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Calculation of the Rotation-Vibration Spectrum of NH*

LESLIE FARNELL AND JOHN F. OGILVIE!

Research School of Chemistry, Australian National University, Canberra, A.C.T. 2601, Australia

Ab initio molecular orbital calculations have been used to compute potential energy and
dipole moment functions for the X*II and a*Z~ states of NH*. These functions have been used
to compute rotational-vibrational energy levels, including the interaction between the two states.
Transition moments have been calculated for transitions between these levels, using either the
results of numerical diagonalization of the Hamiltonian, or more approximately by fitting analytic
functions. Good agreement with experimental data is found, and our results have also been used
to interpret previously unassigned spectral lines.

INTRODUCTION

The NH* ion is of interest as an example of a diatomic species with a 2II ground
state. This is one of the more common types of nondegenerate ground state. Unlike
other molecules in this class such as the isoelectronic molecule CH, NH" has not
been intensively studied. The main experimental investigations of the ground state
have been those of Feast (/) and Krishnamurthy and Saraswathy (2), who studied
the C2Z*-X?II system, and of Colin and Douglas (3), who studied the 422 -X2I1
and B?A-X"II systems. These workers found that the 2II state is severely perturbed
by a *T~ state, which causes the observed spectrum to be complicated; indeed many
of the observed spectral lines remain unassigned. The a*Z~-X?II interaction has been
studied theoretically by Wilson (4), with the aim of predicting A-type doubling fre-
quencies of NH™* and isotopically substituted species. In other work (5-7) only potential
energy curves have been calculated, without consideration of the fine structure.

In the present work we have reexamined the 4Z~-2I1 interaction. We are able to
suggest assignments for most of the previously unassigned lines. As well as potential
energy curves, dipole moment functions have been calculated. Thus we have been
able to investigate the relative intensities of the various transitions. We have done
this in two ways, either by a proper diagonalization of the Hamiltonian matrix, or
else by an approximate technique based on analytic functions.

DESCRIPTION OF CALCULATIONS

Potential energy and dipole moment functions were calculated for the a*Z~ and
X1 states of NH*. The limits for the united atom and dissociation products of these
states are shown in Fig. 1. The a*Z" state is well described by the single electronic
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FiG. 1. Limits for the united atom and dissociation products of the X2II and a*Z" states of NH*.

configuration 10226230 1% for all internuclear separations. However, the X211 state
requires the following three configurations for dissociation to be properly described:

1622623617
16%20%40%1 7
162202%(3040) 1.

Here the superscript T indicates triplet coupling of the 30, 46 pair. Ab initio molecular
orbital calculations using only these configurations were carried out using a modified
version of the ALIS suite of computer programs (8). Near the potential energy min-
imum the X°IT wavefunction is dominated by the first of the given configurations.
Therefore calculations are also reported for this region which use this configuration
alone. All of these few-configuration wavefunctions will be called “SCF” hereafter.

Because the NH* molecule has a net charge, the value of the dipole moment
depends on the coordinate system chosen. The numbers reported correspond to siting
the origin at the center of mass, with the hydrogen atom lying in the positive direction.

The SCF wavefunctions proved to be inadequate for computing the potential energy
curves, especially for the a*Z~ state. Therefore further calculations were carried out
incorporating the effects of electron correlation by means of a Moller-Plesset per-
turbation expansion (9, 10) truncated at third order. These calculations will be denoted
UMP3, the U signifying that an unrestricted Hartree-Fock wavefunction (1) is used
as a starting point for the expansion. The UMP3 calculations were carried out using
a modified version (12) of the Gaussian 80 system of programs (13).

In all of the calculations, the same basis set was employed, following previous work
(14). For hydrogen the 65 set of Huzinaga (15, 16) was used, augmented by two sets
of p functions with exponents 1.0 and 0.25. For nitrogen the 1156p set of van Du-
ijneveldt (17) was used, augmented at the diffuse end by adding an s function (exponent
0.055) and a set of p functions (exponent 0.05). In addition two sets of d polarization
functions with exponents 0.25 and 1.0 were placed on the nitrogen nucleus. The
primitive basis set was contracted as previously described (14).

One further computer program was used in this work. This is the CDIST program
of Hutson (18, 19), used to calculate vibrational wavenumbers from the potential
energy function by numerical solution of the one-dimensional Schrédinger equation.
This program was modified to carry out vibrational averaging of various quantities
such as spin-orbit coupling constants.
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RESULTS
(a) Potential Energy and Dipole Moment Functions

The potential energy functions are presented in Tables I and II and Fig. 2. Dipole
moment functions are presented in Table III and Fig. 3. The latter merit further
discussion because of the dependence on coordinate system. The dipole moment can
be usefully expressed as the sum of two terms,

M=Mpc+MB

Here Mpc is the dipole moment that would be found if a point charge were placed
on the appropriate atom, as determined by the dissociation limit. The total A asymp-

TABLE 1
Calculated Total and Relative Energies for the X°II State of NH*

Internuclear

distance 1 configuration 3 configurations UMP3 3 configurations UMP3

/10-10 n /hartree /hartree /hartree /cm'l /cm_l
0.7 -54.311648 ~54,323325 ~54.428583 13856.5 9896.4
0.8 -54.43032% -54.444477 -54.549129 -12733.3 -16560.4
0.9 -54.485090 -54.502011 -54.605935 -25360.5 -29027.8
0.950 ~54,620006 -32116.2
1.000 -54.504706 -54.524708 -54.627732 -30341.9 -33811.8
1.060 -54.630931 -34513.9
1.070 -54.630963 -34520.9
1.077 -54.630914 ~34510.0
1.085 -54.,630788 -34482.4
1.095 -54.630533 -34426.4
1.100 -54.505032 -64.528421 -31156.8
1.150 -54.627454 -33750.7
1.2 -54.494989 -54.522035 -54.622736 -29755.3 -32715.3
1.3 -54.479667 ~54.510620 -54,609833 -27250.0 -29883.4
1.4 -54.594170 -26445.8
1.5 -54.443751 -54,483032 -54.575649 -21195.1 -22380.8
1.6 -54.554584 -17757.6
1.7 -54.408922 -54.456814 -54.536316 -15440.9 -13748.2
1.8 -54.522403 -10694.7
2.0 -54.365653 -54.426318 -54.504117 -8747.8 -6681.4
2.2 -54.343278 -54.412317 -54,493302 -5675.0 -4307.8
2.5 -54,318036 -54.399365 -54.484123 -2832.3 -2293.3
3.0 ~54,292151 -54.,390598 -54.477484 -908.2 -836.2
3.5 -54.278707 -54.387973 -54.475182 -332.1 -331.0
4.0 -54,271895 -54.387138 -54.474373 -148.8 -153.4
4.5 -54.474054 -83.3
5.0 (a) -54.386678 -54.473901 -47.8 -49.8
7.0 (a) -54,386510 -54.473725 -11.0 -11.2
10.0 (a) ~54.386472 -54.473686 -2.6 -2.7
15.0 {a} -54.386462 (a) -0.4
20.0 (3) -54,386461 (a) -0.2
oo -54.386460 -54.473674 0. 0.

(a) Convergence problems observed.



Calculated Total and Relative Energies for the a*Z™ State of NH*
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TABLE 1

Bondlength 1 configuration UMP3/hartree 1 configuration
/10-10 " /hartree /hartree
0.7 ~54.349686 -54.434621 10929.8
0.8 -54.466353 -54.554029 -14675.6
0.9 -54.520150 -54.610731 -26482.7

0.950 -54.625177

1.000 ~54.540015 -54.633563 -30842.5
1.060 -54.637925

1.070 -54.638189

1.077 -54.638307

1.085 -54.638380

1.090 -54.638393

1.095 -54.638382

1.100 ~-54 541853 -31245.9
1.150 -54.636894

1.2 -54.534561 -54.633863 -29645.5
1.3 -54_523132 -54.624949 -27137.2
1.4 -54.614227

1.5 -54,497685 -54,603104 -21552.2
1.6 -54.592318

1.7 -54.475117 -54.582222 -16599.1
1.8 -54.572945

2.0 -54.448977 -54.556830 -10862.0
2.2 -54.435514 -54.543678 -7907.2
2.5 -54.420030 -54.528916 -4508.9
3.0 -54.406343 -54.513056 -1504.9
3.5 -54.,402060 -54.507557 -564.9
4.0 ~54.400721 ~54.505956 -271.1
5.0 -54.399935 ~54.505125 -98.5
7.0 -54.399599 ~54.504800 -24.8
10.0 -56.399513 -54.504718 -5.9
15.0 -54.399491 (a) -1.1
20.0 -54.399488 -54.504693 -0.4
[o ~54.399486 -54.504692 0.

uMP3/cm !

15378.
-10828.
-23272.
-26443.
-28284.
-29241.
-29299.
-29325.
-29341.
-29344.
-29341.

-29015.
-28349.
-26393.
-24040.
-21599.
-19231.
-17015.
-14979.
-11443.
-8556.
-5316.
-1835.
-628.
-277.
-95.
-23.
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problems observed.
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totically approaches Mpc at large internuclear separation. It is given, in our chosen
coordinate system, by

Mp(X°T) = —1.07570 R X 107* Cm

Mpda*S™) = 14.9462 R X 107 C m

where R is the internuclear separation in units of 107'° m. The second term Mj is
invariant to change of origin. It represents the redistribution of electron density due
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TABLE II1
Calculated Dipole Moments* for NH* (1073 C m)

Internuclear

distance X2n 1 configuration X2 3 configurations a“s” 1 configuration

/10710
0.7 5.5232 5.4628 1.4730
0.8 5.8611 5.7617 2.2732
0.9 6.2553 6.0929 3.1146
1.0 6.7206 6.4551 4.3287
1.1 7.2700 6.8461 5.5832
1.2 7.9148 7.2337 6.9585
1.3 8.6637 7.6119 8.4252
1.5 10.498 8.2003 11.435
1.7 12.747 8.3845 14.234
2.0 16.859 7.3761 17.805
2.2 19.976 5.6819 20.477
2.5 25.019 2.7602 26.578
3.0 33.865 -0.8439 40.122
3.5 42.677 -2.6618 50.303
4.0 51.075 -3.6425 58.600
5.0 -5.0478 74.053
7.0 -7.3308 104.277
10.0 -10.682 149.292
15.0 -16.102 224.124
20.0 -21.496 298.881

a. With origin at the centre of mass and H on the positive axis.

to bond formation. Since it arises at large separations from induction of a dipole in
the neutral atom by the ion, it vanishes as R % this behavior is illustrated in the log-
log graph.

The data in Tables I-III may be used to predict term-value coefficients and transition
moments that lead in turn to wavenumbers and matrix elements for intensities of
vibration—rotational transitions within each electronic state. To use the numerical
data it has to be converted into an analytical form, by means of fits to appropriate
equations with parameters determined according to standard statistical procedures.
In this case the potential-energy data were fitted to members of the following flexible
family of truncated polynomials (20):

p
V(R) = dg"whn(1 + 2 d7"Whn)
=1

in which the separation variable
Wmn = (m + n)(R - Re)/(mR + nRe)
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FIG. 2. Potential energy curves for NH™ calculated at the UMP3 level. The energies are relative to the
dissociation limit of the XII state.

(containing the integer parameters m and n and the equilibrium internuclear separation
R.) and the coefficients 47", (0 < j < p) were selected to produce the best fit. For
the X*I1 and a*2~ states the parameters m = 1 = 1 and p = 8 gave the most satisfactory
results. In this case we have, in the notation of Ref. (20), w;; = z = 2(R — R.)/
(R+R)andd}' = ¢;. The values of the coefficient c; are given in Table IV, together
with the values of R, and D, = V() — V(R,). For any particular isotopic molecule
o = Bey™2, where B, is the usual equilibrium rotational parameter h/8x%cuR2. The
value of v = 2B./w., where w, is the usual vibration frequency, is also given in
Table IV,

The appropriate form for the dipole moment function Mg(R) is (21)

3
Mg(R) = My(x + D/(1 + 2 e;x?)

i1

where x = (R — R.)/R., according to the limiting behavior Mg(R) «c R? as R —
oo. However, the above functional form contains too few adjustable parameters
(e;) to represent the entire set of data accurately. Furthermore the intensities of
transitions depend on the full dipole moment M, rather than Mjg. Therefore a poly-
nomial fit of the form
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FG. 3. Dipole moment functions for NH* calculated at the SCF level: (a) total dipole moment A and
point charge moment Mpc; (b) difference My = M — Mpc; (c) long-range behavior, showing slope —2.
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FIG. 3—Continued.

k
MQR) = 3 Mx!
i=0

was made to the data in the region of interest around the equilibrium internuclear
separation, specifically 0.7 = R/107!°® m = 3.0. The resulting coefficients are also
presented in Table IV.

(b) Vibrational Structure

The energies of the vibrational states calculated using the CDIST program are
given in Table V. For the purpose of comparison with experiment the values of
AG(Y2) are also given. It should be noted that there is some uncertainty in the
experimental values because of the complication of the interaction between the
states (2, 3).

In the alternative approach we treated the data through the analytic functions
described above. The theory has been developed strictly for diatomic molecules in
S states, i.e. states without net orbital or spin angular momentum. However, in
computing the potential energy and dipole moment data the small terms in the
Hamiltonian directly dependent on such properties are omitted. Therefore no in-
consistency arises. The additional effects due to angular momenta are considered in
the following section.
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TABLE IV

Parameters of the Potential Energy and Dipole Moment Functions of NH* in Two Electronic States

X2n a's
3 Mj/10‘3°c m i 3 Mj/10’3°c_ m
149130.97 cm™>  6.71866 0 127427.04 cm”} 5.45043
-1.4334 4.18508 1 -1.5140 14.1935
1.5753 0.59901 2 0.7695 7.8617
2.9894 -4.30524 3 0.3526 -4.4948
-5.5742 -1.28635 4 0.3523 -12.6371
-9.1716 3.84404 5 -2.3420 -3.5443
22.0617 -10.9791 6 2.5432 29.1578
-14.2812 10.3866 7 -1.1202 -19.6238
3.0506 -2.78394 8 0.1804 3.8128
-0.47947 9
0.0102693 Y 0.0108814
1.06776 R /10710 1.09014
34521.78 Do/ em? 29344 .03

The mass-reduced term-value coeflicients Uy, are defined according to

E@®, N)= 2 X Ua ™ 22 + B NN + 1Y
k=0 1=0

where v and N are the vibrational and rotational quantum numbers and g is the
reduced mass. They may be determined from the coefficients ¢; of Table IV, using
the set of relations given previously (20). The results are listed in Table V1. Note that
22U\ Uth = v = 2Bw;".

From the potential energy dipole moment parameters, the vibrational matrix ele-
ments (O|x"|v), for 0 £ v = 6 and 1 = n < 8, were calculated according to analytic
expressions based on the Dunham theory (22, 23). From the combination of these
matrix elements and the coefficients in Table IV, one can calculate both the matrix
elements for the vibrational transitions and the Herman-Wallis factors (24). These
are required to describe fully the intensities of both the vibration-rotational bands
and the individual lines within each band. The results are listed in Table VIL.

(¢) Vibration-Rotation Structure

The energies of the rotational states of NH™, including also spin-orbit coupling
effects, were investigated numerically. Because the X2II and a*Z~ states are very close
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TABLE V

Calculated® Energies Expressed as Wavenumbers (cm™') for Vibrational States
of Various Isotopic Species of NH*

State v NHY SCF et uMp3 Dt uMP3 1ot ump3 vsnpt ump3
X2y 0 1435 1537.9 1126.6 1534.5 1121.9
1 4284 4509.9 3323.4 4500.1 3309.8
2 6984 7364.8 5453.0 7349.1 5431.0
a'z” 0 1408 1354.1 993.2 1351.1 989.1
1 4245 3931.9 2909.5 3923.6 2897.7
2 6898 6349.1 4738.4 6336.1 4719.7
aG(3)
x2n Calc. 2849 2972.0 2196.8 2965.6 2187.9
Expt.2 2922 2922 2143.04 - §
' Calc. 2837 2577.8 1916.3 2572.5 1908.6
Expt.2 2520 2520 . - -

[

Relative to the energy at the relevant potential energy minimum.

b Ref. 3.

in energy, it is necessary to take account of the interaction between them. The method
for doing this has been described by Wilson (4), and requires diagonalization of the
Hamiltonian matrix depicted in Table 1 of Ref. (4). Matrix elements of the spin—
orbit coupling operator are required. Rather than attempt to compute them from
our wavefunctions, we simply use the values from Tables 3 and 4 of Ref. (4). However,
the vibrational averaging was performed using our calculated functions.

In constructing the Hamiltonian matrix three empirical parameters were introduced,
because of deficiencies in the potential energy curves which will be discussed below.
The parameters are (i) the separation between the minima of the X?II and a*3~
potential energy curves, (ii) a scale factor by which the energies of all vibrational
states in the X°II state were multiplied, and (iii) the analogous scale factor for the
a*2” state. They were varied separately for the three isotopic species ““NH*, ''NH*,
and '“ND* to get the best fit to the reported energies (3). The results of the fitting
are presented in Table VIII. The residual errors are of the order 5 cm~!. Insofar as
our method of fitting is more quantitative than that used by Colin and Douglas (3),
this represents a new interpretation of the spectrum. Therefore we suggest that the
spectroscopic constants in Table VIII may be more reliable than those previously
reported (3). The good agreement of our AG(Y2) value for ND* with the experimental
value, which is well determined because there are fewer perturbations in this species,
supports this view. In particular it appears that the previous estimate of the *Z~-2II
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TABLE VI

Mass-Reduced Term-Value Coefficients U, for the XII (the lower value in each pair)
and a*Z" States of NH* (Units of Uy are m~'y*+20/2))

k/1 0 1 2 3 4 6
0 ) 1418.52  -0.15791 8.50300°%  1e7x100 L ozl
0 1478.61  -0.14660 8.236x10° 10 7.60x1071 6.0x10713  -5.06107Y7
1 | 268892.5 -67.978  -3.824x107% 2.200x1077  2.05x10"1% _7.8x1071%  1.8x10"7
206989.1 -63.311  -B.005x107°  6.067x10°%  -1.00x10710 -6.9x1013  -2.6x30716
2 |-8744.7  0.1933  s.ex107t  e.s0x107® z.sx107!! -2.4x00718
-6490.4  6.830 2100073 g0t Lnae? yexaen !
3 | 1241 0.123 1.34x107°  4.6x10710  _5.8x10712
877.6  -0.291  -1.06x10"2 -2.8x10”7 4.4x10
4 6.06 -5.6x10"% -3.0x107®
-96.6  -0.16 1.1x107
5 | -0.21
-1.4

separation is too high, and should be reduced from ~550 to ~500 cm™'. A similar
point has been made previously by Wilson (¢) who arrived at a value 525 cm™’ by
fitting oniy the J = 1i/2 ievels.

The matrix diagonalization also predicts energies of states which have not been
observed experimentally. Since most of these are dominated by *Z~ configurations
this is to be expected. However, certain of them have an appreciable 2II component,

and allow us to assign many of the unidentified spectral lines. These assignments are
listed in Table IX. These numbers have been checked to ensure that trendg in the

difference between calculated and experimental numbers are constant between the
new assignments and previous assignments. For example, there is a completely new
series of "“NH* lines assigned as £, type (in the notaiion of Ref. (3)) beiween 18 708.98
and 18 732.25 cm™!. The calculated energies of the lower states are consistently low,
with the error increasing as J decreases. The observed intensities of these lines are
also in accord with the weights of the 2II components in the calculated wavefunctions.

In certain cases it is not possible to distinguish between a P,-type transition and
a Q,-type transition to the same lower state because the energies of the upper states
(in the 422~ v = O state) are very close. These instances are noted in Table IX.
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TABLE VII

Matrix Elements and Herman-~Wallis Factors for the Vibrational Transitions
of NH" in Two Electronic States

Xan a'r

<0|M(x)|v> Cé DB’ v <O|M(x)|v> Cé Dé

71073% /1073%

6.719 0 1.3x10° 0 5.451 0 6.2x107%

0.298 -6.7x1072 1.4x107 1 1.095 -1.8x107° 5.7x107*

-0.322 -4.2x1072 6.9x107* 2 -0.0942 2.4x1072 1.05x1073

2.33x1073  -8.7x1072 4.5x1073 3 9.06x107°  8.3x1072 2.5x10°3

2107t Lo 4.0x10°2 4 -1.36x107° 0.15 4.6x1073

-2.02x107° 5 2.00x107%  0.29 2.1x1072
6 3.3x107%  -0.06 -1.7x1073

The matrix diagonalization provides not only energies of states but also vibrational
wavefunctions. These may be used to compute expectation values of the dipole moment
operator, and hence transition moments. By this means we can investigate intensities
in more detail than is possible with the analytic functions approach outlined above.
For example, we can consider 2II-*Z " transitions and transitions between the various
components of the 2II state. The results are presented in Tables X-XII and Figs. 4
and 5. In Table X the column headings give an indication of the dominant electronic
configurations in each rotational state. We define the following linear combinations:

M = 2771, ; + M) 12y =272 + 423p)
M, = 27'2C10,, — 23p) 42, = 271202y, — 423p)

which are more appropriate in some cases, where there is a gradual change with
increasing rotational quantum number. This is associated with a changeover in Hund’s
coupling case. For the sake of simplicity this point is not considered in Tables XI
and XII and Figs. 4 and 5. A further point to notice is that our calculated wavenumbers
are given. In some instances a more accurate value could have been obtained, using
the experimental data (2, 3), but this procedure could not be used consistently.

DISCUSSION

Comparison of the calculated energies of the vibrational states with the available
experimental data (Table V) indicate that the SCF wavefunctions are inadequate,
especially for the a*Z~ state. This is confirmed by a comparison of other relevant
quantities, which is given in Table XIII. It is clear that inclusion of correlation effects
much improves matters, but the order of the X*II and a*Z" states remains wrong.
It is well known that the calculation of accurate energy differences between states of
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TABLE VIII

Results from Fitting Calculated Curves to Experimental Data

LenK 1unp Loy
E(*sT)-E(2n) (@) /em] 494 504 495
2y scale factor(®) 0.975 0.97 0.975
“3> scale factor(®) 0.985 0.992 0.986
v=0 err‘or(’:)/cm-1 4,75 1.97 4.9
v=1 error(¢)/en? 4.59 3.41 3.16
o1 scaled aG(3)/cm ™} 2898 2151 2891
“3~ scaled AG(3)/cm 2539 1901 2536

(a) empirical parameter
(b) calculated vibration frequencies all multiplied by these empirical parameters.

(¢} mean absolute error

different multiplicity is very difficult, as, for example, in the CH, molecule (25, 26).
This problem has been noticed in previous calculations on NH" (4, 7). As a check
on our computations we calculated the corresponding energy difference in the is-
oelectronic molecule CH, which is better known experimentally. It is found (Table
VIII) that the a*Z" state is placed too low by a similar amount in both CH and NH".

While the UMP3 energies were used in the remainder of this work, a note of
caution should be sounded. It proved to be more difficult to achieve a good analytic
fit to the X2II UMP3 energies than for the a*Z~ UMP3 case or either SCF case. We
believe this is due to the use of a UHF wavefunction as a starting point for the MP3
calculation. This wavefunction allows the proper dissociation limit to be reached
using only a single configuration, whereas a spin-restricted (RHF) wavefunction requires
three configurations. The proper limit is achieved only at the expense of obtaining
a wavefunction which is not an eigenfunction of the spin-squared operator. In contrast
the a*2~ state of UHF wavefunction shows very little spin contamination, since a
single spin-restricted configuration dominates at all internuclear separations. We can
estimate in which region the UMP3 energies are likely to be reliable by examining
the UHF spin expectation value and the three-configuration SCF configuration weights.
These are listed in Table XIV, and suggest an upper limit of R = 1.4 X 107'° m.
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TABLE IX

Assignments of Previously Unidentified Spectral Lines of “*NH* and '*NH* (Units are cm™)

Observed 1ihed Ass1'gnmentE Experimental ener‘gyg’g Calculated energyg

it 18761.33 w unassigned
18746.55 m J=i R, 2887.86 28815
18732.25 w J=41 3057.07 3052
18729.99 m J=34{ P, (or Qu) 2971.91 2966
18720.94 m J=24 2913.48 2907
18708.98 s J=1é) 2880.98 2873
18692.63 s J=4 R; (or Q,) 2897.21 2891
18688.58 s unassigned
18679.82 s )= Q 2887.86 28818
18678.19 w unassigned
18625.15 s J=13 P, (or Q1) 2964.81 2958
18563.13 m J=l%%R1 (or Q,) 3071.04 3070
18520.05 w J=21 ) 3180.53 3180

st 18753.76 w unassigned
18753.39 w J=3 R, 2882.19 28765
18734.89 w J=33 ) P, (or Q,) 2966.91 2966
18726.97 m J=24 2908.61 2906
18717.53 w unassigned
18715.22 s J=13 P, (or Q,) 2876.09 2872
18700.03 s 2=} R, 2935.55 29365
18695.76 s J=3 Ry (or Q) 2895.45 2885
18686.95 s =% Q 2882.19 28765
18634 .87 w unassigned
18633.71 s W=t O 2935.42 2936%
18631.79 s J=13 P, (or Qu) 2959.52 2956
18569.70 w J=13 ) Ry (or Q,) 3065.64 3069
18526.79 w J=2%} 3174.68 3179

a Data from Ref. (3).

b Using notation of Ref. (3).

¢ For X21 v=1 state calculated assuming our assignments.

d Energies relative to the lowest rotational state of the X21 v=0 state.

e These six lines form pairs from each of three lower states.

Since the tail of the v = 1 vibrational function extends into this rpmnn we mloht

expect that it would be somewhat distorted. Perhaps for this reason the 1 states
required a greater degree of scaling in our fit of the experimental data, as shown in

Tatla UIIT
1auic V111,



FARNELL AND OGILVIE

118

“(G£61) €0§-00§ ‘%Y ¢ TSOITITAS “ oy [ ‘* e 33 uModg W[ SMO(LO4 AjLued 4o Bui|lage( ayL §
"Buixiw iz~ 2, Buouzs ®
w K m\m ks mcm mmw N\mw._ mu._ mf e
0°9/9¢ 20" 06z¢€ 2°625¢ sl-oLee B2 85vE 1°691¢ ERAED 2 95€¢c 5
b E8PE oL 8pie 8°2¢¢¢ o822zt ¢ 68¢¢ £°280¢ e BLEE v 602¢ 17
0°81ee ¢ SE0E 9°902¢ gL €o1E lmm.tlm ¥°996¢ 29 veee §°260¢€ €
£°081¢ 3t 0562 97160t ¢ 110¢ gl vtoe g0 L06¢ g0 BI1E ¢8°500¢ 2
v 0L0¢€ 29°£68¢ Z2°'1t1o¢e S1°2v6e 2¢ '856¢ E AR YA 23°¢toe BV 162 3
b €862 - - £°0682 9°/£62 - 2570882 ¥ I
mu, N\mu 3, N\ncw mzw w 7, m 1, ~\msw mcw
w 1, M (s mzm mzw w\mw: mw: mzw wcu
6°2L11 £°£08 £°059 0°99% 0°646 ¢9°659 o6°5¥9 1°€9% s
57696 £°9599 119 £°21¢ 8664 1°9€8 L L9y v 01E 34
S ¥6L 0°6£S 8 v1¢ 0°681 " €99 T L%y 8 v1ig L£°181 (33
2789 LT0SYy v 261 1°96 8°6€S 098¢ €261 2°66 2
L"0ES 0°¢6¢ 6°001 G Eg 6°9vt 6°859¢ 6°001 6°¢¢t ¥
6'1vy - - €0 v €8E - 0 ¥ 0
§ /e 2 /e % e S e ¥
I, itz erey, ‘g C 3, 73, e, Ii;
mw [CLETY mﬂm\.wp r A
(,_um) spquinuaseas ur possardvg LN 10§ saIEg [RUOnEIOY JO sotdoug paenome)



119

ROTATION-VIBRATION SPECTRUM OF NH*

L0°0- 8°2¢S (99" £°0e¢ 9e ¥ L°ps1 €1°0- £°0 6°6v9 S
€ro A S0°Y 6°161 £v°G- £°8LT ST°0 S'Y L°L9% %
€1°0 0°58% 1770 £°1¢¢ 9.°9 6°¢S1 22°0 vy 8 yiE 113
AN 0°19% 61°0 8" 149¢ LL9 v-eet 9¢°0 LY £-zel ¥4
I1°0 6 bEY G1'0 1482 €L°9 16 ¢L0 LG 6°001 13
vaw\f
AR Y] 0°pIg ¢l o 9°8¢6 y1°0- £°46¢€ 6/°9 6°€81 0°99% {5
L0T°0 v 16b L0170 97098 L1°0- p°g8ee 6.°9 L°€91 €21 #
00170 L9y $10°0 G°08L 2 0- L°8L2 8.°9 €°¢21 0°681 ¥¢
680°0 6°¢vY 61070 v°869 6€£°0- L°812 LL°9 6°¢6 1°96 ¥
0£0°0 €LY 920°0 L7919 vl 0- 6°891 vl 9 9729 g ¢ge ¥t
810°0- 8 16¢€ 0v¥0°0 AR} 00°¢€- L7001 60°9 A% £°0 ¥
()
900°0 9°q1L £90°0- 1°€0¥ 60 GTLEE 9.9 p 281 1°¢9y  #5
£€00°0 9°%99 2¢91°0 2 6ve 9€°0 G°GEE LL°9 8241 yo1e ¥
200°0- 2219 §6¢°0 v 8vE 920~ 0°08¢ LL°9 £°221 L7181 ¢
110°0- ¢89S 802°0 6°1G¢ 6€°0- 9°61¢ LL°9 5°¢6 2°G6 174
820°0- 8°209 S91°0 1°66¢ L0~ v 641 b9 €729 6°¢¢€ #1
¢80°0- 6° 9y 1070 6°8G¢ 66°2- 67001 60°9 6°¢¢t 0°0 ¥
M
JUBWOY aleq o ABuaul JUBWO . ABuaau3 JuUdWOY N\m: <« KBuaul JuaWoy m: + AbJaul 223EIS damoT
HINYHS ¥

LJHN Jo 31®1§ [eUOnRIqIA PUNOID Y] ulfim (W ) o O]) SIUSWON UoNISURI] pue (,_wd) s31d1ouy uonisuel] pajenoe)

IX 318V.L



FARNELL AND OGILVIE

120

€0°0 6°¢61 {8'S 17182 6.0°0- 9°60¢€ S00°0 0°€28 6°2L1T %5
90°0 8°691 G8°g G'€02 +¥80°0- {°81¢ £00°0 t° €09 G 696 137
60°0 8°LET ¥8°9 0°6.1 680°0 8°92¢ 010°0 228y S ¥6L 133
I1°0 ¢°601 28°§G £ 9v1 G60°0- A% S10°0 27657 2°8v9 ¥2
GE'0 0°08 18°9 ST 101°0- £ 8tE ¥20°0 9'pEY L°0¢€S #1
v6°1 8°6Y /A 2] 6°88 SO0T°0- 6 0t 6%0°0 80P 6°TtY ¥
(nt
+1°Q 1°618 €6 % £°902 £6°¢ 1" 11 800°0 [(R12 9°699 §s
600 6°8EY e8'y g gel e € 8°601 S00°0- 0°¢L 1°9¢9 137
€10 L°26¢€ £8°6 6°88 £€22°0- S°0¢ 220°0 L°9¢1 1Lt f€
12°0 v°G892 28°9 1°6S L90°0- 2°¢L 6£0°0 £°002 0°88¢ %2
Y0 8°9/(1 08°6 1°62 S00°0 9°991 150°0 [°£92 6°8GE f1
68 €~ 9°' €9 1€y v ¥e 001°0- G°28¢ £000°0 ¥°05¢€ p'egge ¢
(o)
25°0 £'62¢€ ov0°0- 6°€S¢L 9.9 9-212 60°0 8°0 {7059 s
9¢°0 0°9¢¢g ov0°0- 2°50L {L'9 0°€81 y1°0 L°1 L9 137
1270 6°TvE 6€0°0- £7%99 [L°9 6°291 12°0 §°2 8 p1¢ ¢
¢¢'0 9°9%¢ 9¢€0°0- 1°209 (L3 LAY AAR 9€°0 v'E y'¢6l 1 Y4
61°0 8'6be 620°0~- IANA ] €L°9 b 16 ¢L°0 6t 6°00T 21
Amvw\ma

panunuo)d—IxX 918VL



121

ROTATION-VIBRATION SPECTRUM OF NH*

€470 S 0ve 500 8°60L 6€1°0- 9481 r8°9 6°¢ ¥s
"0 £°9v¢ £0°0 1°659 9110~ €481 £9°9 6°1 v
89°0 £°16¢ 01°0 87909 oot 0- 17421 0L°9 €1 13
£€9°0 §°6G¢€ y1°0 0°€59 £80°0- 1°L6 179 6°0 74 Amvmm
¥s'0 1°65¢ £2°0 8" L6V 1£0°0- 0°89 £L°9 G0 11
- €v°0 6° Iy - 9/°9 €0 ¥
A.,:N\nw ﬁ..:mw C.vu\nz A..:mz Iy
HONvYE D
889 ARTAN 90°0- 6°009 6L0°0- 9765 660°0 87 €41 €08 {5
98°G 0Lyl 8070~ 2919 680°0- 0°9 001°0 L7061 7959 ¥
¥8°6 LT Iro- S oeb §560°0- £ 0010 17922 0'685 ¢
£8°G £°88 81°0- LTEYE 10170~ 6°GET 001°0 £°19¢ 708y #
18°6 L°89 LE"0- 17952 S01°0- L7661 £60'0 0°962 026t {1
A%Vw\mu
88°9 L°€02 010 87801 S0°0- AR 7A S¥0°0 v 62€ 0°SL6 S
98°9 [AR-TAt ¢0°0 €°0p1T 21 o~ 6°€91 L¥0°0 L79€¢E 8°66L ¥F
¥8°9 91 01°0- €7 L1T ¢ro £°581 8v0°0 0°eve v €59 #¢
£8°9 9°L1T 61°0- L°88 10 0°12¢ 810°0 1°8v€ g'gec  #2
18°G 6°88 Ly 0- 6°89 £1’0 9°v5¢ v0°0 L°15¢€ 6°9vy {1
Amvw\nw

panuguo)—I1X FTdV.L



FARNELL AND OGILVIE

122

+J2qUNRU wnjuenb [eu01]Rl0L JaMO| Byl Ssey 3jels usatb ayy q
X 8|qel 39S ‘91edn3de A|24L3UD 3G 30U ARW 93B}S DY} JO UOLIdLUDSIp BYl B
LU0 € 141 500~ 6°L61 98°0 € p2€ 81°0 0°60§ %
¥1°0 1€l £50°0- 9°691 §8°0 1°2€€ 910 5" (8p ty
£1°0 v Tl £€50°0- 1141 £€8°0 9°8EE y1°0 v ¥9Y te (2)%/%3
110 1'68 £50°0~ RN 28'0 b EpE 01°0 L 6€Y #2
01°0 645 050°0- €8 08°0 0°9ve 10°0- S €Ty #
06°0 T°vbl (20~ £°e1s St'b 68 £6°0 9°€61 ¥
£€2°0 9°021 0v0°0- b EED 8L°0 v°89 90°1 8'€22 #
91°0 616 020°0- €' LbE 05°0 g 2€l 26°0 1852 i (a)h
€170 L°29 $10°0~ 2°092 $t°0 9°661 18°0 6°162 %2
210 1°ge 010°0- 8 1/1 €570 0°852 69°0 b s2E $1
2€0°0 5°85 - 0570 1°€8¢ $
8L"0- 8' (51 2€°0 0" 125 26" b~ 8y ¥98°0 6°6L1 2
86°0 0°681 v 0- 8°108 29°9 50°0 9E1°0- €551 #
88°0 2'vee v 0- L 6LY 59°9 10°0 50°0- 8521 f5 (2)2/*u
¥8°0 t°852 vb°0- 8°G5 99°9 0°0 50°0- €796 %
98°0 1°162 p°0- 8'62% 99°9 00 190°0- L9 1

ponunuop—IX ATdV.L



123

ROTATION-VIBRATION SPECTRUM OF NH*

10°0- §°69/2 20°1 ¥°8.5¢ £0°0 9°9%8¢ ¢€0 v v0L2 74

£€0°0- 276492 001 1°8¥5¢ 210 1°09¢L2 av°o 6°9b9¢ 11

6.°0 6°VvLSe 9970 1°06¥2 2¢°0- 27 6¥92 S1°0- 0°856¢ [
(@)%

990°0- 6°2t8¢ 6%0°0- 9'G21¢ 71 2 vioe 950°0- v 1162 ¥z

880°0- 1682 190°0- P 6L0€ ¥2'0 £°066¢ 690°0- £°016¢ £
va~\m:

G20~ 2°996¢ $80°0- 0°vLLe 170 2°210¢ 100°0 1°0062 e

G2°0- 2eL6e S0T°0- 179082 P10 1°810¢ 910°0- 6° 9062 L3
vaw\mc

L1°0- Z°6€62 300°0 6°122¢ 600°0 G ol1¢ 12°0 £7100¢€ 174

L1°0- 9°916¢ $10°0 8 9Y1€ 110°0 2°850¢ 220 L°LL62 1

21°0- $°€68¢ 050°0 1°0L0¢€ 190°0- 6°010€ G2 0 8 1v6¢ ¥
't

€10°0 £°2590¢ 02°0- 2°1482 600°0- €' 6E1E 220 271662 174

020°0 1°100¢ 0¢°0- [ 7474 1070~ 0°980¢ 22°0 8°2/6¢ ¥1

pr0°0 278562 S1°0- b eL8 £50°0~ 9°2¢0¢ 2 0 ¥ 1v6¢ 4

et o

JUBWOK e/eq ¢ £badu3 JUBWOK . AbBuasul 7 UDUIOY eley o JGRENE] JUBWO T Abasul 81035 49MO"

HONYYG o

SUOIISURIL, | = @ 01 § = @ 10§ (W D o (O) JUSWON uowIsUel] pue (,_Wd) saIBioug UONISUBL] PIIBINI[E)

IIX 3189vL



TABLE XI1I—Continued

£, (f)

b 2500.2 0.011 2569.4 0.125 2628.5 0.23 2451.8 0.081
13 2480.5 -0.009 2560.9 0.070 2649.6 0.25 2419.3 0.016
2% 2455.6 -0.005 2558.4 0.054 2669.8 0.25 2387.1 0.008

Mw\nﬁmv
11 2558.9 -0.058 2672.1 0.62 2460.1 -0.041 2587.2 0.86
23 2556.7 -0.102 2698.8 0.60 2430.6 -0.012 2611.7 0.87
Mu\mAﬁv
11 2619.2 0.15 2699.6 0.107 2788 3 -0.028 2558.0 0.20
2 2653.0 0.16 2755.8 0.084 2867.3 -0.016 2584.5 0.20
P BRANCH
N .v:u\w tr.w .vmu\»
n,(e)

1 2847.6 0.28 - 2904.7 0.088 -

23 2846.2 0.17 2937.4 0.024 2778.2 -0.27 2863.0 0.14
33 2818.1 0.25 2931.3 0.014 2719.4 -0.26 2846.4 -0.12

m (f)
14 2857.2 0.27 - 2949.9 0.066 -
2% 2846.0 0.23 2915.2 0.087 2974.3 0.008 2797.6 -0.20
31 2822.2 0.24 2902.7 0.055 2991.3 0.005 2761.0 -0.22

1£4!

FIATIO0 ANV TTANIVA
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FiG. 4. Transitions between the v = 0 state of the ’II and *Z" state of NH*. Transitions between parity

doublets of the *II state are also intense, but are omitted. Transition energies are in cm™".

1

If we turn now to transition intensities, which are proportional to the squares of
matrix elements, we can compare the latter data of Table VII with the more detailed
information of Tables XI and XII. As one might expect, there is good agreement
between the values (O|M(x)|v) of Table VII and the values for 2I1,,-°I1, 5, *I3—
M), *270-*21)2, *Z3/2-*Z5), transitions. The analytic treatment gives no information

on the transitions coupling II,,, and *II;,, levels and so on.

The sign of C§ is related to the relative intensities of the P and R branches. In the
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FIG. 5. Transitions from v = 0, J = 2% states of the *IT and “Z~ states of NH* to the appropriate

v = 1 state. Dashed lines indicate *Z~ states with the same N quantum number as those of interest, but

with irrelevant J quantum numbers. Transition energies are in cm™.
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TABLE XIII
Comparison of Calculated Potential Energy Data with Experiment

NH* scF2 UMP3 Expt.
V(zn)-V(*z"), R 2862 cm”! 6808 cm! 7666 cn”! 2
V(2m)-V(*z7), R=R, 3021 em™! 1630 cm! 550 e} &

V(=)-V(R ), 21 31176 cn”! 34522 cm™ )

V(=)-V(R,), 27 31335 oL 29344 cn!
Ry an 1.087x1071% 1.068x10710 1.070x10710 p £
Ry vy 1.070x10710 1.090x10720 n

CH
V(a)-V(*17), Ree 0
V() -V(*17), ReR, 4370 ent 4 -5844 cn! &

Three configuration wavefunction for X21 state, one configuration for a*r” state.

|

Derived from data in C.E. Moore, Atomic Energy Levels, National Bureau of

lor

Standards (1949).
Ref. 3.

o

10 1) = -38.395285 hartree,

[-%

Using experimental Re. v(2m, 1.120x10
v(*r 1.085x10710 m) = -38.375375 hartree.
A. Kasdan, E. Herbst and W.C. Lineberger, Chem. Phys. Lett. 31, 78-80 (1975).

o

present case we have C§ negative, so indicating a relatively strong P branch. In general
the detailed results of Tables XI and XII are in accord with this. A significant exception
occurs with transitions between *Z~ e-type levels. This is presumably due to variations
in the degree of mixing of 2II and *Z~ configurations, but the interaction is so com-
plicated that it is difficult to state more than that.

The effects of the perturbations may be clearly seen in the v = 1 levels shown in
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TABLE XIV

Configuration Weights in the MCSCF Wavefunction and Spin Expectation Value
for the UHF Wavefunction Describing the X211 State of NH*

Internuclear distance Weights <52>
1ot m 362 4o2 30bo
1.1 0.9929 -0.1086 0.0460 0.757
1.2 0.9901 -0.1291 0.0549 0.759
1.3 0.9865 -0.1502 0.0655 0.764
1.4 0.782
1.5 0.9760 -0.1970 0.0931 0.850
1.6 1.002
1.7 0.9599 -0.2478 0.1315 1.163

Fig. 5. First, the ordering of the *I1,,, parity doublets is reversed, and the separation
between them increased. Second, the energies of the *Z™ states differ substantially
from the pattern expected for a Hund’s case (b) system. In contrast, Fig. 4 shows
that the v = 0 levels are well behaved.

A somewhat unexpected prediction is that the transitions from the ?I1,,, (v = 0)
to *Ils;; (v = 0) are fairly intense. Analogous transitions observed in the case of
nitrogen(Il) oxide (27) were relatively weak, and were thought to be magnetic dipole
transitions. The corresponding vibrational transitions are also predicted to be more
intense than is found for nitrogen(Il) oxide (28). However, it is clear that the most
intense of the “forbidden” transitions are from I to *Z~ states, rather than between
the different %I1 components.

CONCLUSIONS

The present study is one of the first attempts to make a quantitative prediction of
vibrational-rotational spectra involving strongly interacting states. We predict that
the spectrum of NH* should be complicated, with relatively strong °I1,,,~?I13/, tran-
sitions and 2II-*Z" transitions. As a by-product of our investigation we have been
able to suggest assignments of previous unidentified spectral lines.

We hope that our resuits will aid identification of NH* in atmospheric or astro-
physical sources through observation of its infrared spectrum.

RECEIVED: March 21, 1983
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