end O, respec-
relations have been derived analytically by means Ofjyely. |n addition to the transition moment values obtained

MAPLE VI (Ref. 30 as described in Ref. 8.

theoretically in the present work, Tables Il and IIl give the

We have already expressed the electronically averageg\ ajlable experimental values and the results of two other

dipole moment in the electronic ground state of NiH the
MB representatiofEgs. (1)—(11) in conjunction with Table

theoretical calculations by Marquardt al?? and Pracnaet
al.,*® respectively. These latter results are analogous to ours

1] and we could now, in principle, obtain the dipole moment;, that they are purab initio predictions made without fit-

) as analytical functions of the coor-
& and &, from the expression in Eq.
4a 4b

components u,,
dinatesp, &, &,

My
g,

ting to experiment. The work of Praciea al® also contains
the results of such fittings, but we present here their “poten-

(1). However, as detailed in Ref. 8, we have chosen insteag| function I” results, obtained directly fromb initio data.

the conceptually more complicated, but numerically simpler

approach of obtaining, at eaelb initio point, numerical val-
ues of (uy, iy, it,) by carrying out, at theb initio point in

Our results agree very satisfactorily with the experimen-
tal transition moment values; the over-all agreement is better
than that obtained in the two other theoretical

question, the coordinate transformation from the body-fixeqh5|culation€23° considered here. The most remarkable

axis systemx’y’z’ used in theab initio calculation (Sec.

agreement is found for the fundamental transitions in Table I

Il A) to thexyzaxis system. We then determine the values ofynq for transitions to excited inversion states. The inversion

the expansion paramete;i“,(.s.)i in Egs. (21)—(23) by fitting
Eqg. (19) through the computed values Ofiy, uy, it,). The
expansion parameteys,® and u/\° in Eq. (21) are con-
nected by symmetry relations singe,, u,) haveE’ symme-

motion in NH; involves tunneling between two equivalent
minima on the potential energy surface and cannot be rea-
sonably modeled by the motion of a one-dimensional har-
monic oscillator. It is gratifying that, as shown in Tables I

try in D3p(M), and so these two dipole moment componentsand Ill, our theoretical model describes well the intensities of

must be fitted together. The component with A7 symme-
try, can be fitted separately. Taking Ed.9) to sixth order,
we fitted the 3x 14 400ab initio data points using 174 pa-

transitions involving changes in the excitation of this com-
plex motion, at least at low and moderate excitation. The
transition moment results suggest that the ATAfT initio

rameters for theu, component and 271 parameters for dipole moment surfac€Sec. Il A) is the most accurate dipole
(ﬁx,ﬁy). The rms deviations attained were 0.000 076 D andnoment surface currently available for NH

0.0002 D, respectively.

IV. APPLICATIONS
A. Transition moments

With the dipole moment componentgy, uy, i, repre-
sented as given in Eq19) and the vibrational wave func-
tions |<I>\(,‘f£>, w=i or f, given by Eq.(12) for J=0, we can
compute the vibrational transition moments defined as

i = 2 |<q)f/fit)n|ﬁa|¢’\(/ii)b>|2

a=xy,z

(24)

B. Intensity simulations

As discussed in Sec. |, it is desirable to be able to simu-
late molecular spectra.e., to compute transition wave num-
bers and intensitig¢sin order to assist their detection and
subsequent first-principles assignment. In the present section,
we report such simulations fofNH; absorption bands start-
ing in the lowest vibrational state§ @nd ending in the states
2vs, vy, vy, v, @and 2, The simulated spectra are drawn as
stick diagrams where the height of the stick representing a
line is the integrated absorption coefficient from E8).

for vibrational transitions in the electronic ground state ofThe line strengths entering into this equation are computed
14NH;; the matrix elements required are generated by techfrom Eq. (21) of Ref. 8 with the spin statistical weight fac-
nigues described in Ref. 6 for matrix elements of the potentors g, from Table 2 of Ref. 8. The simulations are made
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TABLE II. Band centersy;; and vibrational transition momenjs;; for NH,: Transitions originating in the
vibrational ground state.

States vgi (cm™Y) s (D)
f i Expt? Obs. Referende Reference 39 Reference 22  Present work
0" 0* 079  1.4719a1)° 31 1.536 1.574 1.4564
vy 0" 931.64  0.2487) 32 0.269 0.2183 0.2445
2 0* 968.12  0.23&) 32 0.258 0.2075 0.2347
2v; 0~ 1596.68 0.020 3&5 34 0.027 0.0091 0.0202
2v, 0" 1882.18 0.003 2585) 34 0.007 0.0261 0.0026
3v; 0~ 2383.36 0.004 983 33 0.004 0.0261 0.0054
37, 0" 289551  0.002 85@0) 33 0.003 0.0155 0.0027
4v, 0~ 3461 0.0020
4v, 0* 4055 0.0009
124 0~ 333523 0.026@) 10 0.0366 0.0269
2 0" 3337.08 0.026@) 10 0.0366 0.0270
(n+wvy)"™ 07 4293.72 0.0079 35 0.0067 0.0087
(v+1r)”~ 0"  4320.06 0.0079 35 0.0066 0.0083
V3 0" 344368 0.018@) 10 0.0915 0.0181
V3 0~ 344320 0.018@) 10 0.0915 0.0180
(vp+wy)" 0" 441691 0.0206 35 0.0128 0.0246
(vptwy)~ 0 443461 0.0206 35 0.0127 0.0244
v, 0" 1626.28 0.084 084 34 0.0839 0.0828
v, 0~ 1626.58 0.084 084 34 0.0838 0.0827
219 0~ 321523  0.009 2®)° 10 0.0073
2u,” 0t 321759  0.009 2®)° 10 0.0074
202" 0*  3240.18  0.009 2®)° 10 0.0091
2u5%" 0~ 3240.82  0.009 2®)° 10 0.0090
(v+v,)* 0"  2540.53  0.002 3586) 33 0.0077 0.0091
(vo+twvy))~ 0 2585.34 0.002 1832 33 0.0080 0.0094

“Derived from the experimental data collected in Ref. 6.

PReference for the observed value given under the heading “Obs.”

Ab initio predictions, see text.

dExperimental uncertainties are given in parenthésesnits of the last digit quotedvhere available.

°The experimental valuéRef. 10 corresponds to the total transition moments and should not be directly
compared to the separate theoretical values i§rtand 2/2*, respectively.

with the ATZfc ab initio dipole moment surfacéSec. Il A (18), we use the partition function valu@=1713.33, which
and the CBS -5 potential energy surfacgec. Il 0. We is obtained from thel< 18 term values calculated variation-
generate rovibrational wave functions with<18 and, in  ally below 6000 criit, and the spin statistical weight factors
order to make the necessary variational calculations feasiblggr 1“NH, from Table 2 of Ref. 8. We assign to each calcu-
the size of the vibrational basis set is reduce®{@,=8[EQ.  |ated eigenstate the vibrational quantum numbéend the
(16)] relative to thePy,=14 basis set employed for calcu- rotational quantum numbé¢ of the basis function with the
:ating tthe \:ibragtlionlf“ trgtnsjitiodn mt‘;r?gs iréiec: v '? The Jargest conEri)bution to the eigenfunction, i.e., with the largest
argest matrix blocks obtained wi =8 basis set are w2 ; i
thegE symmetry blocks atl=18 with thgxdimension\l(E) val'ue of |Cui,,” in Eq. (12). WPT d|sca£d transmlons.for
which the calculated value off«i)<<10™* cm mol+. This

=9150. . ; .
We compare our theoretical intensities with the results oit_h r_eshold Is much lower than the |_ntegrated absqrptlorj coef-
ficient of the weakest observed lifa 2v, band line with

two recent experimental studies YNH; absorption spectra: ; P ,
The 2um,/v, bands in the 5-Fm region and the I(f&l)%_O.? cm mof+] listed m_Refs._lO and 34.

v,/ v31 2v4/ 4v, bands near 3um.*° Both spectra have been In Figs. 2 and 3 we show simulations of the,2v,, 2vs,
recorded at room temperature. The experimental agave ~ ¥1 @ndvs absorption bands OFNH;. The bands are artifi-
numbers and intensitiggor the 2v,/v, bands, listed in the cially separated according to the assignment of the upper
Appendix of Ref. 34, include 1203 rovibrational transitions State. For example, in the 1300—-2000"¢mvave number
between states wit<16. The experimental data for the region(Fig. 2) we plot in separate displays the transitions to
2v4l v1l vy band4? are given in Appendix 1 of Ref. 10 and the v4 and 2, states, respectively. Each simulated band is
comprise 975 transitions between states wits11. We compared to an “experimentally derived” stick spectrum
simulate spectra in the wave number regionsdrawn with experimental values for transition wave numbers
1300-2000 ¢t (for the 2»,/v, band$ and and intensities”**these transitions are also artificially sepa-
3000-3800 crt (for the 2v,/ v,/ v; bandg at T=295 K. In  rated according to the “experimental” assignment of the up-
computing the integrated absorption coefficient from Eq.per state. The experimentally derived spectra show only the
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TABLE Ill. Band centersy;; and vibrational transition momenis;; for NHg: Transitions originating in
vibrationally excited states.

States vgi (cmY) wii (D)
f i Expt? Obs. Referende Reference 39 Reference 22  Present work
v, vy 35.69  1.244 @3)° 36 1.305 1.355 1.2376
2v} v, 629.35 0.557 0.5084 0.5144
2v, vy 949.75  0.28%10) 37 0.313 0.2698 0.2855
3v; v, 1416.03  0.073@6) 38 0.089 0.0288 0.0738
3y, vy 1963.08  0.000 811 38 0.004 0.0416 0.0011
4v;, v, 2494 0.012 0.0413 0.0088
4v, vy 3123 0.004 0.0184 0.0013
vy v, 2367.90 0.0040 38 0.0157 0.0002
2 vy 2404.65 0.0040 38 0.0159 0.0008
(r+wy)* v, 3326.39 0.0337 0.0244
(v +vy)” vy 3387.63 0.0312 0.0249
vy vy 2511.25 0.022 8R9) 38 0.0080 0.0178
V3 v, 2475.87  0.022 8@9) 38 0.0080 0.0181
(vo+vy)* 24 3484.48 0.0913 0.0320
(vy+vg)” v, 3467.28 0.0907 0.0277
v, vy 693.85 0.0022 0.0125
v, v, 659.25 0.0022 0.0124
2us2* vy 2307.75  0.006 7d5) 38 0.0044
2052 v, 2273.49  0.006 745 38 0.0048
209 v, 2247.90  0.000 85 38 0.0036
2u," 24 2285.16  0.000 85 38 0.0031
(vo+y)* vy 1608.10 0.088@2) 38 0.0867 0.0911
(votvy)” v, 1618.01  0.084@7) 38 0.0856 0.0876
2 1% 1.06 1.479124) 23 1.599 1.4626
2v, 2v; 284.71  1.02198) 40 0.995 1.047 0.9383
3v; 2v, 501.97 1.0839) 40 0.898 0.9430 0.8876
3v, 2v;  1298.04 0.113 0.0830 0.1116
405 2v, 1580 0.050 0.0112 0.0512
4v, 2v;, 2458 0.012 0.0454 0.0096
3v, 3v; 511.36 1.037 1.039 0.9671
4v; 3v, 566 0.9933
4v, 3v; 1671 0.0343
4v, 4v; 593 1.107 1.072 1.0199
vy vy 0.31 15094 23 1.626 1.4885
vy v, 1.09 1.455432 41 1.574 1.4422

“Derived from the experimental data collected in Ref. 6.

PReference for the observed value given under the heading Obs.

°Ab initio predictions, see text.

YExperimental uncertainties are given in parenthésesnits of the last digit quotédvhere available.

transitions assigned in Refs. 10 and 34 and this explains whyector coefficientsCi,‘“QT t in Eq. (12) can differ from the
rof

the experimental spectra generally contain less lines than thexperimental assignment” in the event of strong accidental
simulated ones. In the simulated and the experimentally demixing of different basis functions in an eigenfunction. How-
rived stick spectra, the intensities are given as integrated akever, we do not expect such effects to be very important in
sorption coefficients in cm mol. The experimental values, the present study as we are not aiming at a line-by-line com-
originally'®** given in cm?atm®, were converted to parison of theory with experiment, but rather at a qualitative
cm mol* at T=295 K. Note that the same absolute intensity pand-structure comparison. Therefore, we disregard possible
scale is used for the two members of each theoreticalmisassignments and plot each simulated band separately as
experimental spectrum pair. described above.

It should be mentioned that in the wave number intervals  For the 2,/v, band system shown in Fig. 2 there is
1300—2000 cm* and 3000—-3800 cm, there are more vi-  significant similarity between the simulated and experimen-
brational bands than those assigned in Refs. 10 and 34. Feilly derived stick spectra, in particular, in the case of the
example, the hot band&3v,—w,)/(v,+v4—v,) lie in the  fundamental band, for which a large amount of experimental
5—7 um regiori® and overlap with the /v, bands. This, data (935 transitions is available. Also for the 2,/v,/vs
of course, makes the experimental assignment more compleand system in Fig. 3 do the simulated fundamental bapnds
cated. Also, the “theoretical assignment” based on the eigerand v3 look highly similar to their experimental counterparts.
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FIG. 2. Comparison of simulated and
observed (Ref. 34 spectra near
5—7um: the v, and 2, absorption
bands of**NH;.

FIG. 3. Comparison of simulated and obser&ef.
10) spectra near 3m: thewv,, v3, 213, and 272 absorp-
tion bands off“NH;.



104317-10  Yurchenko et al. J. Chem. Phys. 122, 104317 (2005)

TABLE IV. Integrated absorption coefficientgin cm2 atni?) for the strongest rotation-vibration transitions in
the vy, 2vy, 2v,, v4, and vy bands of““NH,. In the transition labels);, K;, andT; (J;, K;, Ty) are thed value,

K value, andD5,(M) rotation-vibration symmetry, respectively, of the initidihal) state. The label®, Q, R
correspond ta\J=J;-J;=-1, 0, and 1, respectively.

Band AJJ) Iy I, Kq Ki e | (Obs)P I (Calc)°

v, R(3) A, Ay 4 3 1691.737 32 1.750 1.551
2v, R(6) A, A 6 6 1729.031 47 0.437 0.394
219 R(4) A A, 0 0 3323.524 43 0.037 0.042
2032 R(3) A, Ay 4 3 3326.988 22 0.040 0.036
" QB A, A 3 3 3336.390 46 0.514 0.598
vy P(3) A, A 2 3 3403.383 91 0.186 0.160

“Experimentally determined transition wave numbRefs. 10 and 34in cm ™.
bExperimentally observed intensitRefs. 10 and 34

‘Theoretical intensity from the present work.

dSecond-strongest line from the experimentaﬂ Band transitions listed in Ref. 1@ee text

The similarity is less pronounced for the weaker transitiondband also contains two extraneous lines stronger than the
to the overtone levelsi2. It is obvious that for the 2,  experimentally observed linR(3), K;=3, K;=4 from Table
bands, the experimentally derived stick spectra contain sighV. These lines are the two componefts—— and —~— +) of
nificantly less lines than the simulations, and some of thighe line Q(9), K;=9, K;=7 with I(Calc)=0.048 cm? atni*
dissimilarity may be due to the fact that not al,2lines  and 0.047 ci? atni’?, respectively. Neither of the four ex-
were assigned in Ref. 10, possibly because in the real spetraneous 2, lines appears in the list of assigned lines in Ref.
trum, they overlap with stronger,/ v3 lines. The trend of the 10; we suspect that they overlap with strongeor v5 lines.
vibrational transition moments in Tables Il and Ill is reflected In both of the wave number regions 1300—2000tm
in the line intensities: The vibrational transition moment of [Fig. 2] and 3000—3800 cm [Fig. 3] considered here, the
the v, fundamental band is approximately twice as large asimulations of the weakest bandd2v, in the
the v transition moment, and therefore thg band is ap- 1300—2000 cm' region and 2, in the 3000—3800 ciit re-
proximately four times stronger than thg band. gion] show the largest discrepancies from the experimentally
In Table IV we compare theoretical and experimentallyderived stick spectra. The most noticeable discrepancy is
determined values for the integrated absorption coefficientthat, as mentioned above, the simulated spectra of weak
of the strongest rotation-vibration transition in each of thebands contain significantly more lines than the experimen-
five vibrational bands considered here. Also for these intentally derived ones. This indicates that in the weak bands,
sities of individual rotation-vibration lines, there is good many lines were not assigned in the experimental studies of
agreement between theory and experiment. Each of the th®efs. 10 and 34 even though their intensities appear signifi-
oretical intensity values is relatively close to its experimen-cant in our simulations. Since in the experiment, all bands in
tally observed counterpart. If we sort the lines in Table IV ina given wave number region are superimposed, it is plausible
order of increasing intensity, we obtain the sequeno& 2 that many of these “extraneous” simulated weak-band lines
<2152 < w3<2v,< v, < v,. Apart from the very small differ- overlap with strong-band lines in the observed spectrum, so
ence in intensity between thig|=0 and 2 components of the that it is impossible to assign them.
2v, band, this sequence is correctly reproduced by the theo-
retical calculation and reflects the values of the vibrational
transition moments in Tables Il and III. C. Simplified intensity calculations
The largest disagreement between theory and experiment
is obtained in the case of thes®band. The strongest ob-
served line in this barld has the experimental assignment
R(4), K;=K;=2 [see the caption of Table IV for the explana-
tion of the transition labels and [(Obs)

The simulations shown in Figs. 2 and 3 aim at high

accuracy in each stage of the calculation. We now present the
results of calculations where we degrade the accuracy of se-
lected elements of the computational scheme in order to in-

=0.0402 cm? atni L. This line is theoretically predicted to be vestigate how_these_ _elements influence the computed wave
numbers and intensities. We focus on four elements of the

rather weak] (Calc)=0.015 cm? atnit, and we suspect that calculation
the high intensity of the observed line is caused by overlap '
with another unassigned line. Therefore, we compare ifa) The basis set. In the “standard” calculations producing
Table IV the observed and theoretical intensities for a more Figs. 2 and 3, we used a basis set With.,=8 [EQq.
typical line, namely, that determined experimentally to be the (19)].

second-strongest transition in theﬂ?oand. Its experimental (b) The expansion of the vibrational-coordinate dependent

(and theoreticalassignment ifRk(4), Ki=K;=0. However, in function$ G, in the kinetic energy operator. In the
the theoretical simulation it is the third—strongesﬁZine. standard calculations, these expansions are truncated
The two lines predicted to be slightly stronger &€3), K; after fourth order in the linearized coordinat§$ n
=K¢=3 with [(Calc)=0.045 cm?atmi* and R(7), K;=K;s =1,2,...,5.

=2 with 1(Calc)=0.044 cm?atnT®. The theoretical 222 (c) The expansion of the potential energy functignin
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terms of the¢! coordinates, taken to sixth order in the rigid invertor wave function$*°We also maintain in these
standard calculation. test calculations the Morse-oscillator functions of Sec. Il A
(d) The expansion of the dipole moment components as basis functions for the stretching motion, and so, in these
a=X,Y,z in the §f; coordinates; these expansions arecalculations, we do not neglect the anharmonicity of the
taken to sixth order in the standard calculation. stretching motion.
We make test simulations of the, and 2, bands at

The simplest model for rovibrational intensities de-t-295 K by degrading the calculations in the following
scribes the rotation as that of a rigid symmetric rdtaken manner.

to be the molecule at the equilibrium geometand the vi- _ _ _
brational motion as that of uncoupled harmonic oscillators(A) Basis set reductianWe reduce the basis set to have

That is, the wave function is a product of a rigid-rotor func- Pmax=2 [Eq. (16)]; this is the smallest basis set capable
tion and harmonic-oscillator eigenfunctions, while the elec- of producing the upper states of thg/ 2v, transitions.
tronically averaged dipole moment is represented as a first-  The simulated spectra, shown in the “A” displays of
order expansion in normal coordinaté<’ This is known as Fig. 4, are drastically changed relative to the simula-
the “doubly harmonic” approximation. As remarked in Sec. tions in Fig. 2. Both the absolute intensities and the line
Il A, it is inappropriate to model the inversion motion by a positions undergo serious changes.

harmonic oscillator since the inversion involves the tunnel{B) Simplification of the kinetic energy operatdio assess
ing between two potential minima separated by a superable  the importance of the kinetic energy operator for the
barrier. Therefore, in the “degraded” calculations, we main- quality of the spectrum simulations, we calculate inten-
tain the numerically generated inversion basis functions also  sities with the vibrational-coordinate-dependent func-
used in the standard calculations. These can be thought of as  tions G, 4 in the kinetic energy operatdset equal to
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FIG. 5. The standard simulations of the,2v, bands of“*“NH, from Fig. 2 (labeled “Standard’ compared to simulations obtained in the approximation of
making all four simplificationgA)—(D) simultaneously(labeled “Approximatef and in the doubly harmonic approximati¢iabeled “Doubly harmonig’

the zero-order terme)B(p):Gaﬁ(p,rf:re,af:ae)
which depends op only. Gf)ﬁ(p) is the value ofG, 4

in the reference configuration. All other aspects of the
calculation are kept in their standard form. The result-
ing simulated spectra are shown in the “B” displays of
Fig. 4. The effect of the kinetic energy simplification is
drastic: The simulated:% band changes so much that
it is hardly recognizable and thg band is also altered

tion, the v, intensities derive solely fromu, and wu,,
whereas the intensity of thevg2 band originates inw,.
The simulated spectra are given in the “D” displays of
Fig. 4. When we compare with the standard results in
Fig. 2, there is no noticeable change in the structure of
the v, band. However, thei2 band, whose upper state
is an excited inversion state, has completely lost its
original structure.

significantly from the standard simulation in Fig. 2.

(C) Simplification of the potential energy functiokVe When we compare Figs. 2 and 4, we see that forithe
truncate the expression for the potential energy funcfundamental band, the degradation of the kinetic energy op-
tion after the second-order terms in the five linearizederator (B) has the largest influence on the intensity pattern.
coordinateﬁ: This is to be expected since thg band is a strong band that

remainsallowed (in the sense of Chapter 12 of Ref.)24
=vO(,) + 1) + 2) ( ¢t when we make the approximatiofi8), (C), (D) described
v=vPie) %VE( (p)§£ %Vﬁl (p)§ﬁ§f (29 above. The much weaken2 band would beforbidden (in
the sense of Chapter 12 of Ref.)2# the vibrational wave
while keeping the basis set and the functi@ds; in  functions were approximated by those of uncoupled har-
their standard forms. The effect of the potential energymonic oscillators and we use first-order expansions of the
truncation(shown in the “C” displays of Fig. ¥is no-  molecule-fixed molecular dipole moment components. This
ticeable but minor for thev, band while very pro- band is heavily influenced by all four approximatiof#s)—
nounced in the case of theZband. (D), and so, conversely, in order to obtain a correct descrip-
(D) Simplification of the dipole moment expansidfe  tjon of it we must avoid these approximations.

simplify the analytical representation of the dipole mo-  As demonstrated in Fig. 4, the kinetic energy coupling
ment components as much as possible by consideringetween the different vibrational modes plays the most criti-
only the leading terms in Ed19): cal role in the determination of the rotational structure. An

inaccurate description of this coupling fails to give correct

Px= Magbsas (26 intensity patterns for th®, Q, andR branches. The analo-
gous potential energy coupling is also very important, espe-

Hy = M, (27)  cially for weak transitions that are forbidden in the doubly
harmonic approximation. The intensities, and the wave num-

= 5 COSP; (28)  ber dependence on rotational excitation, of these transitions

are crucially dependent on the anharmonic terms in the po-
all other parameters of the calculation are kept at theitential energy function. The electric anharmonicity also af-
standard values. In this rather customary approximafects to some extent the rotational structure of transitions that
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are forbidden in the doubly harmonic approximation, andin Table IV, the theoretical intensity results of the present
moreover it has a pronounced effect on the vibrational intenwork are generally in very satisfactory agreement with the
sity patterns. experimentally measured intensity values available for the
In Fig. 5, we compare the standard simulations of theelectronic ground state dfNHs. Not only do we predict
2v,/ v, bands (the corresponding displays, headed “Stan-vibrational transition moments that explain the relative inten-
dard” in the figure, are repetitions of the simulations showrsities of the observed vibrational bands, we also compute
in Fig. 2 with the simulations obtained by making all four absolute line-strength values for individual rotation-vibration
simplifications (A)—D) simultaneously(labeled “Approxi- lines in good agreement with experimental results. Conse-
mate”) and those obtained in the doubly harmonic approxi-quently, we expect that our computational method, in con-
mation (labeled “Doubly harmonig:. The Approximate junction with high-qualityab initio potential energy and di-
simulations differ from the Doubly harmonic ones in that in pole moment surfaces, can simulate rotation-vibration
the Approximate calculation, the inversion motion is treatedspectra of XY pyramidal molecules prior to observation
in the rigid invertor approximatiof©'?® and the stretching with sufficient accuracy to facilitate the observation and as-
motion is described by Morse-oscillator basis functionssignment of these spectra.
which account for anharmonicity. In addition, the Approxi-
mate dipole moment function is not strictly “electrically har- ACKNOWLEDGMENTS
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