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Ab initio molecular electronic structure theory has been employed in order to investigate systematically the
X 3By, &'A;, b 1By, andcly; states of NH, with emphasis placed on the'B; and ¢y states. The
self-consistent-field (SCF), configuration interaction with single and double excitations (CISD), complete
active space (CAS) SCF, and CASSCF second-order configuration interaction (SOCI) wave functions with
nine basis sets, the largest being a tripleasis set with three sets of polarization functions and two additional
sets of higher angular momentum and diffuse functions [TZ3P(2f;2diff], were used to determine
equilibrium geometries, harmonic vibrational frequencies, infrared (IR) intensities, and dipole moments. The
ground, first, and second excited states are confirmed to be bent, while the third excited state is predicted to
be linear. The bond angles of I\]Hire shown to be larger than those of the corresponding isoelectronic CH
molecule. At the highest level of theory, TZ3P(2f,2@diff CASSCF-SOCI, the tripletsinglet splitting is
predicted to be 29.4 kcal/mol (1.28 eV, 10 300 ¢jn which is in good agreement with the experimental
observation of 30.1 kcal/mol (1.305 eV, 10 530 &n With the same method, the second excited state (b
1B,) lies 43.7 kcal/mol (1.89 eV, 15 300 ch) above the ground state, which is significantly lower than the
experimentally proposed value of 2.54 eV. The third excited sfa%ggg\. is predicted to lie 77.0 kcal/mol

(3.34 eV, 26 900 cmt) above the ground state. The equilibrium geometry of Triﬁ;cstate is determined

to bere = 1.030 A at the TCSCF-CISD level with the largest basis set. Since the IR intensities of all active
vibrational modes are predicted to be substantial, IR spectroscopic studies of the four states are feasible.
However, of the six fundamentals experimentally assigned to date, two appear to be incorrect. The energy
separations among the four lowest-lying states ofzF Nire found to be larger than the corresponding states

of CHZ

I. Introduction + 50 cnt! bending frequency for thé& B; ground state, 2900
+ 50 cnt! symmetric stretch, and 1358 50 cnt?! bending

The nitrenium ion (NFD 's worthy of study because of its motion, for thelA; state, and a 92& 150 cn1! bending motion

similarities and differences to the well-studied isoelectronic 1 o
methylene (CH) molecule and its relevance to organic chemistry for the Bl_ state. These res_earch_ers_ used _ab initio _self-
with properties associated to both carbenes and carboniumcons's_tem'f'eld (S(_:F) and_conflguratlon interaction (_CI) _meth-
molecules. As the simplest nitrenium whose excited states have®dS With a Gaussian basis set of doublelus polarization
been implicated in stereoselective organic chemistry, under- quality to characterize their photoelectron spectra.
standing of this model system may lead to insights into some Gibson, Greene, and Berkowitz reported the photoionization
of its peculiar chemistry. mass spectrum of N4l prepared by the reaction # Ny Hj.2

The first experimental work on the nitrenium ion was carried They determined the adiabatic ionization potential of ,Nbi
out by Dunlavey, Dyke, Jonathan, and Morris in 1980hey be 11.14+ 0.01 eV (0.032 eV lower than the previous PES

recorded the Hel photoelectron spectrum of the,NKi 2By) valué). They also observed a prominent autoionizing Rydberg
radical produced from the rapid reaction series, converging to the excitéd/A; state at 12.44% 0.002
eV. Thus, their adiabatic energy gap betweedBX and the
F+ NH; — NH, + HF lowest singlet TdA,) state is 1.305+ 0.01 eV= 30.1+ 0.2
kcal/mol.

Three bands were observed corresponding to ionization of NH  jansen. Bunker, and McLean calculated the rotatiobra-
(X 2By) to the X 3By, &'Ay, and b'B, states of NH. They o energies of singlet and triplet NHusing the Morse

?etermined the triplef{sr:ngflet splittig_g éo .be. 0.99&_0_02 ev il oscillator-rigid bender internal dynamics (MORBID) Hamil-
rom measurement of the first two adiabatic ionization potentials ;.- in 1982 Ab initio points on the potential energy

(11.46 and 12.45 eV) of Ni Dunlavey also detected a band surfaces were determined employing a multiconfiguration (MC)

assigned to the ionization process NHBl) — NH (5( *B1) self-consistent-field (SCF) second-order configuration interaction
at 13.68 eV (adiabatic) and 14.27 eV (vertical). They were able (SOCI) method Wit(h a ():ontracted Gaussiagn basis of size N

to determine the vibrational frequencies for the ground and first . :
two excited states. The Southampton group measured an 846433p2p_1f) an d H (3s2p). _Thelr best estimates fo_r the funda-
mental vibrational frequencies of the3R; state are;; = 3118,
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In 1989, Okumura, Rehfuss, Dinelli, Bawendi, and Oka used asymmetric conformations. They determined the bond angles
difference frequency laser absorption spectroscopy to measurg(in degrees) and relative energies at a fixed NH distance of
the asymmetric stretching frequena)(for the X 3B; state of 1.940 775 au:

NH;4 They observed the; fundamental band in the infrared

using velocity modulated detection of the ions created in an ac B, <'A, <'B,<2'A,

discharge. The origin of the; band was found to bey =

3359.932 cm®. This is reasonably close to the ab initio 0.0<1.29eV< 2.03eV< 3.45eV

prediction of a scaled SCF harmonic frequency of 3308%tm

by DeFrees and McLean. Their results are in excellent 150< 108 < 155< 180

agreement with the fundamental value of 3363 &nfeoreti-

cally predicted by Jensen, Bunker, and McL&an. They also determined the barrier to linearity for the ground state

The most recent experimental study on ;Nwias carried out ~ © be 8‘9?’30 cm, in close agreement with prior theoretical
by Kabbadj, Huet, Uy, and Oka in 1996They recorded the St”dr']e baud briel. Schmelz. R olfiedel. and
absorption spectrum of I\Q’-|continuously between 3500 and c amboauda, Gabriel, Sc meiz, Rosmus, Spielfiedel, an
2900 cnt! with a difference frequency laser spectrometer along Feautrier computed the rotaﬂoaah_bratlonal spectr_a of the
with a velocity modulated technique and observed four new tcr:)rri%:ﬁ;"tﬁf; Ssta(\'gigg(l\:ﬂ:)n 2233 nv;llljlrt]ircec:‘renrglr?éi aggxﬁgsuﬁigin
hot bands of the NElion in the region of the’s fundamental . : . L
band. In view of the very low barrier to linearity and the high interaction out of the CASSCF orbitals giving the CASSCF-

14 : X > 3 ) )
bending vibrational states involved, the authors analyzed the I\/_IR:CItmethgd. | Cgmplnedtw;thh Dunnmgz cortretlr?tlon tcor:_ |
observed spectrum using the Hamiltonian for linear molecules. sistent quadruplé- basis set, they mapped out the potentia
The equilibrium rotational constant was determined t@pe energy surfaces_ of these_ lowest states and determ_med anhar-
8.022 966 cm, which gives the equilibrium bond length= monic frequencies, barriers to linearity, energy differences

1.021 A. They also estimated the bending vibrational between the states, and geometric parameters.

frequency to be around 439 ctfrom the value of thé -type | In 1t99§ ’ I?arclia\y, Ham:ltoni afnd t;]{? r;;en C(?[CE Al\ate? tthe 30
doubling constant. owest vibrational energy levels for the 381 anda'A; states

of CH, and NH, for various potential energy surfaces and
The very first ab initio theoretical study of NHwas 2 H; P 9y

) ; reported a new surface for the Iglrtriplet state, with predicted
performed by Peyerimhoff, Buenker, and Allen 1966 as one fundamentals’; = 3059, v, = 845, andvs = 3360 cnTL15

of seven polyhydrides (four of the type Aknd three of the
type AHg) in conjunction with the empirical orbital binding

energy diagrams of Walsh. Using the SCF method and Dunlavey and co-worketsind asymmetric stretching frequency

Gagssmn I(_)be funct_lons as a ba_S|s, set the_y_ C(_)mputed a SET€Bt 3360 cnlin excellent agreement with the experimental value
of single point energies to determine the equilibrium bond angle of 3359.9 cmit by Okumura et at

of the closed-shelA; state of NH. At a fixed bond distance
of 2.05 au, they found the minimum energy bond angle to be o tour lowest-lying states of isoelectronic &f1° and

120 ) isovalent SiH2° and PH.2L In the present study the four
In 1971, Chu, Siu, and Hayes calculated the four lowest g|ecironically low-lying states of NH are investigated by
electronic states of NHwith a double¢ basis set (DZ) and using SCF, two-configuration (TC)SCF, CASS&F24 SCF-
trgncated configur.ation .interaction (cn methé’dﬁ'.hey deter- (TCSCF)-CISD, and CASSCF second-order configuration in-
mined the®B, configuration to be the ground state with a bond  teraction (SOCEF wave functions with nine different basis sets.
angle of 130. The lowest'A, state was calculated to be 1.56  gpecial emphasis is placed on the secondgff) and third (¢

eV above the ground state with a bond angle of*120he 13,) excited states in order to encourage further experimental
other excited states were found to lie above the ground state by paracterization of these states.

2.03 and 3.30 eV for th&#B; and secondA; states, respectively.
They also reported a barrier to linearity for the ground state to || Electronic Structure Considerations
be 320 cmit. In the same year, Lee and Morokuma investigated ] ] .
the singlet-triplet splitting of NH; using a DZ Cl method? The lowest state of linear NHhas the following electronic
The almost linea?B; ground state was found to lie below the ~configuration:
1A, state by 1.95 eV with the bond angle of 215

Further theoretical work by Harrison and Eakers in 1973

found different geometries for the two lowest states with a DZ _ _ _ _ )
Cl level of theory!! They found arre bond length of 1.906 au This degenerata? configuration gives rise to three electronic
and an angle of 120for the !A; state. They also stated that States, 3%, 'Ag, and lZ;r- As NH, deviates fromDewn
the lowest!A; state lies above the 150B; ground state by ~ symmetry (linear) to aC,, symmetry (bent), théy state
1.95 eV. Bender, Meadows, and one of us reported in 1977 transforms a$B; giving the electronic configuration

the singlet-triplet separation of Nl to be 29.1 kcal/mol at

Their bending frequency of 845 crhis in good agreement with
the experimental estimate at 840 50 cnT! determined by

In recent work we reported systematic characterizations of

(1o)*(20)(10,) (1)

the SCF/TCSCEF level of theory with a near Hartré®ck limit 32; — (1a1)2(231)2(1b2)2(3ai)1(1b1)l X 381
basis set? In that study, also presented were equilibrium
geometries for these two lowest states of NH The A4 state undergoes RenneFeller splitting to form two

In 1979, Peyerimhoff and Buenker reported multireference states favorable to bending with electronic configurations of
configuration interaction (MRD-CI) calculations for the lowest
14 states of the NH ion using 52 contracted Gaussian 'A,— (1a)%(2a)%(1b)*(3a)*  aA, (1'A)
functions as a basis sbt. They obtained angular and NH
symmetric stretch curves and considered distortions involving  and
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TABLE 1: Theoretical Predictions of the Total Energy (in hartree), Bond Length (in A), Bond Angle (in deg), Dipole Moment
(in D), Harmonic Vibrational Frequencies (in cm™1), Infrared Intensities (in Parentheses in km mot?), and Zero-Point

Vibrational Energy (ZPVE in kcal mol ~2) for the Bent X 3B; Ground State of the Nl-g Molecule

level of theory energy fe Oe Ue w1(a1) w2(a) w3(by) ZPVE
DzZP SCF —55.219 778 1.0230 143.08 0.877 3478(71.4) 1098(124.5) 3721(613.3) 11.86
TZ2P SCF —55.227 492 1.0173 142.85  0.846  3453(56.5) 1113(120.5) 3693(565.7) 11.81
TZ2P+diff SCF —55.227505  1.0173  142.83  0.846  3453(56.4)  1113(120.0)  3693(566.5) 11.81
TZ3P SCF —55.227 432 1.0181 142.92 0.841 3435(54.9) 1110(120.3) 3676(567.8) 11.75
TZ3P+2diff SCF —55.227 462 1.0181 14293  0.841  3435(55.1) 1109(120.1) 3676(568.1) 11.75
TZ2P(f,d) SCF —55.228 153 1.0181 143.01 0.844 3443(57.0) 1108(121.6) 3684(571.9) 11.77
TZ2P(f,d}+-diff SCF —55.228 175 1.0181 14299  0.844  3443(56.6) 1109(121.3) 3684(571.9) 11.77
TZ3P(2f,2d) SCF —55.228 361 1.0179 142.98 0.839 3439(55.2) 1110(120.4) 3681(568.5) 11.77
TZ3P(2f,2d)+-2diff SCF -55.228409  1.0179  142.98  0.839  3439(55.1)  1110(120.3)  3682(568.1) 11.77
DZP CISD —55.344601  1.0381  149.14  0.786  3329(47.9) 840(143.2)  3573(602.3) 11.07
TZ2P CISD —55.368 678 1.0281 150.08 0.725 3300(36.5) 831(140.6) 3547(586.4) 10.98
TZ2P+diff CISD —55.368 837 1.0281 150.02 0.726 3301(36.6) 834(140.1) 3547(586.1) 10.98
TZ3P CISD —55.369 771 1.0295 149.97 0.722 3277(35.4) 831(138.4) 3523(588.4) 10.91
TZ3P+2diff CISD —55.370 009 1.0295 149.96 0.723 3277(35.6) 831(138.3) 3523(588.3) 10.91
TZ2P(f,d) CISD —55.382 687 1.0295 150.88 0.712 3296(35.8) 797(145.2) 3545(610.0) 10.92
TZ2P(f,d)t+diff CISD —55.382 719 1.0295 150.85 0.712 3295(35.5) 798(144.8) 3545(609.9) 10.92
TZ3P(2f,2d) CISD —55.387 403 1.0281 150.40 0.714 3295(35.6) 814(141.5) 3549(602.8) 10.95
TZ3P(2f,2d)-2diff CISD —55.387 464 1.0281 150.40 0.715 3295(35.5) 814(141.4) 3549(602.4) 10.95
exptl (ref 6) 1.021 439
exptl (ref 1) 840+ 50
exptl (ref 4) 3359.9

lAg — (1a)%(2a)%(1b,)%(3a)*(1b)* b'B, with two sets of polarization functionsy(N) = 1.60, 0.40;

with the b1B; state being an open-shell singlet. T‘fzg state
transforms adA; giving an electronic configuration of

'S4 — (1a)*(2a)*(1b,)*(1b)?

The alA; state is represented by a two-configurational wave
function to account for the excitations of electrons from the
3a to 1b orbitals as bending occurs. Thus, the electronic
configuration for the”dA; state was defined as

C,(1a)*(2a)*(1b)*(3a)* — C,(1a)*(2a)*(1b)*(1b,)’

a'A,

e'A (27A)

Moreover, the”clzg state requires a multireference metho

electronic configuration is represented as a double excitation
from thealA; state giving

C,(1a)*(2a)(1b)*(1by)* + Cy(1a)*(2a)*(1b,)*(3a)’
e'A,

For both bentA; states, the Ccomponent is greater than the
C, component. In the case of Iineérlgg, the G and G
coefficients must be equal since thg @ad 1k orbitals become
degenerate.

I1l. Theoretical Procedures

Nine different basis sets were chosen in this research. A
Huzinaga doublé- (9s5p) primitive basis s&t contracted to
(4s2p) by Dunning was augmented by one set of polarization
functions on both the hydrogem{ = 0.75) and the nitrogen
(g = 0.80) to give a DZP basis set with a contraction scheme
of (9s5p1d)/(4s2pld) for nitrogen and (4s1p)/(2slp) for hydro-
gen.

A Dunning?® contracted Huzinaga triplebasis sef was used

op(H) = 1.50, 0.375] giving a TZ2P basis set. Then the nitrogen
was augmented with a diffuse ag(= 0.067 42) function and
a set of diffuse pdj, = 0.049 59) functions, while the hydrogen
was augmented with a diffuse @s(= 0.030 16) function giving
a TZ2P+diff basis set. The TZ2P was further expanded by
the addition of one set of higher angular momentum functions
giving a TZ2P(f,d) where the nitrogen has a set of f functions
(s = 1.0) and the hydrogen a set of d functions € 1.0).
The TZ2P(f,d)-diff basis set was obtained using the diffuse
functions from the TZ2R-diff and the higher angular momen-
tum functions in the TZ2P(f,d) set.

The TZ basis set was also augmented by three sets of
polarization functions giving the TZ3P set. This included three
sets of d functions on nitrogenyg = 3.2, 0.8, 0.2, and three

d Sets of p functions on hydrogea, = 3.0, 0.75, 0.1875. This
. $asis set was further increased by the addition of two sets of

diffuse functions(TZ3R-2diff) with nitrogen @s = 0.067 42,
0.023 00; ap = 0.04959, 0.018 09) and hydrogeis(=
0.030 16, 0.009 247). The last two basis sets are a TZ3P
augmented with two sets of higher angular momentum functions;
two sets of f functions on nitrogero( = 2.0, 0.50) and two
sets of d functions for hydrogem{ = 2.0, 0.50) giving the
TZ3P(2f,2d) basis set and the TZ3P(2f 2@Qiff set with the

two sets of diffuse functions taken from above. The largest
basis set, TzZ3P(2f,2d)} 2diff, comprises 112 contracted
Gaussian functions with a contraction scheme of N (12s8p3d2f/
7s5p3d2f) and H (7s3p2d/5s3p2d).

Equilibrium geometries, harmonic vibrational frequencies,
dipole moments, and infrared (IR) intensities were determined
at the self-consistent-field (SCF) and configuration interaction
with single and double excitations (CISD) levels of theory. For
the X3B; and b'B; states, a single reference SCF wave function
was used while a two-configuration (TC) SCF reference wave
function was used for thé ¥\; and "clz;’ states. Moreover,
complete active space (CAS) SCF methods were applied. The
CAS space included all six valence electrons in the six valence
molecular orbitals. Furthermore, configuration interaction wave

for the rest of the study. This (10s6p) primitive set was functions with all single and double excitations out of the
contracted to (5s3p) for nitrogen and a (5s) primitive basis set references generated by the CASSCF were constructed (CASSCF-
to (3s) for hydrogen. This TZ basis set was first augmented SOCI) to determine more reliable relative energetics.
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TABLE 2: Theoretical Predictions of the Total Energy (in hartree), Bond Length (in A), Bond Angle (in deg), Dipole Moment
(in D), Harmonic Vibrational Frequencies (in cm™1), Infrared Intensities (in Parentheses in km mot?), and Zero-Point

Vibrational Energy (ZPVE in kcal mol 1) for the Bent & A, State of the NI—Q Molecule

level of theory energy le Oe Ue w1(ay) wa(a) w3(b) ZPVE

DZP TCSCF —55.170652  1.0348 108.37  2.246  3468(82.4) 1546(103.4)  3554(231.9) 12.25
TZ2P TCSCF —55.180 608 1.0312 108.22 2.142 3428(66.1) 1564(109.2) 3498(216.7) 12.14
TZ2P+diff TCSCF —55.180652  1.0313 108.21  2.140  3428(65.8) 1564(108.7)  3498(217.2) 12.14
TZ3P SCF —55.180809 1.0319  108.07 2.125  3413(63.7) 1564(110.1)  3485(218.1)  12.10
TZ3P+2diff TCSCF —55.180837  1.0319 108.07 2.125  3413(63.7) 1564(109.6)  3485(217.8) 12.10
TZ2P(f,d) TCSCF —55.181886  1.0316 108.56  2.137  3420(67.1) 1546(108.3)  3494(221.4) 12.09
TZ2P(f,d)+diff TCSCF —55.181916  1.0316 108.55 2.136  3420(66.8) 1545(107.7)  3493(221.2) 12.09
TZ3P(2f,2d) TCSCF —55.182494  1.0315 108.54  2.120  3417(63.4) 1544(108.7)  3491(222.0) 12.08
TZ3P(2f,2d)+-2diff TCSCF —55.182527  1.0315 108.54  2.120  3417(63.2) 1544(108.3)  3491(221.5) 12.08
DZP TCSCF-CISD —55.294761  1.0523 107.15  2.228  3283(55.7) 1443(88.0) 3382(163.5) 11.59
TZ2P TCSCF-CISD —55.320133  1.0446 107.51  2.126  3234(49.4) 1453(98.0) 3313(173.5) 11.44
TZ2P+diff TCSCF-CISD —55.320 290 1.0446 107.50 2.125 3233(49.1) 1452(97.4) 3312(174.0) 11.43
TZ3P TCSCF-CISD —55.321532  1.0465 107.49 2103  3212(46.3) 1450(99.7) 3295(176.7) 11.37
TZ3P+2diff TCSCF-CISD —55.321 785 1.0465 107.50 2.103 3212(46.3) 1450(99.2) 3295(176.6) 11.38
TZ2P(f,d) TCSCF-CISD —55.336 021  1.0459 107.96  2.131  3233(53.2) 1424(100.5)  3318(186.1) 11.40
TZ2P(f,d-diff TCSCF-CISD —55.336 067 1.0460 107.94 2.131 3233(53.1) 1423(99.8) 3317(186.1) 11.40
TZ3P(2f,2d) TCSCF-CISD —55.341612  1.0445 107.99 2.110  3239(50.1) 1429(102.5)  3324(189.7) 11.42
TZ3P(2f,2d)}-2diff TCSCF-CISD  —55.341 668 1.0445 107.99 2.110 3239(50.0) 1429(102.1) 3324(189.2) 11.42
exptl (ref 1) 2900+t 50 1350+ 50

TABLE 3: Theoretical Predictions of the Total Energy (in hartree), Bond Length (in A), Bond Angle (in deg), Dipole Moment
(in D), Harmonic Vibrational Frequencies (cm™1), Infrared Intensities (in Parentheses in km mot?), and Zero-Point Vibrational

Energy (ZPVE in kcal mol~2) for the Bent b 1B, State of the NH; Molecule

level of theory energy fe Oe Ue NEN) wo(a) w3(b) ZPVE

DZP SCF —55.143 116 1.0246 160.69 0.580 3439(27.2) 607(241.2) 3720(869.9) 11.10
TZ2P SCF —55.150 718 1.0186 158.37 0.599 3413(23.5) 692(207.6) 3690(788.6) 11.14
TZ2P+diff SCF —55.150 723 1.0186 158.35 0.599 3413(23.7) 692(207.0) 3690(787.7) 11.14
TZ3P SCF —55.150 700 1.0192 158.45 0.590 3399(22.5) 689(204.0) 3677(786.2) 11.10
TZ3P+2diff SCF —55.150 740 1.0192 158.44 0.592 3399(22.8) 691(204.3) 3676(785.7) 11.10
TZ2P(f,d) SCF —55.153 922 1.0192 160.23 0.555 3405(20.2) 632(217.2) 3688(808.7) 11.04
TZ2P(f,d)t+diff SCF —55.153 930 1.0192 160.20 0.556 3405(20.2) 633(216.6) 3688(808.2) 11.04
TZ3P(2f,2d) SCF —55.154 477 1.0189 160.30 0.549 3401(19.1) 631(214.0) 3685(801.9) 11.03
TZ3P(2f,2d)}+2diff SCF —55.154 517 1.0189 160.30 0.549 3401(19.1) 630(214.3) 3686(801.4) 11.03
DZP CISD —55.268 091 1.0386 157.12 0.697 3314(31.5) 664(230.4) 3582(748.6) 10.81
TZ2P CISD —55.294 503 1.0285 157.58 0.632 3282(22.4) 676(208.7) 3550(712.9) 10.73
TZ2P+diff CISD —55.294 661 1.0285 157.44 0.635 3282(22.8) 682(207.8) 3550(710.7) 10.74
TZ3P CISD —55.295 775 1.0298 157.55 0.623 3263(21.4) 667(202.7) 3530(711.8) 10.66
TZ3P+2diff CISD —55.296 029 1.0298 157.50 0.626 3262(21.8) 669(202.9) 3529(710.8) 10.66
TZ2P(f,d) CISD —55.312 536 1.0293 161.47 0.531 3284(16.1) 542(224.4) 3562(760.0) 10.56
TZ2P(f,d)+diff CISD —55.312 560 1.0293 161.41 0.533 3284(16.1) 544(223.8) 3562(759.2) 10.56
TZ3P(2f,2d) CISD —55.318 182 1.0280 160.96 0.538 3280(16.1) 562(217.2) 3562(748.2) 10.59
TZ3P(2f,2d)+-2diff CISD —55.318 233 1.0280 160.92 0.539 3281(16.1) 564(217.5) 3562(747.5) 10.59
exptl (ref 1) 920+ 150

In all of the CISD and SOCI procedures, one core (N 1s- determined analytically, while at the CISD and TCSCF-CISD
like) orbital was frozen and the corresponding virtual (N 1s*- levels of theory they were evaluated by finite differences of
like) orbital was deleted. With the largest basis set, TZ3P(2f, analytic gradients. The TCSCF-CISD vibrational frequencies
2d)+-2diff, the numbers of configuration state functions (QSFS) for the ~ClZg+ state were computed via numerical differentia-
for the CISD wave functions i€, symmetry are 19628 (X tion of energies. The electronic energy of th&y¢ state was
*By, SCF reference), 26 658 {A1, TCSCF reference), 19554  gbtained from the second root of the TCSCF, CISD, and SOCI
(b 1By, SCF reference), and 26 6584, , TCSCF reference),  Hamiltonians, respectively. The total energy of the (TC)SCF,
respectively. The numbers of the CSFs for the CASSCF wave CISD, CASSCF, and SOCI wave functions were converged to
functions are 51 (X¢B,), 56 (@'A;), 39 (b !B;), and 56 {c 10712 hartrees, and geometric parameters were optimizedt 10
123), respectively. With the largest basis set the numbers of atomic units. All computations were carried out using the Psi
CSFs inC,, symmetry for the CASSCF-SOCI wave functions 2.0.8 program packagé.
are 446 330 (X3B;), 296 371 (alA;), 283 116 (b'B,), and _ _

206 371 (‘Clzg)’ respectively. IV. Results and Discussion

Gradients from the SCF and CISD methods were obtained Table 1 contains SCF and CISD energies, equilibrium bond
analytically, whereas the TCSCF-CISD gradients for the ¢ lengths, bond angles, dipole moments, and harmonic vibrational
12;’ state were evaluated via finite differences of energies. frequencies with IR intensities, and zero-point vibrational
Dipole moments with respect to the center of mass were energies (ZPVESs) for the %8, state at the 18 levels of theory.
computed as explicit energy derivatives in terms of an electric In Tables 2 and 3, the corresponding quantities for'théa
field; however, for thééz;r state at the TCSCF-CISD level of state and BB, state are provided. The comparable quantities
theory, they were obtained as expectation values. Harmonicfor the ~clzg state from TCSCF reference wave functions are
vibrational frequencies at the SCF and TCSCF level were presented in Table 4. Table 5 contains the CASSCF and
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TABLE 4: Theoretical Predictions of the Total Energy (in hartree), Bond Length (in A), Bond Angle (in deg), Dipole Moment
(in D), Harmonic Vibrational Frequencies (in cm™1), Infrared Intensities (in Parentheses in km mot?), and

Zero-Point Vibrational Energy (ZPVE in kcal mol ~1) for the Linear (Bent) ¢ 12; (2 1A,) State of the NH; Molecule

level of theory energy le Oe Ue w1(0g, a1) w27, &) w3(oy, by) ZPVE
DZP TCSCF —55.072 920 1.0253 180.0 0.0 3435(0.0) 556(737.2) 3727(1007.7) 11.83
TZ2P TCSCF —55.080 252 1.0189 180.0 0.0 3403(0.0) 515(624.8) 3696(931.6) 11.62
TZ2P+diff TCSCF —55.080 255 1.0189 180.0 0.0 3403(0.0) 514(621.0) 3696(931.5) 11.62
TZ3P SCF —55.080 286 1.0192 180.0 0.0 3397(0.0) 525(599.7) 3689(923.8) 11.63
TZ3P+2diff TCSCF —55.080 315 1.0192 180.0 0.0 3396(0.0) 521(605.1) 3689(923.3) 11.62
TZ2P(f,d) TCSCF —55.081 883 1.0199 180.0 0.0 3396(0.0) 552(624.5) 3693(936.1) 11.71
TZ2P(f,d)+diff TCSCF —55.081 886 1.0199 180.0 0.0 3396(0.0) 551(624.1) 3693(936.5) 11.71
TZ3P(2f,2d) TCSCF —55.082 147 1.0195 180.0 0.0 3391(0.0) 552(606.1) 3691(921.1) 11.70
TZ3P(2f,2d)+-2diff TCSCF —55.082 179 1.0195 180.0 0.0 3392(0.0) 552(606.9) 3691(921.0) 11.70
DZP TCSCF-CISD —55.213 010 1.0396 178.03 0.072 3305(0.3) 125(385.6) 3587(950.1) 10.03
TZ2P TCSCF-CISD 55.239 603 1.0299 176.17 0.126 3261(0.7) 249(314.3) 3541(878.2) 10.08
TZ2P+diff TCSCF-CISD —55.239 754 1.0300 175.68 0.141 3260(0.9) 282(309.9) 3540(877.3) 10.13
TZ3P TCSCF-CISD —55.241 005 1.0309 178.27 0.055 3255(0.1) 110(304.9) 3532(871.6) 9.86
TZ3P+2diff TCSCF-CISD —55.241 264 1.0309 178.15 0.060 3255(0.2) 117(307.9) 3533(870.9) 9.87
TZ2P(f,d) TCSCF-CISD —55.257 330 1.0315 180.0 0.0 3263(0.0) 289(648.2) 3553(896.6) 10.57
TZ2P(f,d)+diff TCSCF-CISD —55.257 355 1.0314 180.0 0.0 3262(0.0) 285(648.4) 3552(897.2) 10.56
TZ3P(2f,2d) TCSCF-CISD —55.262 826 1.0299 180.0 0.0 3260(0.0) 254(623.9) 3551(878.4) 10.46
TZ3P(2f,2d)-2diff TCSCF-CISD  —55.262 871 1.0299 180.0 0.0 3260(0.0) 253(625.1) 3551(878.4) 10.46

TABLE 5: Total CASSCF and CASSCF SOCI Energies in hartrees at the CISD Optimized Geometries for Several Electronic
States of the NH Molecule

state, reference wave function

level of theory X3B,, SCF “alA;, TCSCF b'B1, SCF ¢!z, TCSCF
DzZP CASSCF —55.266 985 —55.216 423 —55.178 347 —55.128 375
TZ2P CASSCF —55.274 954 —55.228 232 —55.187 088 —55.136 315
TZ2P+diff CASSCF —55.274 974 —55.228 282 —55.187 124 —55.136 325
TZ3P CASSCF —55.275 029 —55.228 450 —55.187 177 —55.136 373
TZ3P+2diff CASSCF —55.275 078 —55.228 486 —55.187 243 —55.136 420
TZ2P(f,d) CASSCF —55.275 655 —55.229 539 —55.189 852 —55.138 039
TZ2P(f,d)}+diff CASSCF —b55.275 676 —55.229 574 —55.189 873 —55.138 043
TZ3P(2f,2d) CASSCF —55.275 999 —55.230 203 —55.190 701 —55.138 313
TZ3P(2f,2d)}-2diff CASSCF —55.276 048 —55.230 237 —55.190 750 —55.138 348
DZP CASSCF SOCI —55.348 716 —55.298 720 —55.271 478 —55.218 271
TZ2P CASSCF SOCI —55.373 814 —55.325018 —55.298 890 —55.246 046
TZ2P+diff CASSCF SOCI —55.373 976 —55.325 180 —55.299 054 —55.246 203
TZ3P CASSCF SOCI —55.374 942 —55.326 448 —55.300 184 —55.247 496
TZ3P+2diff CASSCF SOCI —55.375 189 —55.326 713 —55.300 445 —55.247 763
TZ2P(f,d) CASSCF SOCI —55.388 368 —55.341 292 —55.317 269 —55.264 168
TZ2P(f,d}+-diff CASSCF SOCI —55.388 400 —55.341 340 —55.317 293 —55.264 195
TZ3P(2f,2d) CASSCF SOCI —55.393 210 —55.347 039 —55.323 037 —55.269 815
TZ3P(2f,2d)-2diff CASSCF SOCI —55.393 270 —55.347 097 —55.323 089 —55.269 860

CASSCF-SOCI energies for all four states at the CISD equilibrium bond angles (in degrees) of the four states of
optimized geometries with the same basis set. Table 6 has theNHj are in the order
relative energies of the three excited states with respect to the

ground state both with and without ZPVE correction. &'y (180.0)> b 'B, (160.9)> X °B, (150.4)> a'A,

A. Geometries. At the TZ3P(2f,2d}-2diff CISD level of (108.0)
theory, the equilibrium bond lengths (in A) of the four lowest
states of NH are in the order which is consistent with the ordering of the corresponding four

states of CH®

=1 ~ 1gt o 3 &1
a'A, (1.045)> &= (1.030)> X B, (1.0281)> b 'B, ¢1A, (171.6)> b B, (142.9)> X B, (132.9)> 2'A,

(1.0280) (102.3)
while the ordering of the corresponding four states o%CHs It is observed, however, that the bond angle of each state of
1 -3 - 1 NH; is considerably larger than that of the corresponding state
a’A; (1.105)> X °B; (1.075)> b "B, (1.071)> CTA, of CHy.
(1.064) The present theoretically predicted structure of the ground

state (e = 1.0281 A andd. = 150.40) may be compared with
The 13 state of NH has a longer bond length (1.030 A)  the geometryre = 1.0338 A and)e = 153.17) via the MCSCF-
than the X3B; state (1.0281 A), although the 3B, state of =~ SOCI method by Jensen et3and that (, = 1.0294 A andb
CH;, has a longer bond length (1.075 A) than théAg state = 152.07) via the CASSCF-MRCI by Chambaud et'4l.The
(1.064 A). Itis seen that the NH bond lengths are significantly experimental bond length of the ground state of SNEI;
shorter than the CH bond lengths, probably owing to the larger determined to be. = 1.021 A, assuming a linear structifre,
electronegativity of the N atom. With the same method, the which is 0.007 A shorter than our theoretical value mentioned
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TABLE 6: Relative Energies T. in kcal mol~1 (T Value in Parentheses) for Several Electronic States of the l\g-|MoIecuIea

state, reference wave function

level of theory X%By, SCF “a'A;, TCSCF b'By, SCF ¢'s,, TCSCF

DZP (TC)SCF 0.0 30.83(31.22) 48.11(47.35) 92.15(92.12)
TZ2P (TC)SCF 0.0 29.42(29.75) 48.18(47.51) 92.39(92.20)
TZ2P+diff (TC)SCF 0.0 29.40(29.73) 48.18(47.51) 92.40(92.21)
TZ3P (TC)SCF 0.0 29.26(29.61) 48.15(47.50) 92.34(92.22)
TZ3P+2diff (TC)SCF 0.0 29.26(29.61) 48.14(47.49) 92.34(92.21)
TZ2P(f,d) (TC)SCF 0.0 29.03(29.35) 46.58(45.85) 91.79(91.73)
TZ2P(f,d)+diff (TC)SCF 0.0 29.03(29.35) 46.59(45.86) 91.80(91.74)
TZ3P(2f,2d) (TC)SCF 0.0 28.78(29.09) 46.36(45.62) 91.75(91.68)
TZ3P(2f, 2d)-2diff (TC)SCF 0.0 28.79(29.10) 46.37(45.63) 91.76(91.69)
DZP CASSCF 0.0 31.73(32.25) 55.62(55.36) 86.98(85.94)
TZ2P CASSCF 0.0 29.32(29.78) 55.14(54.89) 87.00(86.10)
TZ2P+diff CASSCF 0.0 29.30(29.75) 55.13(54.89) 87.00(86.15)
TZ3P CASSCF 0.0 29.23(29.69) 55.13(54.88) 87.01(85.96)
TZ3P+2diff CASSCF 0.0 29.24(29.71) 55.12(54.87) 87.01(85.97)
TZ2P(f,d) CASSCF 0.0 28.94(29.42) 53.84(53.48) 86.36(86.01)
TZ2P(f,d)+diff CASSCF 0.0 28.93(29.41) 53.84(53.48) 86.37(86.01)
TZ3P(2f,2d) CASSCF 0.0 28.74(29.21) 53.53(53.17) 86.40(85.91)
TZ3P(2f 2d)-2diff CASSCF 0.0 28.75(29.22) 53.53(53.17) 86.41(85.92)
DZP CISD 0.0 31.28(31.80) 48.01(47.75) 82.57(81.53)
TZ2P CISD 0.0 30.46(30.92) 46.55(46.30) 81.00(80.10)
TZ2P+diff CISD 0.0 30.46(30.91) 46.55(46.31) 81.00(80.15)
TZ3P CISD 0.0 30.27(30.73) 46.43(46.18) 80.80(79.75)
TZ3P+2diff CISD 0.0 30.26(30.73) 46.42(46.17) 80.79(79.75)
TZ2P(f,d) CISD 0.0 29.28(29.76) 44.02(43.66) 78.66(78.31)
TZ2P(f,d)+diff CISD 0.0 29.27(29.75) 44.03(43.67) 78.67(78.31)
TZ3P(2f,2d) CISD 0.0 28.73(29.20) 43.44(43.08) 78.17(77.68)
TZ3P(2f 2d)+2diff CISD 0.0 28.74(29.21) 43.44(43.08) 78.18(77.69)
DZP CASSCF SOCI 0.0 31.37(31.89) 48.47(48.21) 81.86(80.82)
TZ2P CASSCF SOCI 0.0 30.62(31.08) 47.02(46.77) 80.18(79.28)
TZ2P+diff CASSCF SOCI 0.0 30.62(31.07) 47.01(46.77) 80.18(79.33)
TZ3P CASSCF SOCI 0.0 30.43(30.89) 46.91(46.66) 79.97(78.92)
TZ3P+2diff CASSCF SOCI 0.0 30.42(30.89) 46.90(46.65) 79.96(78.92)
TZ2P(f,d) CASSCF SOCI 0.0 29.54(30.02) 44.62(44.26) 77.94(77.59)
TZ2P(f,d)+diff CASSCF SOCI 0.0 29.53(30.01) 44.62(44.26) 77.94(77.58)
TZ3P(2f,2d) CASSCF SOCI 0.0 28.97(29.44) 44.03(43.67) 77.43(76.94)
TZ3P(2f,2d)-2diff CASSCF SOCI 0.0 28.97(29.44) 44.04(43.68) 77.44(76.95)
exptl (ref 2) 0.0 (30.1)

2 Note that the CISD results for tHe'A; and"clig states are actually two reference CISD results. A single reference CISD approach would be
less than satisfactory for these two electronic states.

above. The NH bond lengths of the four states are always The present study as well as previous ab initio studies

predicted to be longer at the CISD level than the SCF method, quantitatively support the Walsh rule.

as is usually the casé 33 B. Dipole Moments. At the highest CISD level of theory
The bond angle of theé XB; state increases with inclusion  for which geometry optimizations were carried out, the TZ3P-

of correlation effects, while that of the 14\, state decreases. (2d,2f)+2diff (TC)SCF-CISD method, the magnitudes of the

The structures of thé ®B; and b1B; states are quite similar, predicted equilibrium dipole moments (in debye) for the four

since they have the same electronic configuration, coupling the €lectronic states of NHare in the order

two open-shell electrons with different spin multiplicity. The ~ ~

¢ 1z, state is predicted to be linear with the TCSCF method. a'A; (2.110)> X *B, (0.715)> b 'B, (0.539)> &'

However, at the TCSCF-CISD level of theory, this state is (0.0)

predicted to be slightly bent using the basis sets without higher

angular momentum functions, whereas it is linear when higher which are compared with those of the corresponding four states

angular momentum functions are included. It is found¥hat of CH,16

DZP full Cl wave function provides a bent structure, while the

TZ2P(f,d) CASSCF-SOCI method predicts a linear structure for E\lAl (1.690)> b 151 (0.669)> X 3|31 (0.600)> ¢ 1Al

the tly, state. (0.205)
According to the Walsh diagram for an A being a heavy '

atom) type moleculd the 33 orbital prefers a bent structure;  Although the first three states of NHhave significantly larger
however, the 1porbital favors a linear structure. Thus, a hond angles than those of GHhe dipole moments of the two
qualitative prediction for the four lowest states of Nis thea molecules are comparable. The large dipole moment of the a
A, state with two electrons in the Barbital is significantly IA; state makes it a likely candidate for microwave spectro-
bent, the XB; and b'B; states with one electron in the3a  scopic observation. The predicted dipole moments generally
orbital and one electron in the ibrbital are quasi-linear, and  decrease with inclusion of correlation effects and with expansion
the ”(:1291+ state, with two electrons in the 1brbital, is linear. of basis set size.
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C. Harmonic Vibrational Frequencies. With the largest
(TC)SCF-CISD method the magnitude of the two stretching
frequencies §1(a;) andws(by) in cm™1] are in the order
X °B, (3295)> b'B, (3281)> & ‘= (3260)> a'A,

(3239)

for the wi(ag) symmetric stretch mode and

b'B, (3562)> & '3y (3551)> X °B, (3549)> a'A,
(3324)

for the w3(by) antisymmetric stretch mode. The ordering of
these two modes are almost consistent with Badger's¥éfle

J. Phys. Chem. A, Vol. 102, No. 22, 1998005

the order of
'3, (878)> b'B, (748)> X °B, (602) > &'A, (189)
while those of CH® are
¢'A, (76) > &a'A, (68) > b'B, (15) > X °B, (0.1)

Indeed Oka’s research group was able to detect ithe
fundamental band of the ground state of NHia difference
laser spectroscogye Since all vibrational modes except the
symmetric stretching modenf) of the © 12; state provide
substantial IR intensities, all four lowest-lying states of}\lH
may be suitable for IR spectroscopic investigations.

E. Energetics. Using the largest basis set, thg dhd To

that the stretching vibrational frequencies generally decreaseyalues for the first excited staté {&;) at the four levels of

with increase of the corresponding bond lengths. Usually the

theory are predicted to be 28.79 and 29.10 kcal/mol (SCF/

bending frequency decreases with an increase of the corre-TCSCF), 28.75 and 29.22 kcal/mol (CASSCF), 28.74 and 29.21

sponding bond angle. The bending frequenciegd;) in cm™]
of NH;' fall in this category: the order of the,(a;) frequen-
cies for the four states is

a'A, (1429)> X °B, (814) > b'B, (564) > & '3 (253)

This ordering is consistent with that of the bending frequencies
of CH216

a'A, (1420)> X °B, (1134)> b'B, (967)> &'A, (552)

It is clearly seen that the bending potentials of théBX and b
1B, states of NH; are significantly floppier than the corre-
sponding states of GH This feature is nicely illustrated in
Figure 1 of ref 6.

The two stretching frequencies of the 3R, state decrease
with inclusion of correlation effects owing to longer bond

kcal/mol (TCSCF-CISD), and 28.97 and 29.44 kcal/mol (CASS-
CF-SOCI), respectively. This triplessinglet splitting dimin-
ishes with the increase of basis set size by about 2.5 kcal/mol.
Our best T value, 29.4 kcal/mol (1.28 eV, 10 300 c#), is in
good agreement with the experimental value of 30.1 kcal/mol
(1.305 eV, 10530 c) by Gibson et af.rather than the earlier
experimental § value of 0.99 eV by Dunlavey et &l.The
previous theoretical predictions, based on highly correlated
levels of theory, the & = 29.9 kcal/mol (MRD-CI) by
Peyerimhoff and Buenké?, Te = 10 475 cm! (MCSCF-SOCI)

by Jensen et af.and T. = 10 193 cm! (CASSCF-MRCI) by
Chambaud et &t agree quite well with our results.

The energy separation between the ground and second excited
state is more sensitive to correlation effects and basis set size
than the previous case. The best theoretigaldlue for the'b
1B, state in this study is 43.7 kcal/mol (1.89 eV, 15 300 é)mn
which is consistent with the previous studies @f=f 15 397
cm~1 (MCSCF-SOCI) by Jensen et&hnd To = 15 263 cnt?

distances. Similarly, the bending frequency of the ground state (cASSCF-MRCI) by Chambaud et . The corresponding

significantly decreases at the CISD level owing to larger bond
angles. With the most complete CISD method, the antisym-
metric stretch frequencyuz(by)] is predicted to be 3549 cm.
This compares favorably to the experimental fundamental
frequency of 3360 crmt by Okumura et at.with a difference
of 189 cn1?, which may be largely attributed to anharmonic
effects. Thewy(a) mode predicted at 814 crh falls within
the experimental error of the measured frequency of-848D
cm! by Dunlavey and co-workers.

For the "alA; state, the two stretching frequencies show

similar tendencies as for the ground state. The bending

frequency of this first excited state decreases with inclusion of

correlation effects, although the bond angle is predicted to be

smaller at the CISD level of theory. The twq@ harmonic
frequencies, 3239;) and 1429 cm?! (w,), with the largest

Cl method, agree reasonably well with the fundamental frequen-

cies (29004 50 and 1350+ 50 cnt!) determined via PES.
The three vibrational frequencies of the'®; state decrease
with improving treatment of correlation effects, as is the case
for the ground state. The experimentally “measured” funda-
mental frequency of 920t 150 cnt! by Dunlavey and
associatésappears to be much too high, considering a larger
bond angle £161°) of this second excited state than that
(~150C) of the ground state.

D. Infrared (IR) Intensities. Owing to greater charge
separation (AH"), the IR intensities of NH, are drastically
larger than those of CH Specifically, the IR intensities (in
km/mol) of asymmetric stretching moded) for NH™, are in

experimental § value is estimated to be 58.6 kcal/mol (2.540
eV, 20 490 cm?) after correction of the first adiabatic ionization
potentiall237 Referring to the good agreement for the previous
energy gap (error being only 0.7 kcal/mol), the estimated
experimental § value (2.540 eV) appears to be too high.

The Te and Tp values for the 0125 state are even more
sensitive to the level of sophistication and basis set size. The
difference in the largest and smallest T values are about 15 kcal/
mol. Our best §value is predicted, at the CASSCF-SOCI level
of theory, to be 77.0 kcal/mol (3.34 eV, 26 900 ¢

In summary, the relative energies corrected for ZPVE (in kcal/
mol) of the four lowest-lying states of the I\]Hion at the
highest level of theory are

X°B,(0.0)<a'A, (29.4)< b'B, (43.7)< &5, (77.0)
while those of the corresponding states of the,@dlical® are
X %B,(0.0)< &'A, (9.0)< b'B, (33.2)< &'A, (59.1)

The energy separation of the four states ongilsI consider-
ably larger than that of CH

V. Conclusions

Among the four lowest-lying states of I\lche ground and
second excited states are confirmed to be quasi-linear and the
third excited state is predicted to be linear with a small bending
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vibrational frequency. Theoretical prediction of the molecular  (13) Peyerimhoff, S. D.; Buenker, R. Ghem. Phys1979 42, 167.
(14) Chambaud, G.; Gabriel, W.; Schmelz, T.; Rosmus, P.; Spielfiedel,

geometries and physical properties for }\Ildre found to be A.: Feautrier, N.Theor. Chim. Actai993 87, 5

quite sensitive to the level of sophistication and the basis set. "(15) Barclay, V. J.; Hamilton, I. P.; Jensen,PChem. PhysL993 99,
At the highest level of theory, TZ2P(2f,2dpdiff CASSCF- 9709.

SOCI, the T values for the first {dA;) and second~(BBl) (16) Yamaguchi, Y.; Sherrill, C. D.; Schaefer, H. F. Phys. Chem.
excited states are predicted to be 29.4 kcal/mol (1.28 eV, 10 SOolgg()f?)loth?rﬁll'c D. Van Huis, T. J.; Yamaguchi, Y.; Schaefer, HJ.E
cm~1) and 43.7 kcal/mol (1.89 eV, 15 300 c#), respectively. HEOCI 400, 1 o o

Mol. Struct.: _THEOCHEM1_997, 400 139. )
The third excited State’"@;) is determined to be linear with (18) Sherrill, C. D.; Leininger, M. L.; Van Huis, T. J.; Schaefer, H. F.

a bond length of 1.030 A and to lie 77.0 kcal/mol (3.34 ev, - ¢hem. Physl998 108 1040.

- . (19) Yamaguchi, Y.; Schaefer, H. Ehem. Phys1977, 225, 23.
26 900 cn1?) above the ground state (381). We hope this (20) Yamaguchi, Y.; Van Huis, T. J.; Sherrill, C. D.; Schaefer, H. F.

study would encourage further experimental characterization of Theor. Chem. Accl997, 97, 341.
_Ivsi i i ~ (21) Van Huis, T. J.; Yamaguchi, Y.; Sherrill, C. D.; Schaefer, HIF.
ihe+ lower-lying states of NEl specifically the b'B; and ¢ Phys. Chem1997 101, 6955,
24 States. (22) Siegbahn, P. E. M.; Heiberg, A.; Roos, B. O.; LevyFBys. Scr.
198Q 21, 323.
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