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Ab Initio Study of Molecular and Electronic Structures of Early Transition Metal
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Ab initio calculations with accounting for electronic correlation were carried out forsS¢Hs, TiH3, and

FeHs. Relative energies of excited states of the molecules were evaluated by the equation-of-motion coupled
cluster method in the single and double approximation (EOM-CCSD) and ground-state properties were
calculated at coupled cluster singles doubles level augmented by pertrubative correction for connected triple
excitation (CCSD(T)). The ground electronic states of the molecules were found to have high-spin and planar
(Dan) equilibrium geometries. The molecules EiEHNd VH; possess low-lying degenerate electronic states.
However, the JahnTeller distortion of these states was investigated and found to be small. Correlation
corrections to equilibrium internuclear distances, harmonic vibrational frequencies, and infrared intensities
are shown to be significant. A comparison of theoretical and available experimental data on the molecules
was performed.

1. Introduction to possess low-lying degenerate electronic states at their planar
D3, conformations. Our goal was to carry out high-level ab initio
calculation of ground and low-lying excited state of the early
transition metal trinydrides S¢HTiH3, VH3, and FeH.

The electronic and molecular structures of first-row transition
metal hydrides have been the subject of numerous theoretical
and experimental studies, but only a few of these have dealt
with the trihydrides:™® The ESR spectra of chromium and 5 computational Methods
manganese trihydrides were studied by Van Zee &€ dhe
bands in the infrared spectra of # H, (M = Ti, Fe) systems
in an Ar matrix, which were assigned to TjHand FeH

Calculations were performed using a local version of the
ACES Il program packag¥. All-electron calculations were
molecule, were found by Chertihin et®lXiao et alS reported carried .out for all molecules. Effective core potenFiaI (ECP)
a similar band, which corresponds to the Grrolecule in the ~ calculations were also performed on $ddr comparison. A

(14s11p6d1f/10s8p3d1f) basis set on the metal atom and a

IR spectrum of the Ci# H, system in Ar and Kr matrixes. The . he h ;
spectroscopic data were interpreted under the assumption thaf0S3p1d/4s2pld) basis set on the hydrogen atom was used in

the molecules have plandd4,) structures. Chertihin et &lalso the all-electron caIch_ations._The metal atom basis sets were
performed ab initio UHF calculations of the structure and Wachters ba;%é modified as in the GAM.ESS program and

vibrational spectra of Tiklthat support this suggestion. The aygmented with an f function. The f-function exponents on Sc,
molecule ScHwas examined only theoretically® Using the Ti, and V atoms were taken from ref 16, and that on the Fe
FSGO method, Talaty et afound ScH to be planarDa). In atom was ob@alned fr(_)m ref 17. Th_e hydrogen b_aS|s set was
contrast, RHF and MP2 calculations by Jolly and Maryick the TZ2P basis set as implemented in ACES Il. It is the (5s/3s)

predicted a pyramidald,) structure for Sckiwith a high value ~ Dunning set® augmented with two optimized p functions in
for the inversion barrier. However, this result has now been (2,1) contractions of three primitives. A diffuse s function from
reported as erroneoddn the work by Neuhaus et &l(RHF ref 19 and a second polarization d function from ref 20 were

and CASSCF calculations), Sgké reported to be planabg). also added to the TZ2P basis. The effective core potential
The calculations by Talaty et &lfound the lowest singlet ~€MPloyed on Sc was as that of Stevens et dlhe valence

electronic state in Vkito have a pyramidal equilibrium structure. bashls §et|(358p§?/f434p'369vas augmegtgd V}’I'th ?n Ifqnctlon.

It should be noticed that in all previous theoretical works on SPherical d and f functions were used in all calculations.
Sch; and TiHs, only the ground electronic states of the Relgtlve exm_ted-state energies were e\_/aluateo_l with the
molecules were examined. But it is known that the question €duation-of-motion coupled cluster method in the singles and
about the ground states in transition metal compounds is fardou_bIeS approximation .(EQM'CCSB%'IH this method the
from trivial. In molecules with a three-coordinated transition €XCited state wave function is generated from a coupled-cluster
metal, the situation becomes complicated because of thesingles and doubles re_ference wave function (usually for the
necessity to take into account the Jafreller effect in low-  9round state) by the action of a wave operédf the reference
lying degenerate electronic states. In light of the results of ab stdate h?jsf"_" cllosed shell, E(?M-Qg??thlrovuliqes a rlg%rou_sLy spin-
initio calculations for first-row transition metal trifluoridé; 2 a_ a;‘pte_ ina statt_]e l}/va\;e unctienw 'ﬁ w enl_ use W']f a
one can expect some first-row transition metal trinydrides also igh-spin open-shell reference state the application o EQM'

CCSD techniques is limited to only high-spin open-shell excited

*To whom correspondence should be addressed. Fax: 512-471-8696 State& (which are nevertheless not spin-adapted). This limitation
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TABLE 1: Equilibrium Internuclear Distances R¢{(M—H) (A), Total Energies Eni, (au), Harmonic Vibrational Frequencies o
(cm™1), and Infrared Intensities A; (km/mol) in MH 3 (M = Sc, Ti, V, Fe)

MH3 Re(M—H) Enmin, w1(Ar) wo(A") w3(E) w4(E) A As Ay method
ScHs 1.853 —761.452679 1674 340 1570 587 980 1867 372 BHF
1.850 —47.756783 1677 347 1566 585 974 1863 379 UHF/ECP
1.838 —761.924660 1658 287 1576 572 913 1592 296 SDQ-MBPT(4)
1.833 —47.756618 1645 310 1553 564 917 1601 316 SDQ-MBPT(4)PECP
1.840 —761.932642 1643 274 1564 570 898 1511 277 CCSD(T)
1.835 —48.093800 1630 299 1542 562 901 1526 298 CCSD(T)ECP
TiH3 1.773 —850.083383 1747 342 1668 588 701 1837 290 BHF
1.740 —850.592129% 1754 CCcsp»?
1.740 —850.603783 1736 240 1742 633 480 1224 161 CCSD@A)
VH3 1.713 —944.536417 1814 79 1711 578 798 1852 115 BHF
1.674 —945.08975% 1820 CCsp»?
1.675 —945.105111 1795 240 1743 665 524 1127 126 CCSD(T)
FehHs 1.667 —1264.079484 1883 553 1825 628 494 1162 311 BUHF
1.603 —1264.704955 1882 412 1848 576 403 1225 69 SDQ-MBPT(4)
1.609 —1264.727733 1831 370 1820 642 358 673 94 CCSD(T)

aThe calculations are done with M(14s11p6d1f/10s8p3dif) and H(6s3pld/4s2pld) badi¢8s@6d1f/4s4p3dif) valence basis set on Sc,
(6s3p1d/4s2pid) basis set on42.002 A with FSGO methddand 1.8004 A with SCF methdd ¢ These values were computed numerically using
polynomial approximation of the energies for grid of four-M distances® 1580.6 cn1* in Ar matrix IR spectrd. 11646.1 cmt in Ar matrix IR
spectrd.

TABLE 2: EOM-CCSD Relative Vertical Excitation

molecule, which cannot be well described by high-spin deter- Energies (cnm?) of Electronic States in MHs

minant configurations. We could not calculate excitation ener-

gies to quartet states in FeMith EOM-CCSD because of the _MHs state allelectron  ECP
lack of an appropriate single determinant reference CCSD ScH; XA 0 0
function. (3€)3(1e")taA", 30856 31562
Ground-state molecular parameters are computed at UHF and gggzgg;)llgg g%gg g%i
CCSD(T) levels of theOI'y for all molecules. For &:ﬁhd FeH, (3é)3(1é')1 GE" 32266 32959
the parameters were also calculated by the SDQ-MBPT(4) (3€)3(5d1)t APA, 33880 34321
method. In the all-electron calculations, equilibrium geometries (3€)3(1€") BA"; 35477 36424
were optimized using analytical gradients, all vibrational (3(4)2(19')l CE" 35735 36509
frequencies and infrared intensities in the ground states were (23)3(?3,% g’E gggﬁ g?gg?
calculated using analytical §ecor_1d deri\{ati\{es of the potgntial §3e§1E4e))1 DlA'zl 36684 37207
energy surface and analytical first derivatives of the dipole (3€)3(1e") ETA"", 36731 37574
moment23 In the ECP calculations equilibrium geometries, (3€)3(4€) gPA'; 39460 40144
vibrational frequencies and IR intensities were calculated (3€)%(4€) F'E 39777 40400
numerically using the program VIBMOL described in ref 24.  TiHs  (5d1)! X?A"y 0
(1€t AZE" 1516
3. Results and Discussion (4e)! BE 13175
N2 Z3A T
Ground States.The calculations showed that all molecules Vis ﬁggléa@f;\agu 184%
possess a high-spin ground electronic state with the exception (1€")Y(5d )t a'E” 10314
of SchH, which is a singlet. We found all the molecules to be (5d1)*b'A"y 10577
trigonal planar Dsn). The equilibrium distances MH, total (igz)i(ig)i ?;2::2 iggig
energies, harmonic vibrational frequencies, and infrared intensi- élef'gl& 62)1 DSE”I 16818
ties obtained at several level of theory are listed in the Table 1; (5d.)4(4 &) CE' 19439
the results found in the all-electron CCSD(T) calculations are N2 L AN2 Y EAT
) ) . : (1€")%(5a1) (4€)? XOA", 0
the most reliable. The symmetries and electron configurations (1€")%(5d,)t A", 16588
of the ground states are presented in Table 2. Some electronic (36)3(1e")3(5d ) (4€)2 ASA™, 18833
properties such as quadrupole moments, electric field gradients, (3€)3(1e")2(5d 1)X(4€)? BSE' 19703
and the charges on the metal atoms are given in Table 3. Several (3¢)%(1e")3(5d 1) (4€)? CoE" 20508
trends of molecular parameters in the row M1 = Sc, Ti, (1‘4')3(58{1%2 e I 21149
V, Fe) can be established: the equilibrium distarRgM —H) (3€)(1e)(5a) (4€)” DA™ 21631
g > - U _ (1e")3(5d)? A"y 22223
shorten, stretching frequencies andws increase, and the IR (1€")3(5d )2 PA"", 22413
intensitiesAz and A, decrease. (1€)%(4€) eE' 23379
Excited States The vertical excitation energies to several (3€)X(1e)%(5el) (4€)’ EA'2 25383
electronic states of the MHnolecules at theiDs, conforma- gggsgggzggglgiggg CF;EA,l gg%?

tions are listed in Table 2. The energies were calculated at the

M—H distances which had been optimized for the ground-state singlet states in Vil The relative energy of this state listed in
Dgsn structures at the CCSD(T) level of theory. Relative energies Table 2 was found directly by the CCSD(T) method. For the
of both singlet and triplet excited states in ScHoublet states  other singlet states in Vithe EOM-CCSD energies were added
in TiH3, triplet excited states in Viand the sextet excited state  to the computed relative energy for théAly state. A similar

in FeHs were found by EOM-CCSD calculations using the procedure was applied for doublet electronic states insFEhe
ground-state wave functions as references. Tié;Istate was a&A'; state was assigned as the reference in EOM-CCSD
taken as the reference state in EOM-CCSD calculations of calculations of doublet states. The energy of th¥ astate was
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TABLE 3: CCSD(T) Quadrupole Moments @,, Electric
Field Gradients g, and Charge on the Metal Atom for
Transition Metal Trihydrides MH 3 (M = Sc, Ti, V, Fe}

MH Oz M)  a«H)  anH)  charge(M)
ScHs 9579 1895  0.064 —0.032 0.530
TiH; 5350 1321  0.073 —0.035 0.633
VH; 5937 1125  0.084 —0.036 0.702
FeHy 5092  3.801  0.095 —0.051 0.708

a All values in atomic units.

found using the so-called QRHCCSD method® The CCSD
wave function of the \'; state was formed from closed-shell
RHF wave function for Fekt ion.28 The electron configurations

that made the largest contribution to the excited states wave
functions are also indicated in Table 2. The results show that

the first excited states of Sgtand FeH lie quite high with
respect to their ground states while the molecules; &iktl VH;
have low-lying degenerate electronic states.

Correlation Effects. Comparison of the CCSD(T) and UHF

results proves the importance of accurate accounting for electron

correlation in order to determine molecular parameters irsMH
molecules. The correlation corrections to—=¥ internuclear
distances in MH molecule turned out to be significant, from
0.013 A in ScH to 0.058 A in FeH. Judging by the CCSD
results for Ti and VH; presented in Table 1, the contributions
of triple excitations in the correlation effects for-MH bond
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Figure 1. TiH3 Cy, energy as a function of bond angié€H)—Ti—
He)

ECP calculations predict the same sequence of excited states

lengths are not substantial. For organic and many otherin ScH with the exception of the 3A"; and D'A’; states.

compounds, addition of electron correlation to HartrEeck

Relative energies obtained with ECP are 5000 cnt! more

basis set normally causes bonds to lengthen. This effect isthan the all-electron values. The differences between all-electron

generally attributed to the admixture of antibonding orbitals,
which weaken the bond. However, it is known that the effect is
more complex in calculation of transition metal compounds.
For Sck, correlation causes an increase in bond length
M—F 2711 while for other first-row transition metal trifluorides

it causes a decreaseHowever, the present calculations show
that the effect of correlation is to shorten the internuclear
distance in all of the trihydrides studied.

Despite the significant shortening of-MH distances due to
the correlation effects, the values of the stretching vibrational
frequenciesv; andws change only slightly. The values of the
totally symmetric frequencies; increase with the CCSD
method (see result for Tgtand VH; in Table 1) and decrease
at the CCSD(T) level of theory while the bond lengths-M
shorten. The correlation corrections tog out-of-plane vibration
frequencies in M are more significant. Infrared intensities of
MH3 also turned out to be strongly influenced by accounting

and ECP values of the ground-state parameters are not so large,
0.003-0.005 A for internuclear distance in S#&l, 2—25 cnr?

for vibrational frequencies, and—21 km/mol for infrared
intensities. It should be noticed though that the differences
between all-electron and ECP values, which are found by the
SDQ-MBPT(4) and CCSD(T) methods are larger than for the
UHF method.

ScHs. The conclusion about a4 equilibrium structure of
ScH is in agreement with results of the previous calculatibhs,
but the Se-H distance found in this work differs significantly
from the value found previoush?® Several excited states of
ScH; lie 30000 cni! above the ground state and are located
very close to each other. These excited states result from
excitation of an electron from the gpg(Sc)—s(H),p(Sc)-s(H))
orbital to either the 1¢d,d,;) or the 5&(ds2?) or the
4¢€(dy-y2,0ky) One. The lowest excited electronic state in $cH
cannot be determined unambiguously using only the result of

for electron correlation. The largest correlation corrections were single-point calculations of vertical excitation energy. It may

found for the infrared intensitie&; andA4 in FeH;; the CCSD-

(T) values decrease by-3 times compared to the UHF results.
SDQ-MBPT(4) and ECP Calculations.In the point of view

of computational techniques it is interesting to consider the

results of the calculations with the SDQ-MBPT(4) method and

the calculation with use of effective core potentials. The SDQ-

MBPT(4) method is less time-consuming than the CCSD(T)

be either the ®\"", or the BE' triplet state because the difference
between them is only 308 cth The JahrTeller effec#82°
could further decrease thé® state energy sufficiently to move
it below the 8A", state. To our knowledge, there are no
available experimental data on the structure and spectra of
scandium trihydride.

TiH 3. Results of our UHF calculations of the ground-state

one and the effective core potential technique decreases theequilibrium Ti—H distance, vibrational frequencies, and IR
requirements on computer resources compare to all-electronintensities for TiH (Table 1) are close to those reported in ref

calculations. The results of calculations of all parameters for
closed-shell Sckiwith the SDQ-MBPT(4) method are close to
the CCSD(T) results (Table 1). Nearly all of the correlation

6. The differences in the magnitudes can be explained by
differences in the basis sets used in the two studies.
At the EOM-CCSD level of theory, the relative energy of

corrections to molecular parameters have the same sign as thé¢he lowest electronic statéE” in TiH3 is only 1516 cml.

corresponding values found with CCSD(T), but most of them
are smaller. However, for FgHhe SDQ-MBPT(4) method
leads to values of frequeney, and infrared intensityAs which
differ significantly from results obtained with the CCSD(T)
method.

Therefore, the possibility that the Jakfieller effect®2°could

lower the energy ofE" state enough to make it the ground
state was investigated. Figure 1 presents the scans of surfaces
of the low-lying TiHs electronic state3A;, 2A,, and?B; along

the coordinate which corresponds to the valence am(iti)—



1600 J. Phys. Chem. A, Vol. 104, No. 7, 2000

Hp)
R,
Rs M R,
H(S)/<_>\ H(2)
o

Figure 2. Internal coordinate notation for Mf-bf C,, symmetry.

TABLE 4: C,, Symmetry Equilibrium Geometries and
Jahn—Teller Stabilization Energies AE;r of TiH ;3 Calculated
by EOM-CCSD Theory

27, 2B,
Ru(Ti—Hw), A 1.754 1.733
Ra(Ti-H2)=Rs(Ti—H), A 1.741 1.747
a(He—Ti—H), deg 116.2 1237
AE;r, cmt 39 37

Ti—H) (Figure 2). Electronic state®\, and?B; arise from
electronic statéE”" with deformation of molecular structure from
Dsn to Cy, symmetry. The scans were calculated under the
assumption that all MH distances in TiH are constant and
equal to 1.745 A which corresponds to the equilibriura-M
distance for theE" electronic state[§z, conformation) at the
EOM-CCSD level. According to these calculations, ##e
electronic state minimum correspondsd@H@)—Ti—H) =
116.3 and lies 35 cm! below the?E" state energy (Figure 1).
The minimum of the?B; electronic state is located a{H;z)—
Ti—H) = 123.5 and lies 33 cm? below the’E" state energy.
The results of fullCy, optimization for?A, and?B; electronic
states performed analytically are listed in Table 4. Thus, the
Jahn-Teller distortion ofE" electronic state geometry in TiH

is not large, up to 0.01 A for internuclear distances-Fiand
less than 4for the H-Ti—H valence angle. The magnitude of
the Jahn-Teller stabilization energy in the first excited electronic
state?E"” (39 cnt?) is small compare to the relative energy of
the2E" electronic state (1516 cmh). Therefore, the JakTeller
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effect cannot change the conclusion in regard to the ground gigyre 4. Out-of-plane potential function of ViHcalculated at UHF

electronic state of Tikl

Only one band located at 1580.6 chin the IR spectra of
the Ti+ H; system in an Ar matrix was reported to belong to
TiH3.8 This band was assigned to the degenerateibration.
Indeed, according to ab initio calculations, degenerateHM
stretching vibrations in Mkl molecules have the highest IR
intensities, but the theoreticak frequency found at the CCSD-
(T) level of theory is 131 cmt higher than the experimentally
assigned fundamental strettiPerhaps the direct comparison
of calculated harmonic frequenays and the observed band
in the IR spectrafor TiH3 is inappropriate. The low-lying
degenerate electronic state in Bikholecule has the relative
energy 1516 cm! which is less than theoretical stretching
harmonic frequencies; = 1736 cnt! andws = 1712 cntl.

and CCSD(T) levels of theory.

in the 3E" electronic state of Vhlis very small; the minimum
in the 3A; electronic state corresponds to a(H—Ti—H3)
valence angle of 12126the minimum of3B; corresponds to
o(Hz—Ti—HE) = 118.6, and both these minima lie only
5 cm ! below the®E" state energy.

According to our calculations, the singlet sta#€; of VH3
that apparently was studied in ref 1 lies 10577 émbove the
ground statéA', at theD3, conformation. The previous authors
apparently did not look for triplet states. However, this is not
even the lowest singlet state in \WHhelE" state lies 263 cmt
lower than'A';.

Therefore, a higher theoretical level that takes into account the The harmonic nonplanar frequenaey in VH3 calculated
vibronic coupling of the ground and first excited state should analytically with UHF method is only 79 cm. The corre-
be applied for complete description of the low-lying energy sponding CCSD(T) value is 240 crh To explore further the

levels in TiHs.

VH3. The ground state of Vilis a triplet 3A’,. The first
excited state is a tripléE", and it is located only 1845 cm
higher than the ground stata',. Scans of the grounh, and
two excited3A, and3B; electronic states of Viiwhich arise
with Dz, — C,, deformation of the molecule were calculated
in the same way as for T At the EOM-CCSD level the
equilibrium V—H distance oDz, conformation in théE" state

large difference (a factor of 3) between these two values, we
undertook additional calculations of the out-of-plane potential
in VH3. At both UHF and CCSD(T) levels of theory, the
energies ofCg, structures of VH at several values of the
coordinatep were found. The coordinate corresponds to the
angle between the MH bond and the perpendicular to tBe-

(2) symmetry axis of the molecule (see Figure 3)-N bond
lengths were fixed to the equilibrium-vH values of theDs,

is equal to 1.674 A. The calculations show that Jahn-Teller effect structure. A polynomial approximation of th@s, energies
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(Figure 4) showed that the nonplanar potentials of;\ieétind
with the two methods have different shapes; the UHF potential
function is mostly quartic, while the CCSD(T) one is almost
harmonic. We of course consider the latter more reliable.
The ESR and IR spectra of thetVH; system in Ar matrix
were investigated by Van Zee et #l.but no specific data on
a VHz molecule were reported.
FeHs. For FeH; molecule, the excited statd’, listed in Table
2 may not be the lowest one. A quartet electronic state is most
likely to be the first excited electronic state as in EeF
molecule!! A band located at 1646.1 crhin the IR spectra of
Fe+ Hzin an Ar matrix was assigned g vibration of FeH.”
The w3 harmonic frequency of free FgHinolecule calculated
at CCSD(T) level is 1820 cni. Possible sources of the large
difference between the theoretical; and experimentabs
frequency values in Fethre the neglect of the anharmonicity
of the vibrations and the effect of the influence of the Ar matrix
on the structure and vibrational spectrum of the gsidlecule.
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