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Ground State Potential Energy Curve and Dissociation Energy of MgH
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New high-resolution visible emission spectra of the MgH molecule have been recorded with high signal-to-
noise ratios using a Fourier transform spectrometer. Many bands #ffile— X 2= andB’ 2+ — X 2Z*
electronic transitions oc¥MgH were analyzed; the new data span the=\0—3 levels of theA 2IT andB'2=*

excited states and the' v= 0—11 levels of theX 22t ground electronic state. The vibratierotation energy

levels of the perturbed ?IT andB' 2=" states were fitted as individual term values, while those ofRAE"

ground state were fitted using the direct-potential-fit approach. A new analytic potential energy function that
imposes the theoretically correct attractive potential at long-range, and a radial Hamiltonian that includes the
spin-rotation interaction were employed, and a significantly improved value for the ground state dissociation

energy of MgH was obtained. The' v= 11 level of theX 2Z* ground electronic state was found to be the
highest bound vibrational level 8fMgH, lying only about 13 cm® below the dissociation asymptote. The
equilibrium dissociation energy for the?=" ground state o¥*MgH has been determined to Bg = 11104.7

+ 0.5 cn? (1.376814 0.00006 eV), whereas the zero-point energy €£v0) is 739.11+ 0.01 cm™. The
zero-point dissociation energy is theref@e= 10365.64 0.5 cnm* (1.28517+ 0.00006 V). The uncertainty

in the new experimental dissociation energy of MgH is more than 2 orders of magnitude smaller than that for
the best value available in the literature. MgH is now the only hydride molecule other thaseH for

which all bound vibrational levels of the ground electronic state are observed experimentally and for which
the dissociation energy is determined with subwavenumber accuracy.

Introduction

The first laboratory spectrum of MgH was photographed a
century ago in an effort to identify strong bands appearing in
sunspot spectré? MgH has become an important molecule in
astrophysics because its visible bands appear strongly in th
absorption spectra of the sun and of some cool staend are
used routinely to estimate the magnesium isotope abundénces.

The first series of spectroscopic studies on MgH were carried
out in the 1920s and 1930s, shortly after the development of
guantum mechanics, and several electronic transitions involving

theX 2=+ ground electronic state and the low-lying excited states
were observed and analyz&d® The strongest bands of MgH
are from theA 2T — X 2=+ system, which involves the transition
of an unpaired electron between nonbondingndo orbitals.
A complete summary of the MgH studies prior to 1977 has
been compiled by Huber and Herzbéfrg.

The visible and ultraviolet spectra of MgH and MgD were
studied extensively by Balfour and co-workers in the 1970%.
A value for the dissociation energy of MgH in te&>* ground
state was first obtained by Balfour who found it to bg =
1.33+ 0.06 eV, based on a BirgeSponer extrapolation from
the V' = 6 level observed in tha 2T — X 2=+ spectrumt A
few years later, Balfour and Lindgren obtained a refiriad
value of 1.27+ 0.03 eV, this time from the limiting curve of

T Part of the “Giacinto Scoles Festschrift”.

dissociation up to the'v= 9 level observed in th&' 2=+ —

X 2=t spectrun?® Bernath et al. recorded th&2[1 — X 2=+
emission spectrum of MgH at very high resolution using a
Fourier transform spectromet&and predicted highly accurate
vibration—rotation and pure rotational transition frequencies for

€the x 23+ ground state. Soon after their work, the diode-laser-

infrared and the microwave spectra of MgH were recorded and
analyzed’~31 More recently, Fourier transform infrared emis-
sion spectra of MgH and MgD were obtained in our laboratory
at the University of Waterloo, and a combined-isotopologue
analysis of the infrared and microwave data was performed using
a Dunham-type energy level expressfén.

Parallel to the experimental work on MgH, several theoretical
studies were carried out in the 1970s. The equilibrium inter-
nuclear distance, vibrational frequencies, dissociation energies,
and dipole moments of MgH have been computed by various
ab initio theoretical methods, and the experimental assignments
of the low-lying excited states have been confird&d? Due
to its importance in astrophysics, the line and continuum
opacities of MgH in cool stellar atmospheres were computed
recently by Kirby and co-worke$ 41 The current best ab initio
value?® for the dissociation energy of MgHDo = 1.25 eV, is
in good agreement with the experimental value of Balfour and
Lindgren24

This paper reports new high-resolution emission spectra of
the A2l — X 2=+ andB' =" — X 2=+ transitions of MgH.

*To whom correspondence should be addressed. E-mail: pfbs00@ The new data span the= 0—11 levels of theX 2=* ground
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state of MgH and have been combined with the infrared and
microwave data available in the literature. A direct-potential-
fit was performed for thex 2=+ ground state, and the % 11

level was found to be the highest bound vibrational level. This
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Figure 1. (a) Overview of theB' 2™ — X 2=* spectrum of MgH, showing the v 0 progression. (b) An overview of th®?[1 — X 2=* spectrum
with Av = —2 to +1 sequences; thAv = 0 lines are very strong and their intensities continue beyond the vertical scale of this figure. (c)

Rotational structure? andR branches, in the-85 band of theB' — X spectrum. (d) The-20 band of theA — X spectrum with six strong branches.

fit resulted in a significantly improved value for the ground state values were about 1000 for the strongest emission lines of MgH.

dissociation energy of MgH, with an uncertainty some 2 orders The first MgH spectrum (906818 000 cn1?) contained mostly

of magnitude smaller than the one reported by Balfour and emission lines from th&' 2=+ — X 2=+ transition, whereas the

Lindgren2* which was the best value available in the literature. strongest emission lines in the second spectrum (16-28M00
cm~1) were from theA2[1 — X 2=* transition; see Figure 1.

Line positions were measured using the program WSpectra
The discharge-furnace emission source described in ref 32written by Carleer (Universitéibre de Bruxelles). Since the

was used to generate the visible spectra of MgH. Approximately spectrometer was not operated under vacuum, afvaguum

50 grams of magnesium powder was placed directly inside an correction was performed using the formula given in ref 42,

alumina tube, and heated to about 5850 °C. The tube was  and the absolute wavenumber scales of the spectra were also

sealed with Caj-windows and evacuated using a rotary pump. calibrated. Thé' 25+ — X 22+ spectrum (900618 000 cn?)

A mixture of argon (1.6 Torr) and hydrogen (0.2 Torr) flowed  was calibrated using argon atomic lines reported by Nofden.

slowly through the cell, and a dc discharge was created betweenthe A2[T — X 25+ spectrum (16 00023 000 cml) was

stainless-steel electrodes placed in each end of the tubecgjiprated against an older high-resolution MgH spectrum

Emission from the source was focused by a Jafis onto the  gcorded by Bernath et &8 which was also calibrated using
entrance aperture of a Bruker IFS 120 HR Foune.r. transform argon atomic lines. According to a recent paper on the argon
spectrometer, and the signal was detected by a silicon phom'atomic emission lines in a hollow-cathode discharge I&fnp,

d|(3|£je dete_cto_r. tra of MaH ded: the first the line positions of Norlef¥ should be multiplied by the factor
Wo emission spectra of Mg were recordea: the Tirst one [1 + 67 x 1079. We also multiplied our calibrated line positions
was recorded at 65 with an instrumental resolution of 0.0375 . . .
by this factor, to make them consistent with the most recent

cm ", and the spectral range was limited to 9 000 cm measurements of argon atomic lifésThe absolute accuracy
by the detector response and by using a 550 nm long-wave- : . " . )
y P y 9 9 of our calibrated line positions is better than 0.005 &rfor

pass filter. The second spectrum was recorded at’&5@ith .

an instrumental resolution of 0.065 ci and the spectral ~ UnPlended lines.
bandpass was set to 16 6623 000 cm? by using 450 nm long- Our spectra contain several rovibronic bands of A€l —
wave-pass and 600 nm short-wave-pass filters. The signal-to-X 22" and B’ 22" — X 22" systems for*"MgH, #MgH, and
noise ratios (S/N) were improved by co-adding a few hundred ?®MgH, but only the data for the major isotopologdéygH,
scans during several hours of recording (220 and 400 scans forhave been assigned and analyzed in the present work. For both
the first and second spectrum, respectively). The resulting S/N A 2IT andB' 2=* excited states, bands involving= 0—3 were

Experiment and Results
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TABLE 1: Observed Bands in the NewA2Il — X 22+ and B' 2™ — X 2X* Spectra of 2MgH?2

AT B =+
v'=0 V=1 V=2 V=3 vV =0 V=1 V=2 V=3
v'=0 S s
v'=1 S 'S S w w
v'=2 S S VS S S S S S
v'=3 w S S S S S S S
Vv'=4 w S S S S S w
X2zt V'=5 w w s s w w
V'=6 w s S S S
v'=7 S S w w
Vv'=28 S s S w
Vv'=9 w S S S
v'=10 w w w
Vv'=11 w

aThe acronyms “vs”, “s”, and “w” stand for “very strong”, “strong”, and “weak”, respectively. The=v10 and 11 levels had not been observed
in the previous studies of MgH.

assigned. Th&, values of theA?T state vibrational levels are  quality infrared and microwave data (fot' v= 0 to 4 of the
slightly larger than those of the corresponding levels for the X2+ state) were useful for assignments of the electronic bands,
X 23t state, so that most of the— X bands havé-heads. On especially for determining the absolu# parity assignments
the other hand, thB, values of theB' 2=+ state vibrational levels  of the B — X bands involving the ¥ = 2—4 levels. The

are significantly smaller than those of the corresponding levels rotational assignments of the bands with>v 4 were based on

for the X2Z* state, so that most of thB" — X bands have  combination differences of the lower or upper states. A complete
R-heads at low values dfl (the rotational quantum number). |ist of all experimental data fo¥*MgH (~7000 line positions)

The A2IT — X 2x* system consisted afv = +1, 0, -1, -2, and the results of our data analysis are presented in Tabtes 1S
and—3 sequences involving the'v= 0—6 levels of thex 2=* 9S, provided as Supporting Information.
ground state. The diagonal FrareRondon factors for thé TheB' 23+ — X 2=+ bands provided information on very high

— X system are significantly larger than the off-diagonal ones, i ational and rotational levels of thé2s* ground state; for

so theAv = 0 bands were the strongest in this system. In o, o mpje rotational lines of the-@ band were observed up to
contrast, the potential energy curve of tBe’St state has a N’ = 48. The v = 2, N" = 48 level is called “quasibound”

d:c?tclinctly d|f|f%ren(; Sh??ﬁ;hglti?g(ozfztfz ;’;gte, gnd Imany because it lies above the dissociation asymptote (by more than
?he- \/I?iorllillarevst’alos of thex 25+ state ;ansg;r)ena Igt\:grYITgin 3000 cntd) but below the centrifugal barrier maximum.
our spectra. Tooether. the— X andB' ” )‘()g Stems s ag }[/he Numerous other quasibound levels were observed for the higher
entirepran éof%he( 25+ around state oten%/ial ener P curve.  Vibrational levels of thex Z3* state. Quasibound levels are
e the \79= 0-11 vibra?ional levels 'IQhe highest vi%)r/ationall expected to be broadened due to the tunneling predissociation
level of theX 2=" state observed in previous studies of MgH that reduces their lifetime. In some cases, the observed broaden-
was the V = 9 level2 Table 1 lists all of the observed bands "9 Was significantly larger than the Doppler broadening and
in the new MgH spéctra could be measured by fitting the observed spectral line profile
The angular momentu.m coupling scheme of &%l state to the Voigt line shape function, a convolution of Gaussian and
of MgH is a case intermediate between Hund'’s coupling cases Lorentzm;n functions. The Gau_SS|an .W'dth indicates the Doppler
broadening, and the Lorentzian width is due to the natural

(a) and (b). At large values df (the total angular momentum ¢ X o X
quantum number), tha2IT state clearly resembles a Hund's lifetime broadening. The natural lifetime widths were measured
' in two steps. First, the temperature of MgH molecules inside

case (b), whereas at loWs, it is best described by a Hund's ) -

case (a) coupling schem&There were six strong branches for ~ the furace-discharge source was estimated to be X258om

the A2TT — X 25+ bandsP1, Q1, Ry, P2, Qs andR», and some  the Gaussian widths of about one thousand unblended lines.
satellite branches, e.gPi, and R,; were also observed. Then, the Lorentzian widths for the quasibound levels were fitted
Rotational lines of th& 2>+ — X 2>+ pands showed a doublet  While the Gaussian widths were fixed to the calculated Doppler
splitting (the e/f spin components) due to the spin-rotation Proadening at this temperature. Table 2 lists energies of the
interaction, although the splitting was sometimes only partially highest observel” levels for each vibrational quantum number,
resolved. For rotational lines in which tie# splitting was not ~ @nd the tunneling predissociation widths for those that are

resolved, the observed line position was used for leotind f quasibound. These lifetime widths were included as additional
components, and a larger uncertainty (typically 0.015%mwas data in the direct-potential-fit analysis, as was done in ref 46.
used. Most of the unblended lines were given an experimental The broadening of the (v N") = (4, 40), (6, 31), and (8, 20)
uncertainty of 0.005 cn. levels of theX 2=* state are shown in expanded views of very

There are several perturbations in the rotational levels of the small portions of theB' 2=+ — X 22* spectrum in Figure 2.
AT andB' 2=+ excited states, due to accidental level-crossings The spin-rotation splitting, lines from the minor isotopes of Mg,
between these states. Therefore, in order to obtain optimumand some lines with'v= 10 and 11 can also be seen in this
spectroscopic constants for tKé>* state from these electronic ~ figure.
transitions, the upper state energy levels were treated as
individual term values. The previous MgH data from the high- pata Analysis
resolution infrared and microwave spectra were also included
in our data set. The infrared and microwave data have The ability of a set of parameters to reproduce the observed
experimental uncertainties of 1®and 10° cm™1, respectively, data accurately is represented by the dimensionless root-mean-
and were taken directly from our recent MgH pa@#efhe high square deviation of the fit, defined iy
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TABLE 2: Highest Observed Rotational Quantum Numbers, V" = 0—11 levels, which are listed in Table 4S, can reproduce
N, in the Vibrational Levels of the X 22" Ground State of the observed energy levels of tK&S* ground state within the
MgH, and the Tunneling Lifetime Widths experimental uncertainty. However, we emphasize that these
highest width/  width/ band constants are merely empirical coefficients of polynomials
N (En—Dg)/  cmt  cmt highestN' in [N(N + 1)], and most of the high-order centrifugal distortion
v’ [obs.] cm'*! [obs] [calc] predicted constants have no physical significance. Only the leading
0 42 —1090.3 61 constantsG(v), By, andD, are listed in Table 3. The band-
1 40 —735.0 56 constant fit is obviously not the best method of data reduction,
g ii 1341188:2 8:(1)2 451% but it proved to be very useful for confirming the rotational
4 40 +1978.4 0.47 0.41 42 assignments of all of the observed transitions. Figure 3 shows
5 35 413226 0.11 0.11 37 plots of AG(v) andB, for the X 2" ground state of“MgH.
6 31 +1028.1 1.05 0.94 32 A second type of empirical fit to the vibratietrotation
7 26 +645.3 115 1.14 27 energy levels of th& 2=+ state was performed by replacing eq
g ig +fgg:g 8:(1)24 8.'(%570 1252 2 with the familiar Dunham level-energy expressfet?
10 8 +9.0 0.0008 9
11 3 -3.4 4

1\!
E(v.N) = ZYI,m(V + —) [N(N + 2)]" 4)
a2 The observed tunneling lifetime widths for the' (') = (4, 39), m 2
(6, 30), and (7, 25) levels are 0.024, 0.041, and 0.036 crespectively.

b The highest possible" for each vibrational level was calculated using  In principle, the Dunham fit should require fewer parameters

the total potential energy function; see the text. than does the band-constant fit, because it links the constants
N N1 12 of different vibrational levels through power series ini\t/,).
—_]1 " [Yeadi) ~ Yobd(i) It turned out, however, that very high-order Dunham coefficients
dd= H ; T @) were required in order to obtain a satisfactory fit, and the total

number of parameters was even larger than that for the band-

In the above equatiom is the number of experimental data constant fit. The reason for this is the fact that the very wide
yobdi) is an observed transition wavenumber with an uncertainty "ange of vibrational and rotatlona_l levels observed in our spectra
of u(i), andyeadi) is a transition wavenumber predicted by the requwles the use of unusually high-order polynomials in both
model. A fit of good quality should haved < 1.0, because (v + %) and N(N + 1)], and thus the Dunham parameters
| ’ | fid indicate that th | I_ ’ ,d | di obtained in this fit have no physical significance. For both of
larger values otd indicate that the molecular model Used IS thege “parameter fits”, band-constant and Dunham, more than
'L:‘r‘;"geer?;2:;;”532?:;‘ﬁ;“%&':neefofﬁg W(';:::J”rggﬁgnesxiﬁg%emal 100 parameters were required to fully represenAE* ground

e Imerous pertu state energy levels, yieldindd values of 0.768 and 0.790,
andB' X" excited states, their vibratiefrotation energy levels respectivel
were fitted as individual term values in all steps of the present Bp Directyl.DotentiaI Fit. The best method for spectroscopic

. + . . :

analysis. Molecular parameters for tREX" ground electronic data reduction is the direct-potential-fit (DPF) approach; it

state oP*“MgH were obtained from our complete data set using ;
the two approaches described below greatly reduces f[he _number of parameters required to repfoduce
o . L . the data, and it directly provides a quantum-mechanically
A. Empirical Parameter Fit. In the first steps of analysis, accurate physical model for the system. In the DPF analysis
an empirical band-constant fit was performed for Kéx* the X 2=* ground electronic state 6ﬁMgHIis described by an ,
ground state, yielding an independent vibrational ori@(v), ; . - .
inertial rotational constanB,, and a set of centrifugal distortion ana}lytlc pot_ent|al energy function Whos_e parameters are adjusted
; until the eigenvalues of the following radial ScHioger

constantsPy, Hy, Ly, My, etc., for each observed vibrational equation match the observed vibratiemtation energy levels
level (V' = 0—11). The rotational energy for each vibrational q ay

level was fitted to a polynomial inN(N + 1)], whereN is the [_ K2 2 hZN(N +1)

; +
rotational quantum number for&* state ? + V() + 7[1 +g(nN] +

2 g
_ T m_ _
SN = 3 KNI+ 1I7=G, + BIN(N + 1) S N)AVs (r)}wv,w) —E, ) ©)

The first term in the above Hamiltonian is the kinetic energy

In addition, the following Dunham-type energy expression, in operator, in Which‘ is the redu_ced mass é‘fl\/!gH. Since the
which s(gN) = +N/2 ands(f:N) = —(N + 1)/2, was added to only variable in eqg 5 is the internuclear distancg €xact

eq 2 to take the spin-rotation interaction into acco@nt. numerical SO'”“OF‘S O.f this Sc‘r‘rdmger.equatlpn can be
computed for all vibrational levels associated with each value

1\! of the rotational quantum numb&t. The termVu(r) is the
Espin-rofV:N) = s(&/f; N) x Z) ny"m(v + —) rotationless adiabatic internuclear potential¥gH. If more
=0r= 2 than one isotopologue was being considered, an atomic-mass-
[N(N + 1)]”‘*1 (3) dependent correction functioAVa(r), would be added to the
adiabatic potential. The third term in the Hamiltonian operator
This band-constant fit required a large number of centrifugal of eq 5 is the centrifugal potenti&ken(r) due to the rotation of
distortion constants for most vibrational levels, mainly because the molecule, in whichy(r) is a correction function that takes
the data span a very large rangeN¥alues and many quasi-  account of nonadiabatic BorrfOppenheimer breakdown effects.
bound levels were observed. For example, for the=v2—6 Finally, for the special case 8E" electronic states, the term
levels, the rotational energy had to be expressed by a ninth-AVsx(r) is included to account for the spin-rotation interaction
order power series inlN(N + 1)]. The band constants for the energy, wheres(e;N) = +N/2 ands(f;N) = —(N + 1)/2. Note

D, IN(N + 1)J> + H,[N(N + D)2+ - (2)
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Figure 2. Expanded views of th&' 2=+ — X 2=+ spectrum of MgH showing the/f spin doubling in some rotational lines, and the energy level
broadening of the (% N"') = (4, 40), (6, 31), and (8, 20) levels of th?=" state. The weak lines marked with stars and crosses are from the minor
isotopes of magnesiumiMg and Mg, respectively.

TABLE 3: Vibrational Energies, Inertial Rotational
Constants, Centrifugal Distortion Constants, and the
Turning Points for the Vibrational Levels of the X 22+
Ground State of 2MgH?2

in which De is the equilibrium dissociation energy ands the
equilibrium internuclear distance. An EMO potential is similar
to the familiar Morse potentigl but with the constant exponent
coefficient of the Morse potentigh) replaced by the coefficient

V' GJem? BJem*  10°DJem  rmdA  rmadA functiongemo(r). The dependence gkwo(r) on the internuclear
0 739.1094  5.736508 3.543328 1591 1.899 distance is via the dimensionless expansion varighleefined
1 2171.0874  5.555289 3.557152 1.506 2.050 by
2 3539.7878 5.367551 3.600323 1.455 2.170
3 4841.4399 5.169787 3.689584 1.417 2.281 p p
4 6070.4989  4.956644 3.854068 1.387 2.391 . . rr—re 7
5  7218.7623 4719638  4.147419  1.363  2.504 Yo = Yol = e ™
6 82739182 4.444650  4.675260  1.343  2.627 rTre
7 9217.1113  4.106852 5.670222 1.326 2.769
8 10018.7619  3.659651 7.716533 1313 2949 wherepis a small positive integep(= 1, 2, 3, ...). An important

1?) igggéggig i-ggg‘%% %ﬁ'gﬁéﬁ i-gg‘é ggﬁ property of the expansion variabyg is that it remains finite

11 110913418 0887068 4220233 1997 5574 throughout the entire range of the internuclear distange=

—1 atr = 0, andy, = +1 atr = . The functiongemo(r) is
2All of the constants in this table have been calculated from the represented by a simple polynomial yp
MLR4(6,18) potential function. The vibrational energies are relative to
the bottom of the potential curve.

Pemo(r) = ;d)iyp(r)i (8)

also thatVa(r), AVs(r), andE, n in eq 5 have units of energy,
although it is customary to report them in wavenumber{§m
units. ) ) _inwhichn=ngforr < re, andn = n_for r > re. It is sometimes
Two different analytic functions were used for the effective necessary to allowsto be smaller thamy, in order to prevent
adiabatic internuclear potential: the expanded Morse oscillator nonphysical behavior (e.g., potential turnover) in the short-range
EMOg(ns, n), and the Morse/long-range MLs, n.) poten-  eytrapolation regioft® The only problem withng < n is that
tials. EMO functions are represented by the equation the overall potential function derivatives of orders larger than
[ns+ 2] have small discontinuities at the pom= re; however,

— — . ((r=ren2 .. . . .
Vadr) = Vemo(r) =DJ1 — e Penolry r)] this is not a serious shortcoming becawmseas usually larger

(6)
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Figure 3. Plots of AG(v + %,) andB, for the X 2=* ground state of
2MgH.

than three. We denote the EMO potentials by the label EMO
(ns, n.), to express thep value and the order o#emo(r)
polynomials used for a particular fit. The flexibility @imo(r)
makes the EMO potential function capable of fitting even very
irregular potential energy curves (e.g., see ref 47). However,
this function is not constrained to have any specific long-range
form, and{De — Vemo(r)} dies off exponentially at large

The second type of analytic potential energy function
considered here is the MLR potential, which is formulated to
automatically take on the correct form at large internuclear
distances. This potential form is defined by the expression

- O ]

Vadr) = Vir(r) = Dy U r(ro)

in which u_r(r) is the attractive potential at long-range. It is
known from theory* that the attractive potential energy between
any two atoms at long-range {~ «) has the form

C C

m m,
uLR(r) = E + r_m? + .o (10)

and that for our particular case, i.e., ti8=* ground state of
MgH, the powersmy and m, are 6 and 8, respectively. The
function ¢mr(r) in eq 9 is represented by the following
equation, in whicm = nsforr < re, andn = n_ forr > re:

Shayesteh et al.

Pur(r) = [1 — Y] Z;biyp(r)i oy, (11)

Therefore, ag — o we havepmir(r) = ¢, SINCEY(r — ) =
1. Hence, ag — oo, the overallVyr(r) potential function
collapses to

V, — o)~ D, — (M) 12
mer(r ) ~ De Us(r) ur(r) (12)

and the correct long-range potential, i¥w r(r — ©) = De —
u r(r), is obtained readily by settingg, = Ln{2DJu r(re)}. The
major advantage of the MLR potential functff® over the
EMO form is that it can provide a much more realistic potential
energy function if realistic estimates for kg, coefficients in
eq 10 are available. For the ground state of MgH, valugSsof
andCg are available from the theoretical study of Standard and
Certain®! A special case of the MLR potential function, when
only the leading term of the long-range attractive potential in
eq 10 is retained, used to be called the Morse/Lennard-Jones
(MLJ) potential, and has been utilized in several previous
studies’?-55 In order to distinguish between models that include
one versus two terms in the long-range potential, we still use
the name MLJ here when only th&s constant of MgH is
included inur(r).

The radial function representing the non-adiabatic centrifugal
Born—Oppenheimer breakdown (BOB) correctiagr) in eq
5, is usually broken into two terms, one for each afSf.
However, since data for only one isotopologé#igH) were
considered in our analysis, it was impossible to determine
separate centrifugal correction functions for the Mg and H
atoms. The correction functiag(r) for 2MgH was expressed

by the following equation in whictﬁ%,“ff(r) was set to zero:

9(r) = Rg(r) + Ri(r) = [1 — y,(] Zti”yp(rf + 0y,
. (13)

The above expression fgfr) is very similar to eq 11 fopmr-

(r), but the constart! is set to zero because by definition there
is no nonadiabatic BOB effect as— .56 In addition, the
coefficienttg| was set to zero, following Watson’s convenfidn
thatg(r) = 0 atr = re. The termAVx(r) in eq 5 is similarly
expanded as a power seriesyjn

h2
AVyg(r) = 4{
2ur?

and again the constant is set to zero. The integgrused for
g(r) or AVs(r) in egs 13 or 14 may in general be different from
the one used for the adiabatic potential functivyr). The
value ofp defining the radial variable in these expressions is
simply chosen to ensure that the resulting radial function is well-
behaved outside the data regfén.

The publicly available computer program DPotFivas used
for the direct-potential-fit (DPF) analysis. Since the DPF
procedure is based on nonlinear least-squares fitting, it requires
relatively accurate starting parameters. In the present work, they
were obtained in the following manner. First, a Dunham fit was
performed for data spanning the vibrational ranjev0—10
and rotational levels witiN < 5. The DunhamY, o and V; 1
coefficients were then used to calculate an RKR potefftahd
the RKR turning points were fitted to EMO and MLR potential

[1 = y(0]Y wly,(n)' + WEyp(r)] (14)
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1.0 TABLE 4: Comparison of Various Potential Functions Used
0.8 in the Direct-Potential-Fit Analysis of the X 2+ Ground
) State of 2MgH?2
06 modeP p Ns n. dd DJ/cm? roA
0.4 EMO 3 5 16 0795 111027  1.729688
0.2 EMO 3 8 17 0.782 11104.6 1.729685
rP—rP EMO 3 9 17 0.786 11103.1 1.729688
Perp 00 EMO 4 6 17  0.789 111035  1.729687
0.2 EMO 4 7 18 0.781 11102.8 1.729683
EMO 4 9 18 0.783 11103.1 1.729689
0.4 MLJ 3 7 16 0.782 11104.3 1.729683
06 MLJ 3 8 16 0.789 11104.7 1.729687
MLJ 4 5 18 0.786 11104.2 1.729685
0.8 MLJ 4 6 18 0.789 11104.1 1.729681
MLR 3 7 16 0.783 11104.4 1.729683
1.0 — MLR 3 8 16 0790 111048  1.729687
0.0 10 ryr, 20 3.0 4.0 MLR 4 5 17 0793 111045  1.729675
Figure 4. Plots of the expansion variabjg for different values op. I\'\/I/III__S :' 65 llég 8773?? 11:%118:';3 11772236?524
The MgH data range is defined by thg, andrmax turning points of MLR 4 7 18 0.784 11104.7 1729679

the V' = 11 level.

add is the dimensionless root-mean-square deviation of the fit.
bThe most realistic potential energy function for representitagr)
was MLRy(6,18); see the text.

forms with various values of, ns, and n, using program
PhiFit51 The output parameterg;j from program PhiFit were
then used as the starting parameters for the DPotFit program.
It has been found in previous DPF data analyses that, ywshen TABLE 5: Parameters of the Recommended MLR(6,18)
= 1 or 2 are used for thg, expansion variable in eq 7, such 2P40tentia| Energy Function for the X 2£* Ground State of
fits often have difficulty converging, and the resulting potential --M9H, which Represents the Experimental Data with
functions usually misbehave outside the data region. This wasdd=0.783

also the case here, as satisfactory fits were only obtained when

the radial variable, in the exponent coefficient of the adiabatic Ddcm™  11104.7+ 0.5 Colcm* A% 2.793x 10 (fixed)
potential function, eqs 8 and 11, was definedpy= 3 or 4. rdA 1.729682+ 0.000005 Cy/fem™* A%]  3.475x 10° (fixed)
Figure 4 displays plots of the expansion variajgléor different [p=4] [p=3]

values ofp and the radial range of the MgH experimental data; ¢o —2.33867306 th 0.0 (fixed)

the inner and outer turning points of the highest vibrational level ¢: —0.7759113 t! 0.0009737(130)
(V' = 11) occur atrmin = 1.297 A andrma = 5.574 A, b2 —1.210606 tf 0.00029(16)
respectively. Figure 4 shows that pt= 4, for example, the s —0.541097 tf 0.00007(12)
data region covers more than 75% of the entire range of the ¢+ —0.45237 t; 0.0022(11)
expansion variablg, so the possibility that the functiovid(r) s 0.15537 t 0.0176(18)
defined in terms of the associated exponent coefficigin} s —0.2325 tg —0.009(1)

might exhibit nonphysical behavior outside the data region is #7/1¢° 2.6224951 t 0.0 (fixed)

i ; i : o/ 108 —52.413692
greatly reduced. For a detailed discussion about the choige of SI10° 476 8244

values, see refs 46, 52, and 53. o $1/10°F  —2595.56525 B

Of the potential function models introduced in this paper, ¢,/10 9372.1667 W 0.0046212(6)
the MLR function provides the most realistic representation of ¢,,/10° —23536.146 W 0.002228(84)
the adiabatic potential/a(r), because it incorporates the correct ¢,4/1°  41909.27 W 0.00262(7)
wy
w,

<

long-range behavior. Theoretical upper and lower bounds for ¢,4/10*° —52887.07 0.0024(3)
the long-range potential coefficients had been reported by ¢,/1®  46342.3 0.0 (fixed)
Standard and Certdih for a large number of molecules, ¢./10° —26852.

including MgH. We set th€g andCg coefficients of thex 2=+ $10°  9260.
ground state of MgH to the average of their upper and lower $1910°  —1440.
bounds: Cs = 2.793 x 10° cm ! A8 andCg = 3.475x 10° aThe numbers in parentheses avestandard deviation uncertainties

cm 1 A8 A major goal of our direct-potential-fit analysis was in the last quoted digits. The uncertaintiesDg andr. are based on

to obtain the most accurate value possible for the ground stateModel-dependence.

dissociation energyl) of 2“MgH, and its estimated uncertainty.  with p = 3 for the nonadiabatic centrifugal correction function
In order to obtain an estimate of the maximum degree of model- g(r), while the spin-rotation interaction potentiAVx(r) was
dependence in the dissociation energy, we performed fits usingfitted using eq 14 wittp = 6. Simultaneously, all the observed
all three analytic functions, EMO, MLJ, and MLR, with bgth energy levels of thé&2[1 andB' 2= electronic states were fitted
= 3 and 4 values. The dissociation enerdye)( and the as individual term values. Overall, 864 term values were
equilibrium internuclear distance were floated in all of these  obtained for the sublevels of t#&¢IT andB' =" excited states,
fits, and the results are compared in Table 4. The direct- with average uncertainties of about 0.005¢nthey are listed

potential-fit analysis also confirmed that v= 11 is thelast in Table 7S of the Supporting Information. The parameters of
bound level in theX 2Z* ground state of“MgH and that it lies our recommended potential and of the associated Hamiltonian
only about 13 cm?! below the dissociation asymptote. radial functions for theX 2=* ground state of“MgH are listed

For the reasons discussed in the following paragraphs, thein Table 5. In order to minimize the number of digits required
MLR4(6,18) function p = 4,ns= 6 andn_ = 18) was selected  to reproduce the experimental data accurately, the sequential
as the best adiabatic potential energy functiggr) for the rounding and refitting (SRR) technicfifewas applied to
X 22" ground electronic state dfMgH. We also used eq 13  determine the parameters listed in Table 5. First, the values of
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Figure 5. (a) Adiabatic potential energy function for tXe’>" ground electronic state 8fMgH, based on the MLIR6,18) model. (b) The differences
between various potential functions in the extrapolation region. (c) The long-range behavior of the EMO, MLJ and MLR potential functions. (d)
The MLJ and MLR potentials at— o, compared with the theoretical prediction.

re and De were rounded manually, based on their statistical intercept and slope defined by the theoreti€ and Cg
uncertainties; the rest of the parameters were then roundedcoefficients, and should give the most realistic adiabatic potential
automatically using the SRR technique. The resulting recom- energy. As illustrated in Figure 5, panels ¢ and d, the MLR
mended adiabatic potential energy function for#&" ground (6,18) model represents the long-range potential energy cor-
electronic state 0*MgH is plotted in Figure 5a. The adiabatic  rectly, and joins it to the short-range potential very smoothly.
potential energy functions obtained from EMO and MLJ models Therefore, the MLR(6,18) function was selected as the best
differ very slightly from the MLR(6,18) potential. These  function for Va(r).

differences mostly appear outside the data region, i.e., at energies In order to illustrate the effect of the centrifugal potential,
higher than the v= 11 level, where all potential functions i.e., the third term in the Hamiltonian operator in eq 5, the total
approach the dissociation asymptote. The differences among thepotential energy{ Vad(r) + Veen(r)} has been plotted in Figure
various potential functions in the “extrapolation region” are 6 for some values of the rotational quantum numibérThis

illustrated in Figure 5b. figure shows that aN = 50, for example, only the v 0—2

The correct long-range attractive potential for tKe=" levels exist, and they are all quasibound. Plots of the exponent
ground state of*“MgH is given by eq 10, withm; andm, set function ¢ r(r) of the recommended MLIR6,18) potential,
equal to 6 and 8, respectively. Therefore, in a plot%D. — of the nonadiabatic centrifugal BOB correction functigfm),
Vad(r)} versus 112, they intercept should be equal 1, the and of the spin-rotation interaction potentiaVy(r) are also

slope af 1/r?} — 0 should be equal t€s, and the plot should  shown in Figure 6. Outside the data region, these radial functions
approach the slope from above, since the leading correction toremain well-behaved and display no nonphysical behavior.
our two-termuir(r) function (eq 10) should be an attractive Although the tunneling predissociation widths (Table 2) were
C1o/r1® term. This is certainly not the case for the EMO included as additional data in our data set, we found that they
potentials becausgDe — Vemo(r)} dies off exponentially at had no significant effect on the fitted values of the dissociation
larger. The MLJ potential, on the other hand, is constrained to energy or other potential parameters. In addition, Table 4 shows
have the correct intercepE§), but not the correct slope at this  that even the nonconstrained EMO potentials give dissociation
intercept. The plots aff{ De — Va(r)} versus 1?2 for a number energies that are fairly close to those obtained from fits to the
of potential functions from Table 4 are displayed in Figure 5. more realistic MLJ and MLR potentials. In other words, even
By definition, the MLR function is constrained to have both if there had been no information on the long-rar@geand Cg
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Figure 6. (a) Total potential energ{/Vadr) + Veen(r)} for different rotational quantum numbend,= 0, 10, 20, 30, 40, and 50. (b) Plot of the
radial functionpur(r) from the recommended ML#5,18) potential. (c) The radial correction functigfr) for the non-adiabatic Born-Openheimer
breakdown effects. (d) The spin-rotation interaction potemie(r).

coefficients, the dissociation energy would have been under- A and has an estimated uncertainty460.000005 A, most of
estimated by less than 2 cth The main reason for the high  which is due to model-dependence.

recision and consistency in the dissociation energiffH . . . .
iF; that all of the bound v?()rational levels have begz ogserved ,A l",‘:’t of band constants, i.eG,, By, and.5|x centrifugal )
experimentally, and the extrapolation region is very small, i.e., distortion constants, were generated automatically by the DPo.tFlt
less than 14 cmi from the v= 11 level to the asymptote. On  Program (Table 6S). These parameters have real physical
the basis of its model-dependence, we estimated an overalisignificance, unlike the band constants obtained from the
uncertainty of about 0.5 cm for De; in estimating the  empirical fit. However, they cannot reproduce the very High
contribution of model-dependence to this quantity, we consid- rotational energy levels accurately, because yet higher-order
ered only the various MLJ and MLR models of Table 4, because centrifugal distortion constants (more than six) are required. The
the EMO potentials approach the dissociation asymptote expo-G,, B,, andD, constants and turning pointg;, andrmay listed
nentially, and thus underestimdig systematically. As a final  in Table 3 have been calculated from the recommended MLR
check on our estimated uncertainty iy, we used the upper  (g,18) potential energy function and not from the empirical fits.
and lower limits of the theoreticals and Cs coefficients* for Since both band-constant and Dunham fits result in parameters
the MLRy(6,18) fit. The discrepancies between Mgvalues ot are mechanically inconsistent, the best way to reproduce
obtained from these fits and the one listed in Taple 5 yvere_less all of the observed energy levels of the?S+ ground state is
than+0.1 cnt. Therefore, we report the equilibrium dissocia- . -
tion energy for thex 2=* ground electronic state éfMgH to t_)y using the r_ecommenc_ied MI‘R’B.) pot?n'FlaI energy f9”°'
beDe= 11 104.7+ 0.5 cnr from the MLRu(6,18) potential. tion and solving eq 5, i.e,, th_e radial Scdr@ger_equat_lon,
The zero-point energy, i.e., the vibrational energy of the=v numerically. We generated a list of all the vibratiomtation
0 level relative to the bottom of the potential curve, was €Ne€rgy levels (term values) of the?~" ground state of*MgH
determined to be 739.11 crh which varied only by+0.01 by using the complete potential energy function, includifg
cm ! among different models. Therefore, the zero-point dis- and AVs(r), in the DPotFit program; see Table 8S in the
sociation energy i®o = 10 365.6+ 0.5 cnTL. The equilibrium Supporting Information. This list also includes some very high
internuclear distance d) from the MLRy(6,18) fit is 1.729682 N rotational levels that were not observed in our spectra.
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Discussion and Conclusions Supporting Information Available: A complete list of data,

The band-constant fit for th& 25+ ground state was useful ~ SPectroscopic constants, and energy level$%uligH (Tables
for confirming the rotational assignments of the electronic bands 15-9S). This material is available free of charge via the Internet
and required 101 empirical parameters. The Dunham fit required @t http:/pubs.acs.org.
107 parameters and yielded many high-order polynomial
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