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The dissociation energy curves of low-lying spin-mixed states for Group 5 hydrides (VH, NbH, and TaH), as
well as Group 3 hydrides (ScH, YH, and LaH), have been calculated by using both effective core potential
(ECP) and all-electron (AE) approaches. The two approaches are based on the multiconfiguration self-consistent
field (MCSCF) method, followed by second-order configuration interaction (SOCI) calculations: the first
method employs an ECP basis set proposed by Stevens and co-workers (SBKJC) augmented by a set of
polarization functions, and spirorbit coupling effects are estimated with a one-electron approximation, using
effective nuclear charges. The second method employs a dguiasis set developed by Huzinaga (MIDI)

and three sets of p functions are added to both transition element and hydrogen and one set of f functions is
also added to the transition element. The relativistic elimination of small components (RESC) scheme and
full Breit—Pauli Hamiltonian are employed in the AE approaches to incorporate relativistic effects. The present
paper reports a comprehensive set of theoretical results including the dissociation energies, equilibrium distances,
electronic transition energies, harmonic frequencies, anharmonicities, and rotational constants for several low-
lying spin-mixed states in the hydrides, filling a considerable gap in available data for these molecules.
Transition moments are also computed among the spin-mixed states, and qualitative agreement is obtained
for Group 3 hydrides in comparison with the experimental results reported by Ram and Bernath. Peak positions

of emission spectra in Group 5 hydrides are also predicted.

1. Introduction nowadays available for the estimation of sporbit coupling
effects, it is time-consuming to apply such high levels of theory
to large molecular systems. Therefore, #g approximation

is still useful for estimating spinorbit coupling effects in large

High levels of theoretical calculations have become possible
due to the rapid development of new algorithms and compu-
tational power. The estimation of relativistic effects is one of . . i .
the targets in such high-level theoretical calculations, and variousr’m)lecu""Ir systems. Of course, it is sensible to investigate the

practical approximations have been proposed recently that arereliability of the Zer approximation in compariso_n with re_sults
suitable for molecular calculatiodsSeveral recent excellent obtained at higher levels of theory, as well as with experimental

reviews discuss these approximatidrisn detail. In addition, observations. The previous study (Part | of this series) reported

useful quantum chemistry program codes are available to the ?roup_4 hydrllfdes, T'H' Zr'f__"lgndM'_ggc':'E wh|cr;] n;ultl-
public, so that it becomes easy to estimate relativistic effects in configuration self-consistent field ( ). methods were
molecules of moderate size. employed and followed by second-order configuration interac-

Recent theoretical investigations have frequently been per- tion l(S(;)(élt)thalﬁmatlonsl, utsmg I|m|teo_l ea%grﬁngl sp;aces.dWe
formed on the electronic structure of chemical compounds conciuded that the one-electron approxim pertorme

including heavy metal elements and on their chemical reactivity. very \_/vell for TiH anq ZrH, but the agreement between thg
It is important to understand the role of d electrons in chemical effective core potential (ECP} and all-electron (AE) results is
bond formation and cleavade?! and relativistic effects often somewhat worse for '__”H' . . _
play dominant roles in such processes. To enable an entry level The present paper is the second in the series; the reliability
of theory, we have proposed effective nuclear charges for the of the ECP and AE methods is examined by using applications
first- through sixth-row main-group elements, as well as those t0 Group 5 hydrides (VH, NbH, and TaH), together with Group
for the first- through third-row transition elements, to estimate 3 hydrides (ScH, YH, and LaH). All calculations have been
spin—orbit splittings within the one-electrorZgy) approxima-  Performed with the GAMESS suite of program code¥
tion.22-28 Although higher levels of relativistic theories are

2. Methods of Calculation
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Figure 1. VH potential energy curves obtained with use of quartet MCESBCI/SBKJIC(f,p) wave functions: (a) low-lying adiabatic statesand
(b) low-lying spin-mixed states. The inset figure is a close-up view near the energy minima.

The MCSCEF active space included the orbitals corresponding the SOCI calculations of Group 5 hydrides included only the
to thend and @ + 1)sp orbitals of the transition element and 13 orbitals that correlate with the ¢ 1)d, (h + 2)s, and Q +
the 1s orbital of hydrogen, wher@™is the principal quantum 2)p orbitals for the transition element and with 2s and 2p orbitals
number 6 = 3, 4, and 5), for nearly all compounds. An for hydrogen in the dissociation limit, where these external
exception is NbH 1§ = 4), for which it was found that only a  orbitals are the lowest eigenvectors of the standard MCSCF Fock
4d5d5s6s(Nb)1s(H) active space correctly predicts atomic operator. This is necessitated by resource limitations. The-spin
spectra. The orbitals were optimized by using the state-averagedrbit coupling matrices include low-lying SOCI states. To
MCSCF method with equal weights for the lowest four states construct spir-orbit coupling matrices of reasonable size, an
(5=, 511, ®A, and®®) of VH, the lowest three state&", 51T, energy tolerance was set for the excitation energy. All states
and®A) of NbH, or three states¥™, 11, and*A) for Group 3 within the energy range restricted by the tolerance were
hydrides. These states correlate with the ground state of theincluded, so that the number of states varied slightly for each
transition element in the dissociation liniftSince it was found method®® The estimated errors caused by the energy tolerance
that the ground state of TaH is a triplet based on the orbital are about 3 (VH), 40 (NbH), and 450 (TaH) ck and less
optimization for either triplets or quintets, all results presented than 1 (ScH), 5 (YH), and 24 (LaH) cmhin Group 3 hydrides,
below were obtained with the MCSCF orbitals optimized for respectively, on the basis of second-order perturbation theory
the lowest four triplet stateSy -, 911, 3A, and3®) with equal using the largest matrix elements. For each molecule, the ground
weights. state within the LS coupling scheme and the lowest spin-mixed
The MCSCF optimized orbitals were employed in SOCI states are given in the tables discussed below, in wids
calculations to construct singlet, triplet, quintet, and septet wave the z component of the total angular momentum quantum
functions and to estimate spitorbit couplings among these  number.
wave functions. Althoughll external orbitals were used in the The ECP calculations employed the SBKJC basis*%é?,
SOCI calculations of Group 3 hydridethe external space in  augmented by a set of f functioldor the transition element.
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TABLE 1: Spectroscopic Parameters for the Low-Lying Adiabatic and Spin-Mixed States in VH

state method De Re Te We WeXe Be Oe Ue refs
5A ECP 14923 1.758 0 1629 30.75 5.578 0.236 1.7064
AE 15709 1.762 0 1576 23.51 5.471 0.227 1.8124
1 ECP 13131 1.805 1792 1555 35.50 5.246 0.231
AE 15035 1.797 753 1551 24.64 5.257 0.221
D ECP 11033 1.878 3890 1466 35.27 4,781 0.211
AE 14095 1.827 1694 1511 25.61 5.083 0.219
SO ECP 10071 1.872 4852 1480 42.05 4.842 0.227
AE 13160 1.814 2629 1500 28.39 5.159 0.234
spin-mixed states
Q=0" ECP 14766 1.758 0 1629 31.20 5.576 0.237
AE 15671 1.762 0 1575 25.05 5.473 0.232
Q=0 ECP 14766 1.758 0 1629 31.11 5.576 0.237
AE 15671 1.762 1 1574 24.14 5.470 0.229
Q=1 ECP 14693 1.758 72 1628 3141 5.576 0.237
AE 15618 1.762 53 1573 25.06 5471 0.233
Q=2 ECP 14617 1.758 149 1628 31.46 5.576 0.238
AE 15561 1.762 111 1572 24.85 5.469 0.232
Q=3 ECP 14670 1.758 230 1629 31.31 5.577 0.237
AE 15601 1.762 175 1573 24.62 5.470 0.231
Q=14 ECP 14771 1.758 315 1629 30.78 5.578 0.236
AE 15674 1.761 246 1576 23.55 5.471 0.227
5A B3LYP 22314 1.677 1658 49
AE 14277 1.74 1609 43 5.6 0.21 50
AE/MCSCH-CISD 18552 1.74 1590 51
MCPF 18782 1.719 1635 52,77
RECP 18794 1.719 1635 53
expt 17173 49
expt 13291+ 1087 54
expt 14211+ 1421 55
expt 171814+ 565 75

aD, = dissociation energy [cm], Re = equilibrium distance [A],Te = electronic transition energy (energy difference of potential minima)
[cm™Y], we = harmonic frequency [cm], wexe = anharmonicity [cm?], Be and a.. = rotational constants [cn], ue = electric dipole moment

[debye]. See the text.

The 31G basis set augmented by a set of p functions wasE(v,J) = E.+ G(v) + F,(J) = E, + wv + ) —

employed for hydrogefit With use of SOCI wave functions,
the spin-orbit splittings of low-lying states were estimated
within the one-electronZys) approximatior? This method is
referred to simply as ECP in the following discussion.

The AE calculations employed the MIDI basis Seaug-
mented by three sets af + 1)p functions in both the transition
element and hydrogéhand also by one set of f functions on
the transition element. The RESC schétiéwas used through-
out all AE calculations, since a previous sté®ighowed that
scalar relativistic corrections are necessary in AE calculations.
The internal uncontraction option in RESC was used only for
TaH, as preliminary tests indicated it is not important in other
cases. Spirorbit coupling matrices were constructed by using
the SOCI wave functions and BreiPauli Hamiltonian including
both one- and two-electron terms. Relativistic corrections to the
Breit—Pauli Hamiltonian were taken into account for both one-
and two-electron operators except for TaH, where only the one-
electron operator was modified since it is very time-consuming
to introduce the internal uncontraction effects of the two-electron
SOC integrals. The method is referred to simply as AE in the
following discussion.

The dissociation energieB§) and equilibrium distance$()
were obtained by fitting to a parabolic function near the minima
of each state. The electronic transition energi€g (vere

wXv + 1,)* + {B, — a v+ 1)}IJ+ 1)

whereE. is an electronic energy and vibrational and rotational
energies are approximated B(v) = we(v + 1) — weXe(v +
)2 and Fy(J) = {Be — ag(v + ¥2)}JJ + 1) in the present
study, respectively.

3. Results and Discussion

3.1. Potential Energy Curves for VH. Both ECP and AE
methods predict that the VH ground state®is within the
adiabatic scheme. The ECP potential energy curves of the lowest
537, 5A, °I1, and>® states are plotted in Figure 1a, where, in
the dissociation limit, these states all correlate with the ground
state [V(F) + H(?S)]; the ground state of V has the electronic
configuration (3dj (4s@. The AE curves are quite similar to
the ECP ones, although the low-lying triplet states, correlating
with the ground state in the dissociation limit, are closer in
energy to the quintet states than are the ECP curves (see Figure
1S (Supporting Information)). Table 1 lists spectroscopic
parameters in the quintet states obtained with both ECP and
AE methods within the adiabatic scheme.

The adiabaticA ground state is split into six spin-mixed
states = 0", 07, 1, 2, 3, and 4) by spinorbit coupling
effects. As shown in Table 1, since the coupling is rather weak,

calculated as energy differences between potential minima. Thethe energy separation is small among the spin-mixed states and,

harmonic frequenciess), anharmonicitiesdexe), and rotational
constants B. and o¢) for the lowest vibrational states of

as a result, the internuclear distanBeslo not change noticeably
when spir-orbit coupling is considered. The ground spin-mixed

electronic states were obtained on the basis of the numericalstate isQ = 0", which is quasidegenerate wifd = 0~. The

analyses of dissociation energy cur¢ésThe energy of a
rovibrational state for vibrational and rotational quantum
numbers of ¥” and “J” in each electronic state is given as

relative energies of the energy minima for the lonw@st= 0™,
07,1, 2, 3, and 4 states are 0, 0, 73, 149, 230, and 316.cm
Since the spirrorbit splittings at the dissociation limit are
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Figure 2. NbH potential energy curves obtained with use of quartet MCS8BCI/SBKJC(f,p) wave functions, where the MCSCF active space

includes two sets of 4d and 5s orbitals: (a) low-lying adiabatic states and (b) low-lying spin-mixed states. The inset figure is a close-up view near
the energy minima.

somewhat larger than those at the equilibrium distarmze, 3.2. Potential Energy Curves for NbH.If an active space

becomes slightly smaller when spinrbit coupling is added represented by 4d5s5p(Nb)s(H) orbitals is used, then the

(14923~14766 cm for the Q = O state) (Table 1). Th& dissociation limit is found to b&(Nb)[(4dP(5s¥]+2S(H), but

= 0%, 07, 1, and 2 states correlate with the lowest (ground) experimentally it is known that th# state is the second lowest

spin-mixed state (MEs) + H(2Sy/)) in the dissociation limit, state and the ground state®d [(4d)*(5s).5® MCSCH-SOCI

while the lowestQ = 3 and 4 states correlate with the second calculations performed separately for fiteand“F states result

and third spin-mixed state$Fs> and“F7;) of V.*8 Thus, the in the ®D state being higher in energy than ttfestate by 577

spin—orbit coupling effects in this molecule are mainly limited (ECP) and 1398 (AE) crit. The orbital analyses in the present

to a 157-cm* correction to the dissociation energy. calculations suggest that the activerdathitals strongly interact
There are several theoretical and experimental reports onwith the virtual dr orbitals rather than the active Bmwrbitals.

VH: the Deis in the range of 13 00623 000 cnTl. The latest Therefore, we used an active space represented by the 4d5s5d6s-

experimental investigatiof’5report 17 173 and 17 181 crh (Nb)+1s(H), and the MCSCF orbitals were optimized for the

for the ground stat®e, so that our ECP (14 923 ctf) and AE lowest®=*, 5T1, and®A states, since these three states correlate

(15 709 cnh) values are somewhat smaller. Our valueRof with the Nb®D state in the dissociation limit. The external space

(1.75-1.76 A) are somewhat longer in comparison with some for the SOCI calculations includes the orbitals corresponding

of those (1.68-1.74 A) reported previous? 53 although our to 5p6p(Nb)2s2p(H) orbitals. This method is referred to as

results agree quite well with the value of 1.74 A obtained with the “dsds” space in the following discussion. In the ECP

a similar level of calculation by Walch et & The AED, values calculations, the dsds active space provides the correct energetic

are somewhat closer to experiment and larger than the ECPorder of the®D and “F states in Nb atom, though the energy

values, while theR. values are not very different. gap between these states is smaller than the experimental
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TABLE 2: Spectroscopic Parameters for the Low-Lying Adiabatic and Spin-Mixed States in NbH, Obtained with SOCI Based
on the dsds MCSCF Active Space

state method De Re Te We WeXe Be Ole Ue refs
5A ECP 19944 1.807 0 1611 22.39 5.110 0.203 2.5939
AE 21357 1.827 0 1576 19.41 5.053 0.185 2.4873
ST ECP 19102 1.818 842 1591 21.84 5.029 0.202
AE 21397 1.838 740 1558 16.70  4.982 0.182
DX ECP 14653 1.909 5292 1487 28.98 4.705 0.203
AE 15434 1.933 7201 1401 20.95 4,520 0.179
spin-mixed states
Q=0" ECP 19811 1.808 0 1607 22.25 5.102 0.202
AE 21741 1.829 0 1570 18.83 5.044 0.184
Q=0 ECP 19814 1.808 2 1607 22.24 5.102 0.202
AE 21743 1.829 1 1570 18.88 5.044 0.184
Q=1 ECP 19609 1.808 207 1605 22.24  5.099 0.202
AE 21573 1.829 169 1567 18.56 5.040 0.184
Q=2 ECP 19531 1.808 439 1605 22.25 5.099 0.203
AE 21383 1.829 364 1567 18.49 5.040 0.184
Q=3 ECP 19514 1.808 700 1606 22.31 5.102 0.203
AE 21533 1.828 589 1569 18.67 5.044 0.184
Q=4 ECP 19535 1.807 1000 1611 22.43 5.111 0.203
AE 21762 1.827 853 1576 19.39 5.055 0.186
5A RECP 20972 1.791 1583 53
MCSCH-SOCI/RECP 21537 1.788 1725 2.29 58
MCPF 20972 1.791 1583 2.452 58, 59
CPF 21053 1.793 1573 2.484 59
RECP 21537 1.787 0 1752 2.20 60
ST RECP 20811 1.807 720 1742 2.64 60
D (RECP) (15648)  (1.821) (7687)  (1572) (3.77) 60
SP (RECP) (1.873) (14823) (1436) (0.45) 60
5A MCPF 21370 1.79 61

a See the footnota for Table 1.

observation (the energy gap is calculated to be only 108)gm  Table 2). As mentioned for VH, the spiorbit splittings in
In the AE method, though the energy gap between these stateshe dissociation limit are slightly smaller than those near the
is reduced to 1126 cnt with the dsds actie space, and thtF energy minimum of the ground state, so that Ehds slightly
state is still lower in energy than tHi® state. decreased (1994419811 cnt?) for Q = 0" by the spir-orbit

The ground state of NbH A within the adiabatic scheme  coupling effects.
in both ECP and AE calculations. Figure 2 illustrates the  With the exception of the nearly degenerate state order in
potential energy curves obtained with the dsds active spacethe dissociation limit, the energy curves with and without spin
followed by SOCI calculation%’ Since the lowesfD and*F orbit coupling in Figure 2 obtained with the dsds active space
states of Nb are very close in energy, the sfrbit interaction are very similar to those obtained with use of the 4d5s5p-
makes their spin states mix strongly with each other. At the (Nb)+1s(H) active space. THg,, R., andw, in the ground spin-
dissociation limit the states corresponding to Nb atomic states mixed state are larger than those obtained by using the
are computed to be in the following orde¥D/z, ®Dayz, €Dsyz, 4d5s5p(NbY-1s(H) active space by 900 ¢y +0.015 A, and
4Fas2, 8D7/2, Fsp, 8Doy2, “F712, and*Fgp; and their relative energies 20 cnt?, respectively. Th®, values found in the literature are
are 0, 154, 398, 493, 718, 936, 1102, 1523, and 2219 ¢m in the range of 20 90821 600 cm! (see Table 2), in good
the ECP calculations. For the AE calculations the ordéFis agreement with our results, and o value is 0.03-0.04 A
(—327),8D12 (0), “Fs12 (42),D3/2 (128),6Ds/2 (337),*F712 (493), longer. However, there are no experimental values reported, to
D72 (649), %Dgj2 (868), and“*Fg;, (1186). The spir-orbit the best of our knowledge. Similar to VH, the AE value<gf
splittings in each group of thD or “F spin-mixed states are in  are somewhat larger than the ECP ones andRtleae not very
good agreement with a previous regbdnd the experimental  different.
results®® The experimental separation of the energetic centers  3.3. Potential Energy Curves for TaH.As mentioned earlier,
of the groups of states arising from spiarbit splitting of the the ground state of TaH is consistently found to be a triplet,
D or “F terms is large enough to provide no overlap between using both triplet and quintet state-averaged orbitals and for
the groups at the dissociation limit; however, some overlap is either ECP or AE basis sets. Therefore, all results below are
seen in our calculations for a wide range of internuclear distance,based on MCSCF calculations state-averaging the lo#est
possibly causing the somewhat peculiar shape of the energy®A, 3I1, and3® states. The potential energy curves obtained at
curves. the SOCI level of theory are plotted in Figure 3 (and Figure

The potential energy curves of several low-lying spin-mixed 3S). As depicted in these figures, the low&bt state is lower
states are plotted at the bottom of Figure 2. The AE results arethan the quintet states near tRgwithin the adiabatic scheme.
very similar to these curves (Figure 2S). The ground (spin- Inthe ECP calculations, the lowest spin-mixed state is found
mixed) state ha€2 = 0%, and the lowesQ = 0~ is nearly to haveQ = 2 after the inclusion of the spirorbit coupling
degenerate with this state. Although the lowa§tstate is close effect, using the MCSCEF orbitals optimized for the triplet states.
in energy to the lowesA within the adiabatic scheme, a rather This state has more than 90% contribution from Hfestate.
weak spinr-orbit interaction is observed between these states The second lowest spin-mixed state §as= 0" character and
(see Table 4). As a result, the lowd&3t= 0%, 07, 1, 2, 3, and consists of 43%=~ and 43%I1 (see Table 4). The contribution
4 states have more than 90% contributions ffaim and their of the A state is only 4% to this state. Strong spirbit
Re are approximately equal to those of e state (1.808 A in coupling between th&~ and3I1 states leads to an energy gap
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Figure 3. TaH potential energy curves obtained with use of triplet MCSSPBCI/SBKJIC(f,p) wave functions: (a) low-lying adiabatic states and
(b) low-lying spin-mixed states. The inset figure is a close-up view near the energy minima.

of only 314 cnv! between th& = 0+ and 2 states at the energy R by about 0.04-0.05 A for these two states compared with
minimum of theQ = 2 state, but th& = 2 is still the lowest. the ECP results. Although the ECP basis sets employed in the
The third stateQ = 1 has 39%6=~ and 47%I1 contributions. present study are not flexible enough to provide quantitative
The lowestQ = 0~ is the fourth state and has a large predictions, the present AE method given the basis set and the
contribution from theé’A state, but its principal contribution is  wave function type tends to overestimag

provided by °I1 (56%). The Q = 0" state generated by To our knowledge, there are no experimental reports on TaH.

A-doubling of theQ = 0 in the®A is the sixth, where the reverse Cheng and Balasubramarfahave reported that the loweisb
energetic order of th = 0" and O states is derived by strong state is 2526 crmt lower in energy than the lowe&h at the

spin—orbit couplings among states packed closely in energy. RECP level of theor : : : :
) > B y. Including spiforbit coupling, they
The AE. results (Figure 3S) are sllmllar to those of the ECP predicted a ground state € = 0* originating from theSA
calculations, although the energy difference between the ground hile the | - - qinating f had
spin-mixed state® = 2) and the second stat& (= 0*) for state, white the oweﬁ_? - 2. state, originating from t
state, is only 326 cmt higher in energy than th@ = 0* state.

the former method is somewhat larger (581 érat the energy Wittborn et al. reported that the ground state of TaRfisusing

minimum of theQ = 2 state). Thus, we conclude that tQe= )
2 state is the ground state in TaH at the level of theory employed the AE/PCI80 ar_1d Al.MP/PC|80 metho8but no comment is
made on the spin-mixed state structure.

here.
The ground spin-mixed sta® = 2 hasR. = 1.762 A and 3.4. Potential Energy Curves in Group 3 Hydrides, ScH,
De = 17 002 cnrl. Spin—orbit coupling effects makB, longer YH, and LaH. The MIDI basis set has been optimized for the
by 0.006 A and theD, smaller by 1240 cmt (see Table 3). lowest?F state ([4f} configuration) in atomic La; this state is
The second spin-mixed stag¢ = 0" has a somewhat longer computed to be the ground state, even when dynamic correlation
Re (1.770 A) and a smalleD, (16 705 cm?). The AE effects are included, contrary to the experimental observation
calculations have a larg&, by 4300-4600 cnt! and shorter that?D is the ground state®. Therefore, AE calculations were
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TABLE 3: Spectroscopic Parameters for the Low-Lying Adiabatic and Spin-Mixed States in TaH, Where the MCSCF Orbitals
Are Optimized for the Lowest 3X, 311, 3A, and 3® State$

state method De Re Te We WeXe Be Ole Ue refs
3P ECP 18242 1.756 0 1776 26.84 5.442 0.224 1.0369
AE 22636 1.706 0 1672 6.68 5.726 0.208 1.1891
3>~ ECP 17409 1.762 833 1728 25.74 5.402 0.222
AE 21703 1.721 934 1600 4.14 5.645 0.200
ST1 ECP 16592 1.765 1649 1748 26.67 5.387 0.224
AE 20691 1.721 1946 1635 6.27 5.641 0.205
SA ECP 8070 1.844 10171 1845 80.14 5.239 0.358
AE 12325 1.793 10312 1470 17.48 5.278 0.230
5A ECP 14601 1.807 3640 1589 24.21 5.109 0.218
AE 19841 1.778 2796 1536 6.76 5.332 0.187
spin-mixed states
Q=2 ECP 17002 1.762 0 1751 25.90 5.403 0.223
AE 21644 1.711 0 1655 6.71 5.696 0.208
Q=0 ECP 16705 1.770 298 1728 28.03 5.355 0.226
AE 21075 1.729 569 1607 6.67 5.594 0.204
Q=1 ECP 15146 1.767 1856 1721 28.98 5.378 0.233
AE 19720 1.725 1924 1594 11.59 5.623 0.222
Q=0 ECP 14237 1.788 2765 1602 26.01 5.217 0.231
AE 19137 1.766 2507 1485 4.18 5.393 0.199
Q=3 ECP 16173 1.760 2834 1758 28.68 5.420 0.230
AE 20899 1.711 2329 1652 9.33 5.701 0.216
Q=0" ECP 15001 1.805 4005 1587 22.76 5.128 0.212
AE 19901 1.779 3327 1526 4.90 5.331 0.179
Q= ECP 12737 1.812 4266 1543 20.31 5.097 0.213
AE 18075 1.790 3569 1501 3.88 5.284 0.173
Q=4 ECP 16317 1.761 4848 1749 29.37 5.410 0.232
AE 20933 1.715 4121 1630 8.64 5.672 0.215
Q=2 ECP 13994 1.797 5012 1534 20.46 5.163 0.227
AE 18994 1.790 4234 1465 3.91 5.294 0.183
3P RECP 19278 1.749 0 1812 2.00 62
33~ RECP 18310 1.747 1000 1837 1.97 62
ST1 RECP 17665 1.756 1620 1795 1.94 62
SA RECP 7905 1.796 11370 1647 2.75 62
5A RECP 16778 1.785 2526 1741 2.08 62
(20246)
Q=0" RECP 1.775 0 1851 62
Q=2 RECP 1.750 326 2133 62
Q=0 RECP 1.789 1079 1841 62
3P AE/PCI80 22741 1.762 63
AIMP/PCI80 21678 1.757 63
CASSCF 15319 1.77 1730 76
ACPF-ds 19831 1.75 1800 76

a See the footnota for Table 1.

not performed for LaH in the present investigation, since the TABLE 4: Percentage of Adiabatic States in Low-Lying

spin—orbit calculations are not likely to provide meaningful

results.

The ground state is calculated to ¥ in all three hydrides

within the ECP adiabatic scheme. After the inclusion of the VHR_ 1.758

Spin-Mixed States Obtained by the ECP Method at the
Internuclear Separation R [angstroms]

mol.

components

spin—orbit coupling effects (Figure 4), the ground state fas
= 0" originating principally from théX* state; the contributions
are computed to be 99.98% (ScH), 99.97% (YH), and 99.48%

(LaH), respectively. Therefore, no important sporbit effect

is observed in the ground state. Table 5 lists several spectro- NbRH_ 1808

scopic parameters calculated for their ground states. The table
also includes experimental and calculated results reported
previously%5.68.69 As described for the Group 5 hydrides, the

ECP method generally provides somewhat smdllgvalues
compared to the AE values. The calculategfor ScH is in
surprisingly good agreement with the experimental vah@ur

TaH
R=1.762

Re values are slightly longer than the MCPF and AIMP results,
and 0.01-0.03 A longer than the experimental observations (see

Table 5).

3.5. Periodic Trends.Figure 5 plotsR. andDe for the Groups

3 and 5 hydrides, using the ECP method against the periodic
row, together with those for the Group 4 hydrides reported
previously?® Among the many general factors affecting the

mewl\al—\qqhwml—\qq e}
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5A (99.6%)

5A (99.6%)

5A (99.5%)
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5A (100%)

5A (94.7%) 5T (4.8%)

5A (94.9%) 5T (4.6%)

SA (92.1%) 5T (7.4%)

5A (91.3%) 5T (8.3%)

5A (92.8%) 5T (6.7%)

5A (99.3%)

3 (93.3%),°A (4.3%)

35 (43.19%) 311 (43.1%) °A (4.3%),S (3.2%)

3T (47.0%) %% (39.3%) 11 (4.9%),5A (3.9%)

3T (55.7%) 5A (33.7%),°11 (8.2%)

3 (93.7%),5A (4.3%)

5A (60.8%),3S (18.0%),5TT (10.3%),
1S (4.6%),%I (2.4%)

5A (38.6%),35 (28.6%) 511 (16.6%),
111 (3.0%), %1 (2.6%)

3 (84.2%) 5A (10.9%),T (3.7%)

31 (51.7%) °A (29.5%) 511 (14.4%)
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Figure 4. Potential energy curves of low-lying spin-mixed states obtained with use of singlet MESQEI/SBKJC(f,p) wave functions: (a)
ScH, (b) YH, and (c) LaH. The inset figures are close-up views near the energy minima.

periodic trends in the transition metal hydrides one can identify  (a) An increase in the screening of the atomic charge by the
the following: inner shell electrons is observed as their number increases. This
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TABLE 5: Spectroscopic Parameters in the Ground States of ScH, YH, and LaH

state method De Re We WeXe Be Oe Ue refs
ScH
=+ ECP 16525 1.782 1564 26.31 5.364 0.226 1.3337
AE 21440 1.798 1549 15.80 5.281 0.187 1.0801
Q=0 ECP 16428 1.782 1564 26.34 5.364 0.226
AE 21365 1.798 1550 15.81 5.281 0.187
B3LYP 14060 1.730 1663 49
PKP 10567 1.85 1173 30.7 4.9 0.19 50
MCPF 18292 1.776 1587 52,77
MRD-CI 18552 1.804 1621 64
B3LYP 1.73+1.759 1584-1677 67
MP2 1.764 1668 79
full CI 16294 1.767 1627 80
expt 1.775 1547 65
expt 16613+ 700 78
expt 1530 79
YH
i+ ECP 22322 1.937 1497 21.11 4.486 0.166 1.3338
AE 25413 1.938 1491 16.95 4.490 0.154 1.2317
Q=0 ECP 21984 1.937 1497 21.11 4.486 0.166
AE 25128 1.938 1491 16.96 4.490 0.154
23634
SOCI 1.954 1522 1.28 58
(24199)
MCPF 23795 1.961 1559 1.535 58, 59, 61
CPF 23975 1.961 1558 1.556 59
RECP 24602 1.865 1510 66
MP2 1.918 1566 79
expt 1.923 1530 19.44 4.576 0.091 68
expt 1.569 73
expt 1476-1489 79
LaH
=+ ECP 20663 2.060 1429 20.93 3.957 0.143 2.244
Q=0 ECP 20026 2.060 1428 21.02 3.956 0.144
AE/PC180 23888 2.074 63
AIMP 23745 2.080 63
MP2 1.996 1480 70
MP2 2.006 1500 70
=+ CASSCF 21580 211 1350 76
ACPF-ds 22105 2.08 1380 76
MP2 2.045 1448 79
MCSCF 20972 2.08 1433 2.42 81
DFT 24118 2.08 1378 2.82 82
24521 1.998 1521
MRACPF
22747 2.037 1488 83
ZORA 30006 2.005 1416 84
DKH 30006 2.004 1419 84
CCSD(T) 23311 2.028 1447 85
B3LYP 23473 2.006 1461 85
expt 2.032 4.081 0.077 69
expt 1344 79

a See the footnota for Table 1.

in general leads to weaker bonding, as found for the main group complicated way. Indeed, one can see that@hievels of3®
in TaH span 4848 (ECP) or 4121 (AE) ci(Table 3).

(e) The complicated structure of the states arises from the
partially filled d orbitals and results in near degeneracies in
energy levels that are not simply related to the group or position
in the row. This is explicitly seen, for example, in the different
appears in Hf and Ta is seen, but f-subshells are empty andatomic ground states within the same group (Nb H# ground
state, whereas the ground states of V and Ta'ye

While it can be generally expected that an increase in the
equilibrium distances corresponds to a decrease in the dissocia-
tion energy as can be seen by comparing YH and LaH, it is
somewhat surprising to observe that baéthand R. decrease
when going from HfH to TaH. Spinorbit coupling interactions
that differ at the equilibrium vs the dissociation limit may be

elements as well.

(b) Relativistic contraction of s and expansion of d orbitals
is observed! This leads to stronger bonding involving s
electrons and weaker bonding for d electrons.

(c) Additional screening due to the filled f-subshell that

fairly inactive for other elements considered here.

(d) Spin—orbit coupling of the ground atomic states is very
different and it grows both vertically and horizontally. For
example, the splittint§ in La is 1053 cnm?, in Hf 4568 cnt?,
and in Ta 5621 cmt, which in part comes from increased
multiplicity (2, 3, and 4 for La, Hf, and Ta, respectively). The
total spin-orbit effect onDe (that is, the value with and without
the interaction) is fairly small for all compounds. However, this
is misleading, especially for HfH and TaH, as the SOC
interaction splits atomic and mixes molecular levels in a

the reason.

3.6. Emission Spectra.Ram and Bernath have reported
spectral analyses on ScH, YH, and L&485%Recently, Jakubek



4716 J. Phys. Chem. A, Vol. 108, No. 21, 2004 Koseki et al.

210 TABLE 6: Transition Energies [cm~1] and Transition
T 22000 Moments [au] for Emission Spectra in Group 3 Hydrides
£ Brgptot Obtained with Use of MCSCF+SOCI/SBKJC(f,p) Wave
% - —e—Group 5 < o] Functions
§ 3 emission vibrational _transition energyerror  transition
'9; 195 gwm— from to states expt present [%] moment
3 190- s ScH
§ A g o0 BUL, X+  0-0 5404 5829 8 042
S s A g 1-1 5220 5829 12
E wone -=- g:g:::i 1-0 6767 7073 5
S /\ o e G 2-1 6536 8273 27
ClZp+ X%+  0-0 13574 15149 12  1.32
18-S . . 12000 : . 1-1 16713
1 2 3 1 2 3 DII; X4+ 0-0 17302 2.88
Periodic Row Periodic Row Gll-[1 X120+ 0-0 20547 22556 12 0.96
Figure 5. Periodic trends for the equilibrium internuclear distances YH
Re [angstrom] and dissociation energi®s[cm™: Group 3, squares &A1 X 0-0 6205 7461 20
connected by solid lines; Group 4, triangles connected by broken lines; aA,  XZg+ 0-0 6368 7672 20
and Group 5, circles connected by solid lines. a31A23 ))ng 878 133693% 1;24;13 2% L5
CiZp+ + - .
et al. have reexamined experimentally ¥ and LaH* in Dlnol X122+ 0-0 15756 19119 21 4.08
more detail. In this section, ECP results for transitions among €®>  &A; 0-0 11378 11989 5 5.32
the spin-mixed states in Group 3 hydrides will be discussed in g% 222 g:g ﬁggi gg;g i ggg
comparison with the experimental observations. f3A14 agAi 0—0 12815 262
Ram and Bernaffi observed 6-0 band origins at 5 404, A, @A, 0—0 12810 262
13574, and 20 547 cm for ScH and assigned them as the f3As  &@As 0-0 12849 2.82
BUI-XZt, CIZt—X1Z*, and GII—-XZ* emissions, respec-  LaH
tively. As suggested by Anglada et é.a small momentury Al X' 0-0 4534 6354 40 1.08
= 0.42 au) is obtained for the transition between the ground Ol XIS 3:8 13135’2 1?%% i% 127
state and the BI state, although a rather strong emission is Dlnol X122+ 0-0 15396 288
observed for the transition between these states by Ram and |1, X1z, 0-0 18033 3.16
Bernath®® According to our results, large moments are obtained ~— d*®,  &A; 0-0 5956 7365 24 3.48
for the transitions between the ground statéX® and G=*/ Fd; A, 0-0 6238 7582 22 3.48
DT states in ScH. Within an adiabatic scheme, th@®and g:q)“, &hs 0-0 6307 7637 21 3.48
- e o S0 @A 0-0 7906 0.64
origin of the BITI-XIZ* transition is computed to be 6028 &S @A, 0-0 8388 0.30
cm~L. If spin—orbit coupling is considered, this transition eSS @A, 0-0 7957 1.32

corresponds to that between the low&st= 0" and the fourth A
Q = 1 states; it is calculated to have a@ origin of 5829 See refs 65 (ScH), 72 (YH), and 69 and 75 (LaH).

cm~1 (6525 cnt? for the vertical excitation; see Table 6). This 7672, and 7944 cri from the ground statel = 07) to theQ
estimate is about 9% larger than the experimental result (5404= 1, 2, and 3 states, respectively, whose main configuration is
cmb). Furthermore, the 41, 1-0, and 2-1 origins are the @A state. Accordingly, our calculations overestimate them
calculated to be 5829, 7073, and 8273 énrespectively. The by about 20%, even though good agreement is obtained for the
corresponding experimental values are 5220, 6767, and 6536transitions from the & (Q = 0, utw = 1.50 au). The

cml, so the errors are less than 10%. Thé&EG-X1Z* transition energy to the I (Q = 1, utm = 4.08 au) state is
transition corresponds to the transition from the fi@h= 0* about 20% larger than the experimental value. Moreover, the
state to the lowesf2 = 0" state if spin-orbit coupling is emission spectra to the lowest triplet staté\jawere reported
included, and our calculation overestimates its00and -1 by Ram and Bernaffi and Jakubek et dF The band origins

origins (15 149 and 16 713 cmy by about 12%. Such over-  were experimentally found at the transition energies of 11 378,
estimation may be caused by the fact that the electron correlation11 499, and 11 584 cm and were assigned &®,—3A1, 33—
effects are underestimated for the higher state at the level of2A,, and3®,—3A; subbands of the3@&—aA transition. Our
theory used here. estimates of the origins of these transitions are 11 989, 12 059,
The transition energy from thel@ state to the ground state  and 12 078 cm! (urm = 5.32 au), respectively. These origins
was also reported by Ram and Bernath. Our study assigns aare overestimated by less than 5%, so that our results are nearly
large momentymy = 0.96 au) to the correspondiABl—X1=" quantitative. We also find that the emission of tRAfa’A
transition and good estimation of the transition energy (about transition (12 906-13 000 cnt?l) is energetically close to the
12% overestimation). However, the lowédt state is found to e3®—aA transition and that its transition moment is also large
be lower in energy than thid1 state, i.e., the present study (utm = 2.62 au). However, Jakubek et’dlassigned this as the
assigns these states asdGand HII. Our calculations also  f3[1—aA transition.
suggest that the IDI-X!=* transition has a rather large moment For LaH, we find strong emission in the transition-energy
(utm = 2.88 au) and has a-@ transition energy of 17 302  range of 15 00620 000 cntl. Even though the emissions can
cm™1 (17 484 cm?® vertical). Unfortunately, this transition is  be assigned as a transition frd&@" or I1 to the ground state
not referred to in the experimental pajer. (XI=1), it is difficult to determine which peaks correspond to
In YH, the experimental energy difference between the the transitions from some specific states in the adiabatic scheme
ground state (¥=*) and the lowest triplet state¥A) has been because of strong spitorbit mixing. The lowest excited singlet
reported as 6900 cm by Ram and Bernatff but smaller state is'IT in this molecule, although it i%A in ScH and YH.
differences were obtained by Jakubek efals shown in Table  Ram and Bernaffi reported that the 00 and 1-1 emissions
6. Our calculations provide-80 transition energies of 7461, from AI to the ground state appear at a transition energy of
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TABLE 7: Predicted Transition Energies [cm~1] and
Transition Moments [au] for 0 —0 Emission Spectra in
Group 5 Hydrides Obtained with Use of MCSCFH-SOCI/
SBKJC(f,p) Wave Functions

emission

transition transition
from to energy moment
VH
FPAg+ X5Aq+ 15048 0.74
FPAo- X5Aq- 15048 0.74
FoAL X5A1 15018 1.46
FPA, X5A, 15006 1.46
FoAz X5A3 15451 1.46
FPA4 X5A4 15604 1.48
Cd, X5Ag+ 4717 0.32
C5d, X5Aq- 4717 0.32
Cd, X5A; 4765 0.64
C5®3 X5A, 4807 0.64
Cd, X5A3 4843 0.64
Co®s X5A4 4872 0.64
NbH
ad, X5Aq+ 4742
ad; X5Aq+ 5461
ad, X5Aq+ 6111
I3 ad, 7103 0.50
T, EEHOR 7111 0.47
ol Dy 6474 0.45
TaH
D3A; X3, 11744 0.40
DA, X3®, 12677 0.14
D3As X3, 15354 0.20
FAL X3®, 12914 0.52
FA, X3, 15024 0.05
FAs X3®, 16784 0.06
C3Zg+ 0" 6085 0.19
C33y 0" 6541 0.17
PP, 0" 8602 0.22
eTlo+ 0" 14942 0.26
eIl 0" 14480 0.07
G3Ilo+ 0" 17386 0.17
G311, 0" 15788 0.12

4534 and 4430 cri, respectively. Our estimates are 6354 and
6202 cnt?! (40% overestimation) and the transition moment is
calculated to be 1.08 au for both transitions, while the emission
energy from ¢ (Q = 0", urv = 1.27 au) is in better
agreement with that reported by Bernard et*dsee Table 6).
Their transition moments are smaller than that for the other
strong emissions assigned as transitions from higHestates

to the ground state. Emissions to the lowest triplet stai&)(a
also appear at energies of 736®§—23A1), 7582 fd3z—2A,),

and 7637 {®4—3A3) cm™! (urm = 3.48 au). These are assigned
as the transitions from 3@, which is consistent with the
corresponding observations (5956, 6238, and 6307dor
3d,—3A, 3D3—3A,, and3®,—3A3), though the transition energy

is overestimated by about 224%. Additionally, the & —
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F5A0+—X5Ao+, FSA()*—XESA()* y FSAl—XSAl, FSAz—XSAz, F5A3—
X5A3, and PA4,—X5A, transitions. The lowest excited quintet
state is AII, but the moment for the &T—X5A transition is
negligibly small. The B=~—X5A transition is symmetry forbid-
den, while the @>—X5A transition has a large momentr{,

= 0.64 au), and its 90 origin is calculated to be 4717 ®@,—
X5Ao+ and Cd1—X5A¢- ), 4765 (CP,—X5A,), 4807 (CD3—
XSAZ), 4843 (C§<1>4—X5A3), and 4872 (@5—X5A4) Cmfl,
respectively. The EIT—X5A transition also could be observed
at a transition energy of 12 863 000 cn?, where the present
prediction of the transition energy should be considered to have
an error of about 10%.

It would be difficult to observe an emission spectrum for
NbH, since only small moments are obtained for the transitions
in the energetic range below 15 000 ¢Strong emission is
predicted to appear in the energetic range of 20-®000
cmL, from the overlap of sever@lI—X5A, SA—X5A, and>®—

X5A transitions. The lowest triplet state 3&, and the 6-0

gap between XA and &® is calculated to be 4742 EAqs+—
éq)z), 5461 ()@A0+_33(I)3), and 6111 ()?Ao+—a3<b4) cm L.
Emission spectra may be observed froih tp this lowest triplet
state. The transition moment is calculated to be 0.48 au and the
0—0 transition energies are predicted to be 7108 {ga*®,),

6711 (gr4—a®3), and 6474 (s—a*®4) cml, where the
excitation energies may be overestimated by more than 10%.

Because of strong sptrorbit coupling in TaH, it is difficult
to determine which spin-mixed states should belong to a
particular adiabatic state. Additionally, as described in the
previous section, the ground stafe & 2, X3®,) and the next
lowest state @ = 0, mixture of AT+ and Blly+) are very
close to each other in energy. Such conditions cause rather
complicated spectra in TaH. Large moments are obtained for
the transitions from the $A; and FA; states to the ground-
state X®, (Table 7). Their 6-0 transition energies are
calculated to be 11 744 @a;—X3®,) and 12 914 (FA;—X3d,)
cm1, respectively. The BA; state mixes strongly witflT; and
5®;, while FPA; interacts mildly withIT;, °IT;, and®IT;. On
the other hand, larger moments are obtained for transitions to
the next lowest state = 0%) from C33+ and from the
combination of GIIy+ and éll,+. These emissions are predicted
to appear at the-00 transition energies of 6 085 and 14 942
cm 1, respectively. Nevertheless, it would be quite difficult to
recognize which emission peaks correspond to specific transi-
tions because of strong sptorbit coupling effects in this
molecule.

4. Summary

The dissociation energy curves of low-lying spin-mixed states
have been presented for Groups 3 and 5 hydrides with use of

aA transition is predicted to be observed in the same energeticboth ECP and AE approaches. The present paper reports a

range as thed—aA.

comprehensive set of theoretical results including dissociation

Thus, it can be concluded that the present estimation is energies D¢), internuclear distances{), electronic transition
qualitatively reasonable, even though transition energies areenergiesTe), harmonic frequenciesog), anharmonicitiesdexe),

overestimated by about 10% in the first- and second-row
hydrides and 2625% in the third-row hydride (see Table 6).

and rotational constantsB{ and og). On the basis of the
comparison with the corresponding AE results, we can conclude

In the following discussion, an attempt is made to predict some that the ECP approach is qualitatively accurate (sometimes

peak positions of strong emission spectra in Group 5 hydrides,

semiquantitatively accurate) and can be applied in the studies

since no experimental report on emission spectra is yet availableof large molecular systems.

for these hydrides.

As shown in Table 7, the largest momentg = 1.48 au) in
VH is obtained at a transition energy of 15 5986 620 cnt?!
(15 006-15 604 cnm? for the 0-0 transition). This is assigned
to an PA—X5A transition in the adiabatic scheme. In the
relativistic scheme, this transition has contributions from the

Transition energies and moments are also estimated between
the spin-mixed states in these hydrides. The results for Group
3 hydrides were compared with the emission spectra reported
by Ram and Bernath, and it is found that the transition energies
are in qualitatively good agreement with the experimental
observations. Especially in ScH and YH, the discrepancy is only
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about 10%. On the basis of good agreement in Group 3 hydrides,

the peak positions of strong emission are predicted in Group 5
hydrides. We hope that the present prediction is helpful in
experimental trials on emission spectra for Group 5 hydrides
and provide some encouragement for the applications of the
simple ECP method to large molecular systems.
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