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A three-dimensional potential energy surface for the ground electronic state of MgHbeen constructed

from 9030 symmetry-unique ab initio points calculated using the icMRZImethod with aug-cc-pVnzZ

basis sets fon = 3, 4, and 5, with core-electron correlation calculated at the MR-ACPF level of theory using
cc-pCVnZ basis sets, with both calculations being extrapolated to the complete basis set limit. Calculated
spectroscopic constants of Mgkind MgDy, are in excellent agreement with recent experimental results: for
four bands of MgH and one band of Mgpthe root-mean-square (rms) band origin discrepancies were only
0.44 and 0.06 cm, respectively, and the rms relative discrepancies in the inertial rotational con®gyts (
were only 0.0196% and 0.0058%, respectively. Spectroscopic constants for MgHD were predicted using the
same potential surface.

I. Introduction on that potential energy surface were computed. Section Il then
presents the resulting potential energy surface, the calculated
vibrational energies and vibrational and rotational constants, and
compares them with experiment. Our conclusions are sum-
marized in section IV.

Recent years have seen a number of experimental and
theoretical studies of the reaction dynamics for conversion of
Mg to its hydride MgH.171° The ground state reaction Mg-
(*So) + Ha(g) — MgH> is endoergic and is inhibited by a large
barrierl®121t is generally accepted that Mglis an intermediate _
in the gas-phase reactions Mg{ or *P;) + H, — MgH + II. Computational Methods
H.1~10 However, despite its detection by infrared spectroscopy
in low-temperature rare-gas matrixés; stable gaseous MgH
was not observed until the work of Shayesteh et al. in 2803.
Their high-resolution Fourier transform infrared emission
spectroscopy studies yielded band origins and rotational con-
stants for four vibrational bands of Mgldand one of MgR.1>16

Most previous theoretical studies had focused on the total
electronic energy, the equilibrium geometry, and the harmonic
vibrations of the MgH molecule!!12.1%19 Qur previous work
reported rotationless anharmonic vibrational energy levels on a
ground-state potential energy surface (PE3jlowever, the
discrepancies from experiment for the antisymmetric-stretch . ; i lon
fundamental vibrational frequency and first overtone on that effﬁ;?fnt'al function ?f van Mourik and co-workeEzs'*=
surface are 13.12 and 27.43 chm(or 0.83 and 0.87%), Eavnz + A€ "+ Be™ (withn=3, 4, and 5 corresponding to
respectively2! A recent variational configuration interaction AVTZ, AVQZ, and AVSZ, respectively). The employment of
calculation of Hrenar et &8 using a potential energy surface @n augmented correlation-consistent polarized basis set
calculated in a multilevel scheme (1D, CCSD(T); 2D, MP4 resylted in a total of 96 cGTOs (contracted Gaussian-type
(SDQ): 3D, MP2) with a cc-pCVTZ basis set yielded an orbitals) for AVTZ_, 176 cGTOs for AVQZ, and 291 cGTOs
asymmetric stretch energy discrepancy of only 2.1 kior for AV5Z, resp_ectlvely. All reference states were tak(_an from
0.13%) but did not report higher vibration energy levels or the natur_al orblt_als for a state-average_d complete active space
estimate the rotational constants. The object of the present workSelf-consistent-field (CASSCF) calculation for equally weighted
was therefore to calculate an accurate potential energy surfacelA’» 2A’, and TA” states. Four active electrons and six active
for MgH. and to perform accurate direct calculations of the Orbitals were used, including one for each of the hydrogens and
vibration—rotation level energies to permit comprehensive fourfor Mg. The five core orbitals of Mg were fully optimized,
comparisons with experiment for all available spectroscopic While being constrained to be doubly occupied and excluded
parameters. from the fully valence active space, denoted MCSCF(4,6), where

In the following, section Il describes how our new ab inito MCSCF means multiconfiguration self-consistent field. In the
potential function values were calculated and how eigenvalues SUbseéquent multireference configuration interaction (MRCI)

calculations, the reference functions were taken to be the same

*To whom correspondence should be addressed. E-mail: huili@ @S those in the CASSCF active space. The total number of
uwaterloo.ca. contracted configurations in the MRCI calculations was about

A. The Potential Energy Surface.The three-dimensional
adiabatic potential energy surface for the electronic ground state
of MgH; has been calculated using the MOLPRO packdge.
All of these calculations were first carried out using the
internally contracted multireference interaction method with
Davidson corrections (icMRGIQ).2* To check the basis-set
convergence, we calculated the energy at every point of the PES
with several versions of the augmented correlation-consistent
polarized né (aug-cc-pVnZ or AVnZ) basis sét.The complete
basis set (CBS) limit for valence electrons was estimated by
fitting the energieEx o *from a series of AVnZ results to the
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Figure 1. Grid placement and contour plots in internal coordinates Figure 2. Grid placement and contour plots in internal coordinates
for MgH, at y = 18C°. Contours are separated by 0.5 eV, with the for MgH; at Q%/IgH = 3.22a,. Contours are separated by 0.5 eV, with

zero of energy set at the potential minimum. the zero of energy set at the potential minimum.
0.73 x 10° for AV5Z. All calculations were performed in the To study the barrier for the reaction involving insertion of
Cs symmetry framework. Mg into H, on a reaction path witlC,, symmetry, 46 energy

h Points in the vicinity of the transition state were calculated at

To determine the core-electron correlation contribution, whic . ) :
is defined as the difference between the energies of a valencefhe same level of theory as before using Jacobi coordin&fes (
= run,x), in whichRis the distance between the Mg atom and

only and core-plus-valence electron calculation, the energies”
were calculated at every point on the potential energy surface e center of the HH bond, and the angle betweenaRd the
using the averaged coupled-pair functional (ACPF) mefifod. 1 —H bond axis is fixed ag = 90°. Near the maximum on that
This was done both because it is desirable to use a size-extensiv8at: the potential can be written as the double polynomial
method when a large numbers of electrons are correlated andXPansion:

because it is preferred to use a multireference method when _ 2

describing a bond breaking process. The core-electron correla- V(NR) = Vo + G g + GoaR+ Gy 9" + CO'ZRZ TR (2)
tion energies were calculated employing a series of correlation-
consistent polarized core-valence; rbasis sef® (cc-pCVnZ

or CVnZ forn = 3, 4, and 5) and extrapolated to the complete
basis set limit using the extrapolation method described above.
Thus, all potential energy values were expressed as

Expansion coefficients determined from a least-squares fit to
those 46 points were used to determine the geometry parameters
and energy of the transition state.

B. Calculation of Energy Levels and Spectroscopic Con-
stants. Within the Born-Oppenheimer approximation, the
valence corg valencs valencetcord valencs rovibrgtional Hamiltonian of a triatomic molecule in the Radau
E&CV”V =Eanz -+ [Ecvnz —Eovny 71 (D) coordinate systenR, Ry, 0) with the total angular momentum
representation in the body-fixed reference frame can be written

For compactness, in the rest of the present paper calculationsS (in atomic unitgy—2°

performed without and with the core-electron correlation

contributions are called AVnZ and ACVnZ, respectively, where py _ _ 1 1 P 1 1

n =3, 4, and 5 for different, values, and the CBS limit for 2m 5rR?  2M5R,2  \2mR®  2mR,2

valence-only and all-electron correlation are labeled CBS(V) A2 o A5

and CBS(\W-C), respectively. Our optimum potential energy _—1isin0i+ J; -2 coto (3, +

surface is CBS(WC). sin 6 30 0 sitg] 2mR2  2mRZ
A nonuniform direct-product grid in the internal coordinate 1 9

system was selected for calculation of the potential energy iJy) + (I — iJ)]d,+ ——; 30[(JX +idy) = (I — 1)) +
surface. In order to obtain a particularly accurate surface, we 2m,Ry

chose a relatively dense grid in the Myl stretching coordinates V(R R,, 6) (3)
consisting of 42 points ranging from 2.0 to & The bending

coordinate was sampled at 10 values of the enclosed anglejn which my andm, are the masses of the two H atoms. The
ranging from 90 to 180 The distribution and density of these transformation between Radau coordinafs R, ) and the
points are illustrated in Figures 1 and 2. This gives a total of conventional bond-length/bond-angle coordinaR%’é“'(, RgﬂgH,
9030 symmetry-unique points. Three-dimensional spline inter- y) is well documented’ Because of the mass disparity between
polation was used to provide values of the potential at H and Mg, the radial Radau coordinafRsandR; are close to
configurations between the grid points. The potential contours but not identical with the corresponding molecular Mg bonds
and the interpolation techniques are discussed below. In someR)"®" andR}%". The operators,, J,, andJ, are the components
configurations where orbital mixing is strong, the MRCI and of the total angular momentum operator in the body-fixed frame.
ACPF calculations experienced convergence difficulties. In those Thez axis of the body-fixed frame lies along tRe radial Radau
situations, we used the converged natural orbitals of a nearbyvector. The above Hamiltonian contains full vibratienotation
geometry as the initial guess to improve the convergence. coupling.
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TABLE 1. Geometric Parameters and Total Energies for the Equilibrium Geometry and Transition State of Ground-State
MgH , Calculated with Various Basis Sets

equilibrium transition state to Mg H,
correlation levels ref  r(MgH) (ag) energy+ 200 (hartree) r(MgH) (ag) angley (deg) energy+ 200 (hartree)

valence CCSD(T)/cc-pvQzZ 18 3.2326 —0.815 801

CCSDT/cc-pvQZz 18 3.2329 —0.815943

CISDTQ/cc-pvQZz 18 3.2329 —0.815 960

MRCI/CBS(V) 20 3.2306 —0.818 686 3.431 53.88 —0.705 660

CBS(V) present 3.2306 —0.818 768 3.4672 53.92 —0.705 290
valence and core ACVTZ present 3.2196 —-1.116 572 3.4554 54.13 —1.003 325

ACVQZ present 3.2119 —1.170 259 3.4428 53.99 —1.056 793

ACV5Z present 3.2072 —1.193 828 3.4374 53.82 —1.080 083

CBS(V+C) present 3.2045 —1.207 553 3.4342 53.72 —1.093 642

A direct-product discrete variable representation (DVR)Yrid  for the symmetric stretching, bending, and antisymmetric
was used in the rovibrational energy level calculation. Each stretching modes, respectively, anig the vibrational angular
stretching coordinate was represented by a 70-point potential-momentum quantum numbdr=€ 0, 1, and 2 forZ, I, andA
optimized DVR grid derived from the one-dimensional Hamil- levels, respectively). As usuaB, is the inertial rotational
tonian, in which two other coordinates were fixed at their constantDy, the leading centrifugal distortion constant associ-
equilibrium values, with a 200 equidistant-point sine-DVR grid ated with a given vibrational level, antlis the total angular
on the interval [2.2, 5.5h). Some 60 Gauss_egendre grid momentum quantum number (including internal rotation). For
points on the interval [99180°] were used for the angular X states, the constantg; = q[Dv] = 0, but these coefficients are
variable. In addition, the potential cutoff was placed at 5.0 eV. nonzero for thell and A states, and eqs 6 and 7 refer to the
The Lanczos algorithm was used to calculate the rovibrational e(+) andf(—) parity levels, respectively. Fex states, thé-type
energy levels forJ = 0—8 by recursively diagonalizing the  rotational resonances between the{e) levels and those of the
discretized Hamiltonian matrix. Ten thousand Lanczos iterations associated neartj(e) states means that a2 2 Hamiltonian
were found adequate to converge the energies of levels lying matrix must be used to describe their leVé133 The rotational
within 8000 cn? of the potential minimum to better than |-type resonances in MgHand MgD; are discussed in ref 16.
0.001 cm’. Spurious eigenvalues were removed using the  The equilibrium rotational constaBt, the vibration-rotation
method detailed in ref 31. When eigenfunctions were needed, interaction constantss, ap, andas, and the equilibrium bond
the Lanczos recursion was repeated to assemble the wavdengthsr, are determined using the usual expressfdns:
functions of interes#

To determine spectroscopic constants for MgMgD,, and n 1 . 1
MgHD, a Ieast-sguares fitpwas performed t(? tk?e rotational Bry = Be al(v3+ 2) a(vs + 1) a3(U3+ 2) (8)
sublevels for each vibrational level. The total energy of a linear

triatomic molecule in its ground electronic state can be separated k2 ©)
into vibrational and rotational parts: re=
to vibrational and rotational parts e 4B
_ I
Evib—rot = Glvy, v2, v3) + F[v](‘]) (4) where my and mp are the atomic masses for hydrogen and

I : . ' deuterium, respectively.
The vibrational energyG(vs, u'z, v3), including first-order P y

harmonic and second-order anharmonic terms, can be written||| Results and Discussion

ags
A. Potential Energy Surface.Figures 1 and 2 present contour

plots of our potential energy surface for ground-state MgH

2 2 internal coordinatesR)"®", Ry, ), the former showing the
1\2 2 1\2 dependence of the potential energy surface on the two bond

Xll(Ul + E) X, + 1) F X33(”3 + E) + XlZ(Ul + lengths with the interbond angle fixed at 28@hile the latter

1 1 1 1 depicts its dependence on one Mg bond length and the

5)(1/2 +1+ Xl3(Ul + E)(Us + E) T Xoa(v + 1)(U3 + 5) + bending angle while the other MgH bond is fixed near its

G(vy, l/lz, vg) = a)l(ul + 1') + w,(v, + 1)+ w3(2/3 + 1') +

12 (5) equilibrium value, at 3.22,. The overall minimum clearly lies
922 at the linear geometry and, for our highest-level CBS®)

: MgH __ Mg
and the rotational energy levels can be expresséd as calculations, corresponds ™" = R, n 3.2045 2 .
(1.6957 A). These results are compared with those obtained
Fl ](J) =B ][J(J +1)— |2] - Dy ][J(J +1)— |2]2 + using several other basis sets in Table 1. It is clear that the

inclusion of core correlation has a significant effect on both
(9@ + 1) + q'[DU][J(J + 1)) (6) the equilibrium MgH bond length and the total energy.
Furthermore, with the enlargement of the basis set from ACVTZ

1
2
_ 5 22 to ACV5Z and extrapolation to the estimated CBS{(@) limit,
Fu() =ByE@ + 1) = I = D@ + 1) — 177 — the equilibrium bond length and total energy tend to converge

1 D 2 to well-defined asymptotic limits.

E(q[vl‘l(‘] +th+ q[vl[‘](‘] +11) () The linear-geometry potential minimum on our surface lies
| 4.5424 eV (or 104.75 kcal/mol) below the asymptote corre-
in which G(v1, v, v3) is the pure vibrational energy for level  sponding to H+ Mg + H, which is slightly lower than the
[v] = (1, v'z, v3) expressed relative to the zero-point level at previous theoretical estimate of 4.62 eV (106.54 kcal Hol
G(0, @, 0), v1, v2, andus are the vibrational quantum numbers for this limit.2° Taking account of the zero-point energy yields
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TABLE 2: Calculated Energies (in eV) on the Ground-State MgH: Potential Energy Surface Obtained Using Various Basis
Sets, Expressed Relative to the Energy at the Equilibrium Linear Geometry

of various dissociation limits and of the transition state (relative ;"
to the triatomic potential minimum) at different levels of theory (o,
are summarized in Table 2. It is clear from this table that the (0,

5053.68 30.25 3681.10 21.583 4614.36
5055.16 28.47 3718.46 20.15 4205.02*
,0) 5311.21 29.56 3873.24 19.15 4640.30

asymptote
correlation basis set transition state to MdH, Mg + H MgH + H H+Mg+H
valence CBS(V) 3.0879 —0.1514 3.1786 4.6218
valence and core ACVTZ 3.0816 —0.1987 3.1394 4.5085
ACVQZ 3.0876 —0.1964 3.1479 4.5282
ACV5Z 3.0952 —0.1920 3.1543 45371
CBS(V+C) 3.0997 —0.1893 3.1580 4.5424
TABLE 3: Root-Mean-Square Discrepancy (in cntt) on TABLE 4: Calculated Energies (in cm™1) of the 44 Lowest
Interpolating for Omitted Potential Function Values in the Pure Vibrational Levels of MgH,, MgD,, and MgHD on the
Specified Energy Range, When the Independent New CBS(WH-C) Potential Energy Surface (“new”)
Variable Interpolated over Was (RV*")V for n =0, 2, and 4 ggiff?,Par_eqo\?g}h _Prf?nvécxif _Theoretical Results of Reference 37
range no.points n=0 n=2 n=4 MgH MgD
all energies 9030 1444 876  10.07 2 2
energiess 20 000 cm® 3623 051 041 043 : _ . MgHD
(v1, vy, v3) new diff new diff new
an atomization energy @ = 4.2890 eV (or 98.91 kcal/mol). (0,00,8) 87%%% %?% 63%0707 0203% 7(?3'0705
To determine the location and total energy of the transition state (1’00’03 1567.47 1505 1119.35 1097 1578.49
for the reaction Mghl — Mg + Hp, a least-squares fit was (o)1)  1588.78 1318 117645 992 1147.54*
performed to 46 ab initio points located near the barrier. The (0,4, ) . : . :

f d to 46 ab init ts | ted the b The (0,4,0) 1746.70 7.03 1281.50 5.03 1530.98*
resulting geometrical parameters and total energies are also given (1:?0) 2430.77 1754 175663  12.89 2331.86
in Table 1. The saddle point of the barrier is found to lie at gg'@'ég gggg'gg ﬁ'gg 1822"513 1;82 ;ggg'fg*
R/ = RJ'9" = 3.4342a, (1.8173 A) andy = 53.72, which (20°.0) 310179 28.66 222606 2159 311132
is slightly different from our previous estimates B}'%" = %,g,%) gi(lsg-gg 22776%57 2%51712626 2%0(.)3{5 22232162.213*
Ry'*" = 3.4312 (1.816 A) andy = 53.9 2 This decomposi- g1'40'og 3299.46 21.06 239586 1538 3088.87*
tion reaction is slightly exothermic by 0.1514 eV (or 3.49 kcal/ (0:40:]_) 331028 18.99 2442.62 14.00 2668.68*
mol) at the CBS(V) level and by 0.1893 eV (or 4.37 kcal/mol)  (0,8,0) 3516.77  16.86 2572.23 1151 3077.38*
at the CBS(W-C) theory of level, values which are in reasonably ~ (2,2,0) 395555  30.24  2860.63  23.06 3854.21
good agreement with the early theoretical values of 5 kcal/mol %gg Zg%'ig gg'%‘ %ggé'sﬁ %igi gg;i'sg*
from Pople et ak! and 3 kcal/mol by Ahlrichs et af? and (1.6°.0) 417376 2540 3037.30  18.21 3849 62
somewhat smaller than a more recent estimate of 0.51 eV (0,61) 4179.82  23.45 3079.25 16.83  3434.90*
(11.8 kcal/mol) reported by Ou and co-workéfs. (0,10,0) 441093 22.78 322142  15.17 3856.75

The atne Ngh decomposiion chanel, namely, gkt (00 dsr 4078 Tlem s s
MgH + H, is predicted to be strongly endothermic by (L.0.2) 467452  43.07 341828 3023 3851.12*
3.1786 eV (73.30 kcal/mol) and 3.1580 eV (72.83 kcal/mol) at  (0,,3) 4714.93  40.99 3494.86 30.20 3371.28*
the CBS(V) and CBS(WC) levels of theory, respectively, with (2,2,0) 4814.11  33.17 3497.11  25.30 4600.79
no barrier on the reaction path. The calculated relative energies %g%g 23(13;'(1)3 g%-gg ggggg? %g;g g%;-gg:

e . . : . .
1)
1
ACV5Z energy at every stationary point is close to its CBS- (gg‘o) 5434-25 41.58 ggggﬁg 32-85 538%-3%*
(V+C) counterpart, indicating excellent convergence of the gl'zo'g gglg'og’ j'flll'élul) 4040'26 31'10 3:594'72*
geometry with respect to the size of thg basis set. (0.2.3) 554947  42.00 411196 3092 4119 84*
B. Effect of Interpolation on the Potential Energy Surface. (2,6,0) 5677.35 37.03 4135.62 27.96 5351.08

Conventional “rectangular” three-dimensional spline interpola-  (1.6",1) 5678.65  36.20 416743  26.39 4983.48*
tion was used to define our overall potential energy surface. (0.6.2) 5727.22  37.36 422247 26.02 4543'48*
. . (0,10,1) 5936.40 34.27  4360.20 23.71  4979.00
The magnltude of the error introduced by the scheme used for (1,10,0) 5939.38 35.82 4327.26* 2505 5382.88
interpolating between the grid points was estimated using the (4,0°,0) 6035.39 51.80 4397.08  41.506042.18
approach described in ref 37. One-by-one, each known potential gggg gggg-zg g%-?g ﬁé?-g% Zg-% g;gzgi*
function value was letteq from the grid, a chos<_an mt_erpola'uory (110,:3) 618330 5405 455301 4022 4951.80%
scheme used to es'qmate its va!ue, and the resultlng dlscrepanues(o’lzp,o) 6216.78 2560 4527.87* 23.59 5427.98
averaged to provide an estimate of the amplitude of the (0,0,4) 6246.11 66.09 4636.10 40.39 4447.79*
“interpolation noise” for that particular scheme. The schemes (3,4,0) 4583.92* 6067.19*
considered performed interpolation along the bond-stretch axes (2:4.1) 4609.11* 5740.06*
while treating ﬂ\"gH)"V as the dependent variable, where the  2The MgH. levels are listed in order of increasing energy. Level
powern = 0, 2, or 4; after such an interpolation is performed, energies for the heavier isotopologues which do not appear in order of

division of the result by RIMgH)n yields the desired function increasing energy are labeled by an asterisk, and the highest-
value (see ref 37) energy level for each is shown in bold foRtExperimental value:

X . 1588.67 cmL.!> ¢ Experimental value: 1176.50 cix'® 9 Experimental
The first row of Table 3 shows that when all of our potential \5ue: 3165.42 o5

function points are considered, the root-mean-square (rms)

interpolation discrepancy is reduced by almost a factor of 2 if fact that in the steep short-range repulsive wall region, the rapid
the interpolation is performed oveRNgH)ZV rather than over decrease of the factoR{"gH)2 with decreasing bond length
the potential function itself (the case= 0). This is due to the damps the growth of the ordinate variable, which improves the
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Figure 3. Contour plots for six vibrational eigenfunctions of MgH(v1, v2, v3) = (1,0,0), (2,0,0), (0,2,0), (0,4,0), (0,0,1), and (0,0,2) plotted with
respect to the sum; = (R, + Ry), differencerq = (R1 — Ry), and enclosed angle, of Radau coordinates.

reliability of thle cublc.spllne interpolation procedure thété? TABLE 5: Vibrational Constants for Isotopic MgH »
The fact that increasing the power furtherrte= 4 causes the  petermined by Fitting Eigenvalues of the CBS(WC)

rms discrepancy to increase slightly probably reflects the fact Potential Surface to Eq 5, All in cni12
that t.he [ower part of the outer atFractive wall o.f.our. potential MgH MgD, MgHD
function is also very steep, and this further modification makes

the ordinate variable there grow sufficiently rapidly with distance Zl }12275;;1’7 312%12'735 3%375549
that a cubic spline function no longer interpolates optimally. ,,2 1588.73 1176.4% 1147.54
The last row of Table 3 shows the analogous rms discrepancies g, 1627.07(141) 1144.78(148) 1628.87(100)
for the 3623 configurations corresponding to energies within  w, 437.43(38) 321.28(40) 383.72(19)
20000 cm! of the potential minimum. Again, i = 2 w3 1629.50(141) 1202.96(148) 1173.47(60)
interpolation” has substantially smaller discrepancies than do %1t —16.6(4) ~6.3(4) —22.8(3)
ol e . . X22 0.71(3) 0.27(4) 0.476(13)

the other methods, and for= 2, “interpolation noise” errors Xa3 —5.9(4F —5.6(4) ~11.9(1)
in the potential energy function are on average less thant.cm X12 —3.69(15) —1.25(16) —5.16(11)
Thisn = 2 cubic spline interpolation scheme was therefore used  x;3 —45.4(6) —23.2(6) 0.7(4)
in our final calculations of the spectroscopic properties of MgH X23 —6.3(2f —3.8(2) —2.48(6)
MgD>, and MgHD. aQuantities in parentheses are 95% confidence limit uncertainties

C. Vibration —Rotation Energy Levels and Spectroscopic in the last digits showr? Compare to experimental estimate (obtained
Constants. The vibrational zero-point levels of MgiHMgD,, indirectly): 437 cm1.15 ¢ Compare to experimental value: 1588.671

and MgHD are found to lie 2044.00 (or 0.2534 eV), 1481.51 cm % ¢Compare to experimental value: 1176.50¢r? °Compare

(or 0.1837 eV), and 1767.18 crh(or 0.2191 eV), respectively, to experlmlelrsltal value: 5.961 cir*® f Compare to experimental value:
above the triatomic potential minimum. Although these zero- 5.976 cnm.

point levels lie far above the exoergic dissociation asymptote  Table 4 lists the pure vibrational (& 0) level energies of

to yield Mg + H; (—0.1893 eV), they lie far below both the  MgH,, MgD,, and MgHD calculated from the CBS{\C)
3.0997 eV barrier on this reaction path and the dissociation potential energy surface and compares them with the previous
asymptotes to yield MgH- H (at 3.1580 eV) or H+- Mg + H theoretical results for Mgpland MgD,.2° The first 44 levels of
(4.5424 eV at the CBS(¥C) level). Thus, the vibrational =~ MgH, are listed in order of increasing energy, while corre-
ground state and the low-lying excited vibrational states of this sponding levels of Mgband MgHD which do not appear in
species are very stable. order of increasing energy are labeled with an asterisk. The
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TABLE 6: Spectroscopic Band Constants for MgH (All in cm ~1) Determined from Our CBS(V+C) Potential Energy Surface
and Their Differences (“diff” = calcd — obsd) from Available Experimental Valuegt2

G, — ZPE Bp 10°Dy, 100 10°qp,
levels calcd diff calcd diff calcd diff calcd diff calcd diff
(0,0,0) 0.00 2.8833 0.0007 3.906 —0.012
0,@,1) 1588.73 0.06 2.8492 0.0005 3.877 —0.014
0,@,2) 3165.65 0.23 2.8155 0.0004 3.849 -0.017
0,@,3) 4714.93 2.7819 3.823
(1,8,0) 1567.47 2.8486 3.884
1,0,1) 3110.78 2.8140 3.862
(0,14,0) a 2.8921 0.0005 4.080 —0.006 —5.0585 —0.012 3.50 0.26
(0,241) a+ 1582.B8 —0.44 2.8579 0.0004 4.052 —0.006 —5.0117 —0.014 3.48 0.27
(0,14,2) 3589.37 2.8240 4.022 —4.9556 3.44
(1,24,0) 1999.32 2.8571 4.055 —4.9853 3.44
(1,141) 3536.04 2.8224 4.033 —4.9380 3.42
(0,2,0) 870.63 2.9012 0.0006 4.271 0.037
(0,2,0) b 2.9005 0.0008 4.253 0.078 —5.0922 —0.021 3.58 0.43
(0,2,1) 2446.66 2.8670 0.0005 4.243 0.033
0,2,1) b+ 1575.86 —-0.72 2.8662 0.0006 4.224 0.071 —5.0431 —0.023 3.56 0.51
0,2,2) 4013.13 2.8329 4.210
(0,2,2) 4016.26 2.8321 4.192 —4.9846 3.51
aa = 435.57 cm*. b = 874.06 cmt.
TABLE 7: Spectroscopic Band Constants for Mg (All in TABLE 8: Spectroscopic Band Constants for MgHD (All in
cm™1) Determined from Our CBS(V+C) Potential Energy cm™1) Calculated from Our CBS(V+C) Potential Energy
Surface Surface
Gy — ZPE Biy 10D, 10, 107y, level Gy —ZPE By 10D, 10y 10q,
(0,,0) 0.00 1.446 53 0.9699 (0,@,0) 0.00 1.9504 1.9270
(0,00,1) 1176.45 1.4331% 0.9624 (0,,1) 1147.54 1.9285  1.8645
0,@,2) 2341.62 141986  0.9550 0,@,2) 2271.25 1.9065 1.9286
(0,°,3) 3494.86 140669 0.9478 (0,®,3) 3371.28 1.8845 1.9316
(1,2,0) 1119.35 143429  0.9657 (1,2,0) 1578.49 1.9340 1.8996
(1,01) 227256  1.42074  0.9590 (2,0,0) 3111.32 1.9176  1.9213
(0,14,0) 320.27 145044 1.0041 —1.7267 5.969 1,@,1) 2726.73 1.9124  1.8990
(0,24,1) 1492.75 143700 0.9967 —1.7216 5.964 1,0,2) 3851.12 1.8907  1.7596
(0,14,2) 2654.11 142371 0.9892 —1.7160 5.949 2,@,1) 4260.04 1.8961 1.8812
(1,14,0) 1438.35 1.43812 0.9993 —1.7016 5.861 (0,14,0) 382.45 1.9555 1.9904 —2.6422 1.284
(1,241) 2587.55 142454 0.9926 —1.6959 5.854 (0,241) 1527.47 1.9334 1.9748 —2.6099 1.242
(0,2,0) 639.77 1.454 45 1.0402 (0,14,2) 2648.61 1.9113 1.9891 —2.5728 1.266
(0,2,0) 642.07 145424 1.0380 —1.7366 6.094 (1,24,0) 1955.65 1.9391 1.9640 —2.6290 1.256
0,2,1) 1808.44 1.440 99 1.0329 (2,14,0) 3483.13 1.9231 2.0427 —2.5442 0.118
0,2,1) 1810.65 1.44078 1.0306 —1.7309 6.071 (1,141) 3101.44 1.9171 1.9365 —2.6366 1.756
0,2,2) 2966.11 1.427 67 1.0255 (0,20,0) 763.75 1.9609 2.0623
0,2,2) 2968.24 1.427 46 1.0232 —1.7248 6.069 (0,2,0) 767.56 1.9602 2.0497 —2.6591 1.314
a Difference (calcd— obsd) with experimental value:-0.000 04 gﬁgg gggéig igigg ggggg 26457  1.280
a0 b . ; ) 2, . . . . .
cm i Difference (calcd— obsd) with experimental value: 0.011 0,2,1) 1906.33 1.9386 2.0583
a0 o . . i 2, . . .
cmﬁl.40 ) D_|fference (calcd— obsd) _Wlth experlmental value=-0.06 (0,21) 1910.10 19379 2.0397 —2.6259 1.304
cm 140 dDifference (calcd- obsd) with experimental value-0.000 11 (0,2,2) 3024.98 19163 2.0582

cm‘i.jg ¢ Difference (calcd— obsd) with experimental value: 0.010 (g 2 2) 3028.72 19156 2.0452 —25884  1.294

cm .

highest level energy for each isotopologue in this range is shown Contour plots of the wave functions for selected vibrational
in bold font, and the two additional levels of Mglying below levels of MgH, are shown in Figure 3, plotted versus the
that highest level are included at the end of the list. For MgHD, symmetric and antisymmetric combinations of Radau coordi-
an additional nine levels lying below the bold-font level (8, 0 natesrs = R; + R; andrq = R; — Rx. The nodal structures of
0) are not listed. For Mgkland MgD,, the quantum numbers  these wave functions are quite clear; wave function plots of
(v1, v2, v3) represent the symmetric stretch, bend, and antisym- this type were used to make the vibrational assignments for the
metric stretch modes, respectively, while for MgHD they levels listed in Table 4.

represent the MgH stretch, the HMg—D bend, and the Fitting the CBS(\#C) vibrational energies of the 11 lowest
Mg—D stretch modes, respectively. For Mgtbur calculated levels withl = 0 to eq 5 yielded the vibrational constants shown
fundamental frequency for the antisymmetric-stretch vibration in Table 5; for completeness, the fundamental vibrational
and its first overtone, 1588.73 and 3165.65¢nare in very spacingsy; are listed there too. In view of the uncertainties
good agreement with the experimental gas-phase values ofassociated with the determination of coefficients from truncated

Shayesteh et al> 1588.67 and 3165.42 crh respectively. expansions, our estimates of the anharmonicity constapts
Similarly, our value for the fundamental antisymmetric-stretch andx,3 may be considered in good agreement with experiment.
energy for Mg, 1176.45 cmi, agrees very well with the Table 6 presents a detailed comparison of our calculated band
experimental gas-phase value of 1176.50 tff No experi- origins and rotational constants on the CBS{®) potential

mental infrared spectra for MgHD have been reported to date. energy surface with the experimental spectroscopic constants
The present results are clearly considerably improved relative for all of the emission bands of Mghteported by Shayesteh et
to those of our earlier work® al1>16 To facilitate direct comparisons with the experimental
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TABLE 9: Comparison of Equilibrium Properties and Ground-State Rotational Constants of Our CBS(V+C) Potential Energy

Surface with the Corresponding Experimental Value$>40

MgH2 MgDZ

calcd obs#f calcd— obsd calcd obsd calcd— obsd
BJdcmt 2.9093(9) 2.90818(15) 0.00112 1.45552(30)
rdA 1.69549(26) 1.69582(8) —0.00033 1.69564(17)
Bo/cm™t 2.8832965(86) 2.882607(11) 0.0006895 1.44653366(89) 1.446575(14) —0.00004134
ro/A 1.703123(3) 1.703327(3) —0.000204 1.7008979(5) 1.700874(8) 0.0000239
ou/cmt 0.0351(3) 0.01234(9)
oofcmt —0.0087(3) —0.008950(18) 0.00025 —0.00389(10)
aglemt 0.0340(3) 0.033940(15) 0.00006 0.01336(8)

aThis experimental equilibrium structure for Mghtas obtained by combining our theoretical valuengfwith the experimental values for,B

o, andaa.

band origins, our calculated energies for the lower levels of generate the energies and rotational constants of a number of

vibrational transitions which are not directly connected to the

vibrational levels of the three isotopologues, MgMgD,, and

ground state are shown as footnotes, rather than in the tableMgHD. These results are in excellent agreement with the gas-

itself. The calculated constants are clearly in very good
agreement with the observed valdés®the root-mean-square
discrepancies are roughly 0.0196% for tBg; rotational
constants and 0.95% for tiig,; centrifugal distortion constants,

phase spectroscopic results of Shayesteh ét-&:4%our band
origins have rms discrepancies of only 0.44 and 0.06gm
while our inertial rotational constants have rms relative dis-
crepancies with experiment of only 0.0196% and 0.0058% for

while the rms discrepancy with the four observed band origins MgH, and MgD,, respectively. These band origin discrepancies
was only 0.44 cm!. The analogous calculated band constants are much smaller than those obtained in our previous ab initio

for MgD, and MgHD are shown in Tables 7 and 8. The rms
discrepancies for the rotational constants of Mgide only
0.0058% forBy,; and 1.11%Dy,;, respectively, and that for the
band origins was 0.06 cr.

treatment of this system, in which the calculations did not take
account of core/valence correlation effe€tsThe agreement
obtained here demonstrates the high quality of our potential
energy surface and indicates that our predictions of the properties

Our calculated eigenvalues also allow us to generate estimate®f unobserved levels should be quite reliable.

of the g,, constant associated with thelependent term in the
vibrational level energy expression for a symmetric triatomic
molecule. Fodl (I = 2) andX (I = 0) vibrational leveld$

[G(v, u§, vg) — G(vy, Ug, v3)]
922 = 4

(10)

The results in Tables 6 and 7 therefore yield valuegef=
0.8588, 0.8156, and 0.7834 cinfor the (0,2,0), (0,2,1), and
(0,2,2) levels of MgH and g, = 0.5760, 0.5533, and
0.5331 cmt for the (0,2,0), (0,2,1), and (0,2,2) levels of MgD
These are within 0.06 cm of the experimental values of
Shayesteh et af.

Finally, the calculated inertial rotational constaBig for the
18 lowest vibrational levels of MgiHand MgD, were fitted to
eq 8 to determine the equilibrium constarBs and the
anharmonicity constants. These constants, together with the

associated equilibrium and zero-point level bond lengths, are
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listed in Table 9, where they are compared with the best References and Notes

available experimental values of these quantities. As seen there,

although the bond lengths for isotopologues of Mgidd MgD,

are slightly different, those differences are within the estimated
uncertainties. Earlier ab initio calculations by Tschumper and

Schaefer 1118 at the CCSDT and CISDTQ level with a cc-pvVQZ
basis set had predicté = 1.710 777 A, which is in reasonably
good agreement with our result (1.695 49 A), the difference
probably being due to their calculation not including core
correlation and the relatively small basis set they used.

IV. Conclusions

We report a new ab initio potential energy surface for the
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tion to the complete basis set limit and including the effect of
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