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We have measured 43 transitions in the pure rotational and fundamental vibrational spectra 
of “OH+. These data, together with all ground state transitions and combination differences of 
OD+ and 160H’ available from the literature, have been fit to an explicitly internuclear distance 
dependent rovibrational Hamiltonian to yield several descriptions of the OH+ potential function. 
Significant adiabatic and rotationally and vibrationally nonadiabatic corrections are required to 
fit all 407 isotopomeric transitions simultaneously. Similar fits are also performed on the closed 
shell species ArH+, yielding an approximate vibrational correction to the recently determined 
experimental permanent dipole moment of that ion. 0 1988 Academic press, Inc. 

INTRODUCTION 

Over the past several years, high resolution spectroscopy has been used to probe 
various parts of the ground electronic state potential function of several fundamental 
diatomic molecular ions (1-4) and their isotopomers (5). The spectroscopic data 
range from pure rotational transitions in the microwave region to combination dif- 
ferences from electronic spectra involving highly excited vibrational states. While fits 
of such extensive data sets can be accomplished easily using effective representations 
E( u, J) of the rovibrational energy (such as Dunham expansions), the number of 
parameters required to fit several isotopomers simultaneously soon becomes over- 
whelming (4). The situation can be improved by fitting the data directly to a potential 
function. This tends to reduce the number of molecular parameters and their corre- 
lations, and generally yields a set of more physically meaningful constants, which 
describe the shape of the potential and the internuclear distance dependence of mo- 
lecular properties (6). 

In order to fit rotational and vibrational spectra of several isotopomers directly to 
a potential function within the measurement uncertainty of modem spectroscopic 
experiments, one must include adiabatic and nonadiabatic corrections (referred to as 
(non)adiabatic hereafter) to the Born-Oppenheimer approximation. Conventional 
Dunham theory proceeds from a power series potential via the WKB approximation 
to yield effective rovibrational energies, E( u, J) , as functions of the potential constants 
( 7). While it is possible to include (non)adiabatic corrections in a WKB treatment 
(8), the method becomes computationally intractable for all but the lowest order 
(<x1’) power series expansions (9). Furthermore, the nature of some of the adiabatic 
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terms in the Hamiltonian makes the Dunham method impractical. To circumvent 
these problems, we have chosen to calculate the energies via standard variational basis- 
set methods and direct numerical integration of the r-dependent rovibrational Ham- 
iltonian for the nuclear motion. The numerical integration procedure also facilitates 
the use of arbitrary potential functions, which would be computationally taxing in a 
WKB treatment, and yields numerical wavefunctions. These treatments have yielded 
power series and finite dissociation limit representations of molecular potentials for 
comparison with high quality ab initio calculations. 

In this paper we describe the determination of the potential functions of the open 
shell 32- ground state of OH+ and the closed shell ‘Z+ ground state of ArH+. Sufficient 
data have become available for several isotopomers of ArH+ due to the work of Brault 
and Davis (2), Johns (4), Laughlin et af. (IO), Liu et al. (II) and Bowman et al. 

( 12). For OH+ and OD +, high resolution laser magnetic resonance (LMR) ( 3)) tunable 
far infrared (TFIR) (5, 13) and IR data ( 1 ), as well as the visible spectroscopy results 
of Merer et al. ( 14)) are available. To permit the determination of the oxygen adiabatic 
effects on the OH+ potential function, we report the measurements of the high reso- 
lution LMR rotational and the infrared fundamental vibrational spectra of ‘*OH+. 

The work of Laughlin et al. (IO) is particularly interesting because it represents the 
first experimental determination of a molecular ion permanent dipole moment, using 
the experimentally determined rotational g factors g, of two isotopomers ( ArH+ and 
ArD+). Unfortunately, only g, (V = 0) could be measured in that work. Since the 
permanent dipole moment depends on the equilibrium g,, a somewhat arbitrary vi- 
brational correction based on analogy with HF had to be applied. In this paper, we 
present an independent estimate of the vibrational correction to the dipole moment 
based on the experimentally determined approximate r-dependence of g,. 

In the following sections we will briefly review the new experimental measurements 
performed on “OH+, discuss the rovibrational Hamiltonian used in the present study 
along with some relationships between g,(r) and the dipole moment, describe the 
computational methods used to fit the observed data to the Hamiltonian, and present 
the results obtained for OH+ and ArH+ potential functions and their (non)adiabatic 
corrections. 

EXPERIMENTAL DETAILS 

The pure rotational spectrum of “OH+ was obtained by laser magnetic resonance 
spectroscopy. A detailed description of the apparatus and conditions can be found in 
Ref. (3)) and a review of the technique in Ref. ( 15). Briefly, the ions were generated 
in an ac negative glow discharge of 10 mTorr H2180 in 1 Torr He inside the cavity of 
a far infrared laser. Rotational transitions were tuned into resonance with the fixed 
frequency, optically pumped far infrared laser by a 0.5-18 kG water cooled magnet 
(Fig. 1). The spectra were obtained with a lock-in amplifier using Zeeman modulation 
of the ion transitions by two 40 G Helmholtz coils. Magnetic fields were measured 
with an NMR Gaussmeter after the modulation coils had been turned off. The mea- 
surement accuracy is estimated to be 2 G. Figure 2 shows an i80H+ transition, revealing 
the symmetric hydrogen hyperfine splittings. Fifteen transitions, covering the rotational 
states iV = O-3, were measured. 
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FIG. 1. Tuning diagram of ‘*OH+ showing some of the laser lines used in the present study, Not shown 
are the 1020.321 GHz, the 1016.909 GHz, and the 980.591 GHz CHsOH lines. 

Fundamental vibrational transitions of ‘*OH+ were observed in the region from 
2970 to 3200 cm-’ with a color-center laser by velocity modulation laser spectroscopy. 
The experimental apparatus is described in detail in Ref. (16). In the present study, 
ions were generated in a 1 m long, 6 mm diameter, water cooled positive column 
discharge cell from a mixture of 20 mTorr “OJ20 mTorr Hz in 5 Torr of He. The 
plasma was driven at 350 Wand 25 kHz by an EN1 Plasma& power supply to allow 
velocity modulation of the signals and subsequent detection by a lock-in amplifier. 
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FIG. 2. An ‘*OH+ LMR transition observed on the 66.114 cm-’ CHxOH laser line in parallel polarization. 
The proton hyperfine splitting is clearly resolved. 

Signal to noise ratios of about 40: 1 were obtained on the strongest transitions (Fig. 
3 ) . Only R-branch transitions were found in the tuning range of the laser. 

To eliminate m&measured lines, the LMR and vibrational data (Table I) were fit 

3088.0 rm_, 3087.5 

FIG. 3. The R(4) spin fine structure triplet of ‘*OH’ recorded by velocity modulation spectroscopy with 
the color center laser. 



POTENTIAL FUNCTIONS OF OH+ AND ArH+ 347 

TABLE I 

Observed LMR and IR Transitions of ‘*OH+ 

UlR data (v-0) 

Standard fit Power series 
Laser freq. Field 0-c (o-c)/0 0-c (o-c)/0 N1 N" JP J, Ml M” 

32.70902 16.137 -0.01 -0.1 -0.01 -0.1 0 1 1 2 -1 -1 
5.099 0.04 0.2 -0.20 -0.9 0 11 2-1 0 
16.013 0.001 0.03 -0.07 -1.7 011201 

32.08574 8.191 -0.1 -0.3 -0.10 -0.3 0 112-l 0 
34.03425 5.100 0.003 0.03 0.005 0.05 0 111 o-1 

5.099 -0.01 -0.1 0.10 0.5 011111 
33.92004 0.577 -0.004 -0.07 0.012 0.2 0 111 o-1 

3.940 0.1 0.5 0.02 -0.1 011110 
66.11409 12.617 -0.1 -0.2 0.6 1.3 12 12-l 0 

15.484 0.2 0.6 0.4 1.0 1 2 1 2 -1 -1 
66.99168 4.322 -0.03 0.1 0.8 2.9 122222 
96.97005 13.436 0.1 0.6 0.2 1.0 2 3 3 4 o-1 

11.892 -0.2 1.0 -0.1 -0.5 233410 

IR data (v-0 - 1) 

Standard fitz Power series 
Frequency 0-c co-c)/s 0-c co-c)/s NI N" JP J, 
2977.883 0.2 0.07 2.8 0.9 0112 
3007.743 0.3 0.1 3.5 1.2 12 2 3 
3007.987 -2.6 -0.9 1.4 0.5 1212 
3035.967 3.1 1.0 1.7 0.6 2 3 3 4 
3036.154 0.0 0.0 -1.3 -0.4 2 3 2 3 
3036.574 -0.8 -0.3 3.7 1.2 2 312 
3062.595 3.1 1.0 -1.0 -0.3 3 4 4 5 
3062.754 -0.8 -0.3 1.1 0.4 3 4 3 4 
3063.012 -1.3 -0.4 3.5 1.2 3 4 2 3 
3087.603 1.7 0.6 1.2 0.4 4 5 5 6 
3087.741 0.7 0.2 -2.6 -0.9 4 5 4 5 
3087.946 -3.9 -1.3 4.3 1.4 4 5 3 4 
3110.957 0.0 0.0 1.4 0.5 5 6 6 7 
3lli.083 -1.9 -0.6 -0.9 -0.3 5 6 5 6 
3111.251 1.6 0.5 -1.0 -0.3 5 6 4 5 
3132.623 -2.4 -0.8 2.8 0.9 6 7 7 a 
3132.733 1.4 0.5 -4.8 -1.6 6 7 6 7 
3132.881 6.9 2.3 5.5 1.9 6 7 5 6 
3152.566 -4.8 1.6 3.4 1.1 T 8 8 9 
3152.670 -3.7 -1.2 -0.8 -0.3 7 a 7 a 
3152.808 -1.2 -0.4 2.0 0.7 7 0 a 9 
3170.745 0.5 0.2 -1.4 -0.5 8 9 910 
3170.840 2.8 0.9 -4.1 -1.4 8 9 a 9 
3170.975 -1.9 -0.6 2.1 0.9 8 9 7 a 
3187.139 2.7 0.9 -2.9 -1.0 9 10 10 11 
3187.229 2.9 1.0 -4.6 -1.5 9 10 9 10 
3187.353 0.3 0.1 2.4 0.8 910 8 9 
3201.721 -1.7 -0.6 1.2 0.4 10 11 11 12 
3201.802 0.6 0.2 -3.3 -1.1 10 11 10 11 
3201.918 -1.6 -0.5 3.5 1.2 10 11 9 10 

Frequencies are given in cm-‘, magnetic fields in kG, residuals in units of lo-) cm-’ and also 
normalized by measurement uncertainty. Fields are hyperfme averaged. 

to the Hamiltonian of Ref. (3) (with a change of sign in the definition of g,), modified 
for a change in vibrational quantum number ( 17). The resulting molecular constants 
are shown in Table II. Unfortunately, the hyperfme constants of IsOH+ could not be 
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TABLE II 

Molecular Constants of ‘*OH+ Derived from Standard Fit (All Values in cm-‘, Uncertainties 20) 

BO- 16.31622(25) Bl- 15.59572(56) 

DO- 0.001933(25) 
2.1418(13) 

D1- 0.001868(20) 

X0' 
-0.15063(42) 

x1- 2.1309(23) 

TO- 11- -0.14530(40) 

gs- -z.oola(a) 
aI- -0.0048 (a) 

&LO' -0.00169(18) 

b0- -0.00398(40) 

CO- -0.00391(37) 
Y- 2947.102(4) 

Correlations above 0.9: b Bo-X0 -0.986 
Do-D1 -0.999 

Do-B1 0.961 

vo-71 0.928 
B1-Dl 0.964 

(a) Fixed at Curl value 7/2B. 
(b) Full correlation tables available from the authors. 

determined with sufficient accuracy to allow comparison with Kristiansen and Veseth’s 
highly accurate many body perturbation calculations of hyperhne vibrational (and 
hence isotopic) dependence (18). All LMR transitions observed were sufficiently far 
into the high field limit (nuclear spin uncoupling) that the average of the hyperfme 
doublets could be taken as an effective hyperfme-free field in fitting the potential 
function. 

THEORY 

Vibration-rotation spectra of Z states of diatomic molecules are generally fit to an 
effective Hamiltonian derived from 

H=kP:+& 
a 

cla 2 J2 + VBoW, 

where cc, is the reduced mass calculated from the atomic masses. Dunham coefficients 
Y,, derived from such a Hamiltonian cannot simultaneously fit several isotopomers 
of light molecules when highly excited rovibrational states are observed in high res- 
olution, although they can be amended to include (non)adiabatic corrections ( 19). 
The result is an accurate fit at the expense of a large number of fitting parameters, 
which become increasingly difficult to interpret physically in higher order. For large 
data sets it is therefore advantageous to fit the potential function (or parts thereof), 
as well as the internuclear distance dependence of various spin and (non)adiabatic 
corrections, explicitly. 

Using Hougen’s isomorphic Hamiltonian (20) in the nuclear center of mass system, 
and including electronic spin and Zeeman terms appropriate for a Z state, we can 
perform an electronic contact transformation to second order to obtain an effective 
rovibrational Hamiltonian analogous to the appropriate parts of those given by Herman 
and Asgharian (21)) Watson (19)) and Brown et al. (22) 

H = 1 +&s(r) p* + 1 + g:(r) 
2l.l r 2pr2 

N* + y(r)N.S+ X(r) 2s; - 32 
( 1 

- PGWZ - &zdrWz - ~z&)Bz - Pgr(WzBz + VBo(r) + V”(r). (2) 
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Here, the masses are nuclear masses, Z refers to the space-fixed z-axis (defined by the 
magnetic field), and z refers to the molecule-fixed z-axis (internuclear axis). The first 
four terms contain the vibrational and rotational kinetic energy contributions together 
with the spin-rotation coupling terms appropriate for a 3z molecule (the latter to be 
denoted L’s), while the remaining terms contain the magnetic field interaction energy 
(V,) and the Born-Oppenheimer and adiabatic potentials. In the above equation, we 
neglect the following: second order (nonadiabatic) corrections to other than the vi- 
brational and rotational kinetic energies, since they involve contributions to the effective 
potential energy VBo + Vd smaller than V”, which is already at the limit of the 
information extractable from present experimental data; the effects of noncommutation 
of the vibrational g factor g”v ( r) with the vibrational momentum P,, as only a constant 
term gt( r,) is determinable from the available data; off-diagonal electronic corrections 
in the spin-spin and spin-rotation parameters (included implicitly) because they can- 
not be separated from diagonal expressions by rotation-vibration experiments (22). 

We explicitly include two nonadiabatic corrections. The rotational g factor (23) 

is due to “slipping” of the electronic charge distribution with respect to the rotation 
of the nuclear frame. This causes a loss of the cylindrical symmetry of the electron 
distribution with respect to the internuclear axis and a residual electronic angular 
momentum in the z state, hence an observable magnetic effect. The Bom-Oppen- 
heimer electronic wavefunctions IO) and I n) are mass independent, but since Lx is 
referred to the nuclear, rather than the molecular, center of mass frame, the isotope 
dependence of g: differs very slightly from 1 /p scaling. 

In Eq. (2), only g: (the electronic contribution) enters into the rotational kinetic 
energy. Some authors prefer to make the (very good) approximation ( 19) 

‘-mJ$+j$)-d or Pr2 PL,r2 , (4) 
1 + g:(r) J2 N 1 + gr(r) J2 

P 

where the nuclear reduced mass ~1 has been replaced by the atomic reduced mass (ha), 
leading to a rotational kinetic energy more analogous to Eq. (1). We have chosen to 
retain nuclear masses throughout, and include only the electronic g factor corrections, 
as given in the Hamiltonian (2). This also has the advantage that ambiguities in the 
definition of “atomic” masses for ions can be avoided. 

The vibrational g factor (21) 

g:(r) = ; z1 
I (n IPrlO) I 2 

n J%(r) - Eo(r) (5) 

results from the inability of the electron distribution to instantaneously follow the 
nuclear vibrational motion. In the limit where the electrons do not follow the motion 
at all, gt = 0 and the vibrational reduced mass is due to the bare nuclei. In the limit 
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where the electrons of the individual atoms follow the motion of “their” respective 
nuclei perfectly, 

g;(r) = ; - 1. 

This is equivalent to using the atomic reduced mass in the vibrational kinetic energy 
term, the approximation usually made. Clearly, valence electrons or additional/missing 
electrons in ions will be the main cause of deviations from Eq. (6). We also note that 
like g,, g, does not precisely obey 1 /P scaling. 

The above Hamiltonian can be integrated numerically or solved variationally once 
a choice of functional form has been made for the terms YBo, I’“, Vs, VB, g,, and 
g,. We now discuss these in turn. The simplest way to treat the Born-Oppenheimer 
potential is with a power series expansion 

VBo(r) = 2 Vy”Xi = &X2( 1 + C &Xi), 
r-r,” 

x=-. (7) 
i=2 i=l re 

This form is most useful if only relatively low vibrational excitation (less than 50% 
of the dissociation energy) is considered, and it also allows straightforward computation 
of the Dunham coefficients. Another very common parametrization is the Morse 
potential expansion ( 7) 

V”(r) = 2 DiM(X)‘, 
i=2 

M(x) = 1 - ePBX, (8) 

which has a qualitatively correct asymptotic limit. It does not have the correct asymp- 
totic rw4 monopoleinduced dipole behavior, but that part of the potential is not sampled 
by the presently available data sets for ArH + and OH+. We also considered an extended 
Hulburt-Hirschfelder potential ( 24) and an expansion in ( 1 - r,/ r) n. The former has 
slow convergence properties for higher order rovibrational terms; for instance, the 
various molecular potentials in Ref. (24) yield the correct values for the conventional 
parameters Be, CY, , D (dissociation energy), co,, and wexe, but a Dunham series fitted 
to the numerically computed energy levels yields very unreasonable values for the 
next higher order parameters w,y, and ye. The expansion in powers of (1 - r,/ r) (25) 
does not usually yield a good dissociation energy in low order, since D = 02 for the 
quadratic term, a huge overestimate in most cases. However, it has better convergence 
properties than the Dunham series for intermediate r, and it can serve as a good 
replacement for the latter when the experimental data are not quite sufficient to yield 
well-defined Morse expansion potentials, but are too extensive to yield a well-defined 
Dunham expansion. 

The adiabatic potential VBd comprises the fust order corrections to the rovibrational 
energy levels due to the finite nuclear masses and internuclear distance dependence 
of the Born-Oppenheimer electronic wavefunctions. It can be seen directly from the 
space fixed rovibronic Hamiltonian, and it has been shown for various molecular axis 
systems(l9), that V”canalwaysbewrittenasf,(r)/m, +f2(r)/m2, wheretheJare 
mass-independent functions of r . For the present purposes, it is sufficient to represent 
the adiabatic potential correction (diagonal in the BO electronic state) as 
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V""(r) = Z: i=, me($+z)xi or Vad(r)= 2 m.( $ + z)M(r)‘. (9a, b) 

The linear term in this potential will not necessarily vanish, since we are expanding 
about the Born-Oppenheimer equilibrium distance, rather than the (different) true 
re of the individual isotopomers. The parametrization (9a) would not seriously affect 
the dissociation limit obtained from a Morse expansion of VBo, since VBo 9 Vad in 
the region of the outer turning point of even the highest rovibrational energy levels 
considered here ( -2 A), and the form of the potential at even larger r is mostly 
determined by the choice of VBo rather than the spectroscopic data, which do not 
sample large values of r. Similarly, special precautions would be required to obtain 
quantitatively correct isotopomeric dissociation energy differences from expansion 
(9b), but the available infrared data sets for XH+ ions cannot give highly reliable 
predictions of even an average dissociation energy, since vibrational levels close to the 
dissociation limit have not yet been observed. 

Using the above potentials, we have as fitting parameters the Born-Oppenheimer 
equilibrium bond distance rF”, various Born-Oppenheimer potential constants, as 
well as the linear and quadratic (and higher order, if necessary) adiabatic potential 
constants. In many cases, we can also make the approximation, discussed by Watson 
( 19)) of shifting the internuclear coordinate system for each isotopomer so as to elim- 
inate the linear term in the adiabatic potential. We can then fit 

r - rzd .,,,=,,,[l+,(~+~)]x~i, x’=r,BO (loa) 

or 

V(r) = EZlFO[ 1 + me($+~)]M(xJ)i, M(X’) = 1 - ePBX’, (lob) 

where the rEd are adiabatic bond distances, different for each isotopomer, and given 

by (19) 

(11) 

The dj” in the Morse expansion of course have a different meaning than those in the 
Dunham expansion, and must be taken in context. 

To the degree of accuracy considered here, Eqs. ( 10) and ( 11) correspond to shifting 
the Born-Oppenheimer potential by an amount r:” - r9 from the Bom-Oppen- 
heimer equilibrium bond distance and then applying adiabatic corrections to the re- 
sulting quadratic and higher order potential terms. This is rigorously correct only for 
a purely quadratic VBo and linear Vad, but represents a good approximation. The 
nuclear mass effects in Eqs. (10) and (11) are not strictly 1 /rnj any more, but with 
the definition of x’ in Eq. (10) such that rzd shifts only the origin (rather than also 
scaling the V,), they very nearly remain as 1 /mj. When using a power series expansion, 
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the various coefficients in Eq. (10a) can be easily related to those in the more rigorous 
treatment of Eqs. (7)-( 9): 

(12) 

The spin-spin, spin-rotation, and magnetic constants can be expressed by power 
series expansions 

y(r) = (ro + r,x + r2x= + ’ ’ .)/pr2 

X(r) = A() + n,x + * * * 

g*(r) = A(r) c ‘wLJo)‘= 
n J%(r) - Eo(r) 

=(g1o+g1,x+ a**) 

g, - constant. (13) 

These include the mass dependence (to the degree of accuracy required) and the r 
dependence (assuming relatively slow variation of the molecular parameters) explicitly. 
The vibrational g factor ( gY) , however, cannot be expanded in a simple power series, 
since terms such as 

can yield an unbound effective potential for x < 0. An expansion in functions that 
are bounded as x --* &co would be required, but was not necessary in the present 
study since only gV(r,) could be significantly determined. Also, while g, does not 
exactly scale as 1 /P, that approximation was found to be sufficiently accurate in the 
present case. 

Finally, we consider the rotational g factor and its relation to the molecular dipole 
moment. From Eq. (4)) it can be seen that we may approximate the dependence of 
g, on the internuclear separation by 

g:(r) = 
Go + Glx + G2x2 + l - - 

or g:(r) = 
Gb+G',x+ --- 

, (l&b) 
P w= 

depending on whether (n I Lx IO) is a rapidly or slowly varying function of r . Depending 
on the measurement accuracy, a slight residual isotope dependence of the Gi or G: 
must be taken into account. While (15a) is generally preferable due to its greater 
flexibility, (15b) may be a good representation for some systems over the range of 
internuclear distances sampled spectroscopically, even though its limits as r + 0 or 
co are not physically correct. This was found to be the case for OH+, where g, is 
negative and decreasing in magnitude near the equilibrium bond length. The full 
expansions (15 ) cannot be fit to rovibmtional data alone, due to correlations with re, 
g,, and Vad. However, for OH+ and ArH+, independent magnetic field measurements 
of the paramagnetic Zeeman splittings are available (such as from the present LMR 
work), allowing some of the terms to be fit. 
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The vibrational dependence of the rotational g factors is important for a completely 
experimental determination of molecular ion dipole moment functions, M(I) (26). 
The permanent dipole moment M( r,) of an ion is difficult to obtain experimentally, 
since conventional Stark techniques cannot be applied to charged species. Fortunately, 
the dipole moment function of a diatomic molecule can be written as (27) 

M(r)= eC ZjZj-eC (OIZk(O)= 
I k 

AZ = r 
mAm2 2 

--r--M- 
(ml + m!)(mr + m2> = @r, ’ 

(16) 

within the Born-Oppenheimer approximation. The + indicates isotopic substitution, 
Q, is the charge of the ion in units of e, g,(r) is in Bohr magnetons (B), AZ is the 
isotopic center of mass shift, and Am2 is the mass difference between the isotopes of 
the substituted nucleus. If gr( r) were a known function for two isotopomers, M(r) 
would be explicitly given as a function of r . Equation ( 16 ) cannot give dipole moment 
functions to unlimited accuracy since it is based on a second order perturbation treat- 
ment and neglects corrections to the Born-Oppenheimer electronic wavefunction IO). 
For instance, as seen in Eq. ( 1 1), not even an effective I, can be defined precisely 
without specifying the isotopomer in question. Thus, g,( r,) cannot be defined exactly, 
and an equilibrium dipole moment from Eq. (16) cannot be determined to better 
than about 0.05 D for hydrides, where (non)adiabatic effects are largest. 

Keeping these limitations in mind, we neglect distinctions between the various re 
and x and x’ and expand gr( r) and M(I) in power series in x = (I - re)/ re, 

g,(x) = &,o + &IX + &,2X2 + ’ * * 

M(x) = (Mo + M-1) + (Mo + MI + M-,)x + (Ml + k&)x2 + * * * 

M, _ ere (ml + d)(w + m2) 
’ 2m, m&m 

(Mr.i - P+g+ ‘) r,, 9 i> -1, (17) 

where M_ I has been defined in Eq. ( 16 ) . The coefficients gr,i can be determined from 
the experimentally fitted data by comparing (17) to (15a, b). Inserting expectation 
values for x from Ref. (28), and again neglecting (non)adiabatic corrections to the 
potential, we find for the vibrational dependences to order Be/w, 

(~lmm) - Sk0 + &,l(4Xl~) + &,2(4X21~) + . * . 

- gr,o + &/4%z - 3aa,,)(v + 8) + . . * 

- g,,o - ag( 2) + 4) + . . * 

(“I M(x) Iv) 

- MO + ALI + B,/w,(2Mz + 2M1 - 3al(Mo + M, + i%C1))(n + 1). - -. (18) 

To make an accurate determination of the equilibrium dipole moment, MO and 
hence g,,. must be known. Values for g, (u = 0) of ArH+ and ArD+ were recently 
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obtained by Laughlin et al. from Zeeman splittings in the pure rotational transitions 
of the ions in a magnetic field ( 10). They were unable to observe rotational satellites, 
and had to use an empirical correction based on experimentally determined hydrogen 
fluoride g factors to obtain g,( r,) from g, (u = 0). Ideally, one would like to determine 
cu, from experimental values of g,,, and gr,z and obtain 

&Lo - gr(r,) - gr (u = 0) + jag. (19) 

Since (II, scales as pP312, only average values of G, and G2 need to be obtained for the 
two isotopomers to yield most of the correction, whereas deviations from 1 /p scaling 
still need to be taken into account for Go. 

Unfortunately, rovibrational experiments alone will not be able to make full use of 
Eqs. (la)-( 18). It has been shown that to the level of a first order perturbation treat- 
ment, the effects of g,, g,, and V” cannot be fully separated by simple spectroscopic 
experiments (19). While this does not rule out an experimental separation of these 
effects in principle, actually available data sets will probably not exceed the precision 
of a first order perturbation treatment, and if they did, many terms in the Hamiltonian 
completely neglected until now would have to be considered, and might in turn lead 
to indeterminacies. Fortunately, measurements of g, (D = 0) are available for OH+ 
and ArH + from the Zeeman splittings. These provide a constraint such that g:( re), 
Go, and some higher vibrational terms in g, and Vad can be fitted without excessive 
correlations. However, the effective incorporation of all r dependence of g, in g, and 
Vad results in a meaning of the fitted parameters that could differ significantly from 
the second order perturbation expressions in Eqs. ( 3 ) , ( 5 ), and ( 9). The accuracy to 
which gr( r) can be determined from combined Zeeman and rovibrational data should 
therefore be carefully examined by analyzing well-known neutrals, such as HF (29), 
for which vibrationally excited g factors have been measured. Ab initio calculations 
of g, and g, for a range of internuclear distances in several hydrides would also be 
helpful. 

CALCULATIONS 

The Hamiltonian (2) is valid as written for 38 molecules, and becomes valid for 
singlet species if N is replaced by J, and all spin dependent, as well as the g, and gl 
terms, are removed from it. Energy levels in the triplet case were evaluated by numerical 
integration of Eq. (2)) and in the singlet case by both numerical integration and a 
variational basis set calculation. We will discuss these treatments in turn. 

For direct integration of the Hamiltonian (2)) the log derivative wavefunction 
method developed by Johnson was employed ( 30). It requires as input the pointwise- 
defined effective potential energy surface for a given (spin-)rotational state. The effective 
potential is quite easily derived for ArH +, since all terms in the Hamiltonian are 
diagonal in J. This is not the case for OH+, which requires the diagonalization of at 
least a 9 X 9 Hund’s case (b) matrix to yield a term formula sufficiently accurate to 
treat LMR data. Even such a small matrix diagonalization would soon become too 
time consuming, since about 80-200 million diagonalizations are required for a com- 
plete nonlinear least-squares fit to the extensive available data sets. in the present case, 
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we proceeded by evaluating matrix elements of Eq. (2) using rotational case (a) basis 
functions, 

(J, L: = O( H(J, z = 0) 

1 + & p2 + 1 + gr” 
=- r 

211 
F [J(J + 1) + 21 - 2y( r) - ; X(r) + ye0 + pd + I$, 

(J,Z= l)HIJ,Z= 1) 

p2 + 1 +g: 1 +g”v - 
- J(J + 1) + t X(r) - y(r) + YBo + Y” + EB 

2~ ’ 2pr2 

(J, Z = OIHIJ, Z = 1) = [J(J+ 1)/2]“2 y(r) - y] + Ea. (20) 

The magnetic terms EB are not shown explicitly above. Transforming to the field free 
basis and contact transforming reduced the matrix size to 3 X 3. Eigenvalues were 
then computed explicitly from the cubic equation or by a fast iterative process. This 
yielded an r-dependent effective Hamiltonian of the form 

Heff(r, J, N) = 
1 -+$A 
- P; + Veff( r, J, N, field, molecular constants), 

2P 
(21) 

with an effective potential for the given spin-rotation state of a 3x species in a magnetic 
field. The accuracy of the energy expressions was verified by comparing them to a 
9 X 9 matrix Hund’s case (b) calculation, and this gave results identical to within 1 
partin 10’. 

With the effective potential for each observed energy state available, the wave equa- 
tion was integrated using Johnson’s finite difference algorithm, which propagates the 
wavefunctions over the grid points of the potential. Energy levels were identified to 
within 0.1 of the measurement uncertainty by matching the log derivative wavefunc- 
tions propagated from the inner and outer turning points. To speed up this process 
and to improve the numerical stability for poor initial guesses of the energy, the secant 
method suggested by Johnson was supplemented by a bisection method, which shifted 
the poorer of the two energy guesses in each iteration by half the difference to the 
extrapolated “true” value. The algorithm was also amended to allow the multiplication 
of the kinetic energy term in the Hamiltonian by an arbitrary (within reason, see Eq. 
(14)) function of position. Care was taken to begin the integration sufficiently beyond 
the turning points to make the energy levels insensitive to the choice of integration 
limit. About 900 partitions of the potential in a range from 0.59-l .95 A were required 
for OH+, while 1500 partitions in a range from 0.85-2.41 A were necessary for ArH+. 
A typical fit required about 30 min of CPU time on a Cray X-MP. Numerical stability 
of the calculation was checked by running a single iteration in double precision on a 
VAX 8800 (15 rather than 12 digit precision), which yielded essentially identical 
results. 

For ArH+, the results were also compared to a variational basis set calculation. This 
approach has the advantage that convergence can be easily seen as a function of basis 
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set size, since the calculated energies are strict upper limits. The singlet version of the 
Hamiltonian was expanded in a power series in x, 

H = 1 + &so 
s p: 

+ 5 
[ 
J(J+ 1) 2pr2 (-l)‘(i + 1) + J(2J:Z1) i (-ly’(j + l)g$-j + yi 1 xi, (22) 

i=O e Pe j=O 

where gF,i and g$,o are defined in analogy to Eq. (17). From this expansion it is 
explicitly clear that gr,o and re cannot be determined independently, since they have 
an identical J and CL dependence in every order of x. Matrix elements of xi and P* in 
Eq. (22) were calculated in a basis of floating gaussians, 

FAxI = $ 
( 1 

114 
e-(x-xi)vo2 

9 Xi = Xmi” + iAx - AX. (23) 

The gaussians are evenly spaced over n grid points with an optimum width parameter 
u of about 2.2 Ax (Ax being the grid point spacing in units of (r - re)/re). Ortho- 
gonalization of the basis Gi was done symmetrically (31) to yield the orthonormal 
basis functions, whose matrix elements of P2 and xi were evaluated once by matrix 
multiplication. The Hamiltonian (2 ) was then set up as an n X n matrix and directly 
diagonalized. In practice it was found that using 200 basis functions over the range 
0.88 to 2.4 A and expanding to x24 yielded results within 1 part in lo9 of the log 
derivative method for the energy range in which the power series expansion is valid. 
Although the dimension of the matrix was much larger than even the worst case for 
the log derivative method, one diagonalization yielded all vibrational levels of a given 
J, requiring only 20-30 diagonalizations to calculate all energy levels. The high order 
expansion and large basis set were not necessary to obtain good low J energies, but 
were required for high rotational energy transitions, where the eigenfunctions compress 
strongly at the inner turning point and expand near the outer turning point. Uneven 
spacing of the basis functions might have been more economical in these cases. The 
program required 4 hr of Cray X-MP CPU time for a complete fit. Numerical stability, 
which is especially critical for high power terms, was verified by running a single 
iteration on a VAX 8800 in double precision. 

The nonlinear optimization in all fits was performed with a Marquardt-Levenberg 
algorithm derived from Ref. (32) with some modifications. Initially, several different 
loci in parameter space were chosen and steepest descent was not enforced to ensure 
convergence towards the global minimum. The measurement uncertainties were es- 
timated by repeated measurement, or from the values quoted in the literature, and 
used to calculate a weighted X&I, which was then optimized (ideal value 1). 

Both of the methods outlined above have several advantages: (a) the computational 
errors can be made smaller in a systematic fashion; (b) no need to assess approximations 
to the rigorous quantum mechanical solution arises; (c) the rovibrational wavefunctions 
are directly obtained numerically in the basis set calculation and can be used to calculate 
accurate molecular constants, including (non)adiabatic corrections for different ro- 
vibrational states, without recourse to matrix elements of x (or worse, x’) such as 
tabulated in Ref. (28). 
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DISCUSSION 

(a) X3Z- OH' 

For OH+, LMR, and tunable FIR data covering the lowest 2, = 0 rotational transitions 
of all three isotopomers, the vibrational fundamentals for 160H+ and ‘*OH+, and 
numerous optical combination differences for 160H+ and OD+ covering up to u = 3 
are available. The highest rovibrational transitions access parts of the energy surface 
up to 25% of the dissociation energy. In a previous paper (3) on the OH+ and ODf 
LMR spectra, we had estimated the adiabatic corrections to the bond lengths using a 
simple two parameter Morse expansion. This treatment has been greatly expanded in 
the present work to yield hydrogen and oxygen adiabatic corrections, rotational and 
vibrational nonadiabatic effects, and a highly accurate (near the bottom of the well) 
power series potential, as well as a less accurate but globally more correct Morse 
potential expansion. 

The best results for a minimal number of constants were obtained with the potential 
from Eq. (10a) and the g-factor expansion ( 15b). The residuals of the fit for all tran- 
sitions measured in this work are given in Table I. They are representative of the 
remaining 365 transitions ( xrd = 1.19). To obtain the most stable fit, all parameters 
were scaled during fitting such that the elements of 0(x&,) were, on the average, 
comparable in size, which is equivalent to scaling the molecular constants such that 
their final uncertainties were of about the same order of magnitude. 

The molecular parameters obtained from this power series potential function fit are 
shown in Table III. From the data set, adiabatic corrections to the bond length could 
be determined for both hydrogen and oxygen. The value of dr,* is lower than that 
previously determined ( 1.47 (46 ) in Ref. ( 3))) principally because in Ref. ( 3)) adiabatic 
corrections for oxygen had been neglected and a much cruder form of the potential 
(and hence, less reliable corrections to obtain Be from Yor ) had been used. As has 
been observed in similar diatomic hydrides, the adiabatic bond lengths tend to be 
longer for lighter isotopomers, indicating a negative slope of the adiabatic potential 
near the B-O equilibrium geometry. The difference between r,” and the effective re 

rzff = 4 ( 2*Yo,pa)“’ 

extractable from IR measurements is quite appreciable (>O.OO 1 A), much larger 
than the accuracy with which high resolution IR bond lengths are usually quoted 
( <0.00002 A). The adiabatic correction to V2 ( uc,) was also determined to be negative, 
indicating that the harmonic vibrational frequencies of lighter isotopomers should be 
smailer than expected from reduced mass scaling. 

The spin-spin and spin-rotation constants had to be expanded to quadratic terms 
in order to reproduce the fine structure splittings observed for J values up to 25. Using 
the matrix elements from Ref. (33), we obtain for the rovibrational dependence of y 
for OH+ 

-r(u)= -0.15360 + O.O00035J(J+ 1)+ O.O05OO(u + +) -0,000144(u + $)'. (25) 

The vibrational dependence is in good agreement with previous determinations. In 
particular, yr, = 0.000035 cm-’ = 1.1 MHz is close to the LMR value of 0.90( 15) 
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TABLE III 

Dunham Expansion Molecular Constants for OH+ (Uncertainties Are 2~) 

go A re z 

d,,H 

d,,O 

G’O I Bohr msg. x G'l amu A2 

k~p,~ (Bohr msg.) 

g, (B.M.) 

r0, cm 
-1 

rl. cm 
-1 

r2, cm 
-1 

h0. cm 
-1 

Al' cm 
-1 

h2' cm 
-1 

be(r,)/ir (B.M.) 
d(2)H 

v2x10-5, cm-l 

v3x10-5, a-1 

v4x10-5, al-1 

v5x10-5, m-1 

vgxlo-5, cm-l 

v7x10-5, m-1 

vsxlo-5, czn-1 

v9x10-5, an-1 

VlOXlO -5 -1 
*cm 

1.027709(13) 

0.512(32) 

1.03(16) 

-0.002307(70) 

-0.00206(17) 

-0.00519(34) 

-2.00254(34) 

-0.153790(80) 

0.00155(38) 

-0.172(12) 

2.14564(36) 

-0.151(19) 

0.0124(32) 

-0.000653(54) 

-1.19(14) 

1.44574(36) 

-3.4346(32) 

5.492(14) 

-7.27(14) 

7.65(40) 

-4.65(40) 

0.94(18) 

-0.474(74) 

O.l8928(fixed) 

Correlations above 0.9 are: d, H - G'O 0.997: 

ho - Al -0.965; 

MHz (3)) and in agreement with the fine structure of the pure rotational R( 12) tran- 
sition observed by Liu et al. (II). Such higher order terms can be a sensitive test for 

the potential function, since the rovibrational expectation values of xi ( ( JV 1 xi ( Ju )) 
depend strongly on the potential constants, 

The rotational g-factor expansion had to be carried to G’, to fit the LMR and higher 
rotationally excited infrared data simultaneously. The resulting g, is negative and 
decreasing in magnitude near re. Unfortunately, the precision of the LMR data was 
not high enough to allow a meaningful determination of the isotope dependence of 
Gb and the dipole moment. However, from the vibrational dependence of the g factor, 
after expansion into the form of Eq. ( 17)) we found an approximate correction to the 
permanent dipole moment of -0.8( 2) D. This value must be added on when the 
permanent dipole moment is determined using solely ground vibrational state mea- 
surements. It represents at best a very approximate correction, considering the neglect 
of the r-dependence of the vibrational g factor imposed by the indeterminacy between 
g,, g,, and Vad. 
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The vibrational g factor of OH+ ( -0.0006 19( 52) B) turns out to be slightly larger 
than the value of -0.00054 based on the use of atomic masses in the vibrational 
kinetic energy term. Deviations from 1 /cc isotopic scaling could not be determined 
from the experimental data. The somewhat more negative value implies that the ef- 
fective vibrational reduced mass approximately equals or even slightly exceeds the 
atomic reduced mass. This indicates that the valence electron density rigidly follows 
the nuclear motion. A similar result would be obtained if one of the atoms had more 
than its “atomic share” of electrons. One might expect the latter effect to play a role 
in negative ions like OH-, where one of the atoms could have up to one “extra” 
electron that increases its effective mass, or in molecules with large dipole moments, 
such as LiH, where the effective hydrogen mass might exceed its atomic mass. In any 
case, electron density diagrams from ab initio calculations might present a fruitful 
approach to this subject. 

The BO potential derived from the constants in Table III is shown in Fig. 4. Also 
shown is a high quality ab initio surface (MCSCF-SCEP by Werner et al. (34)) for 
comparison, as well as two Morse potential expansion fits (constants in Table IV). 
The latter demonstrate the danger of calculating potential functions from limited data 
sets using expansion functions that do not give a very good low order representation 
of the potential. While the simple Morse function gives a good simultaneous repre- 
sentation for w,, we&, and 0, (the dissociation energy) in the case of OH- (35) and 
SH- (36), it fails for OH+. A Morse function that represents w, and w,xe well (as 

50- I 
I 

45- I 
40- I 

I 
35- 

(1 
& 30- 

z 
2s () 

k 2()_ 

5 

15- 

lo- 

5- 

1.5 2.0 25 3.0 

r, A 

FIG. 4. Potential functions for OH+. The solid line corresponds to the power series expansion, the dotted 

line to the Morse expansion I, the dashed line to Morse expansion II, and the circles to the ab initio potential 
from Ref. (34) _ 
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TABLE IV 

Approximate Morse Expansion Fits for OH+ (Uncertainties 20 Where Given) 

Morse I Morse II 

B” A I, ’ 
1.02789(5) 1.0278 

B 2.4077(70) 2.4119 

Dad 1 &o-3, m-1 -1.8(15) 
Dad ' 1 ox1o-3. cm -1 -4.1(36) 
Dad ' 2 "x10-4, m-1 -6.42(5) 

'4 D2x10- , m-1 2.506(13) 2.498 

D4x10-3, CIIL-~ 1.28(16) 0.36 

D5xlO-3, cm-l 4.17(46) 3.93 

D6x10-3, cm-l 3.00(58) 8.06 

D7x10-3, m-l -3.69(76) 

D8x10-2, ctC1 -5.9(80) 

D, - 3.63 eV De- 4.84 eV 

required by the nature of the spectroscopic data), will tend to underestimate De by at 
least 25%, due to the relationships between De and j3. Nonetheless, one of the two fits 
( Morse I, ?&d = 10 ) , in which very few expansion parameters were used and adiabatic 
corrections neglected, gives a fairly good overall representation of the potential, when 
compared to ab initio calculations. The other fit (Morse II, xd = 3.1)) includes 
adiabatic corrections in the form of Eq. (9b), but yields a low dissociation energy. 
Thus, a reliable determination of De for OH+ obtained with a Morse expansion would 
require the observation of much more highly vibrationally excited transitions, well 
above the presently sampled maximum energy of 25% of D, . 

The adiabatic potentials in Table IV have the signs and magnitudes expected from 
the more accurate power series expansion fit. Carrying the Morse series expansion to 
even higher order than used in the Morse II fit yielded smaller values of Xd, but at 
the expense of near unity parameter correlations. Similarly, inclusion of corrections 
to yield an asymptotic potential of the form cyo/r4 was not possible given the limited 
data set. It should be noted that VI0 was held fixed at the value from the best Morse 
potential representation of the bottom of the well, and all higher Vi set equal to zero. 
This may affect the last few Vi such that they differ by more than 2a from their true 
values obtained in a fit to very high order. However, the Vi have their optimum values 
for the present truncated potential. 

Finally, we note that a fit to potential constants a~ through a8 via Dunham coefficients 
from the literature ( 9) yielded a very large residual (x& = 36). This again demonstrates 
that in general, truncated potential function expansions determined algebraically from 
Dunham coefficients will not yield an energy level spectrum in precise agreement with 
experiment. 

(b) X’Z’ ArHf 

The situation concerning the potential function is quite different for ArH+. While 
the lower level of vibrational excitation observed makes a power series expansion most 
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suitable for OH+, the observation of highly vibrationally excited states for ArH+ (up 
to 56% of 0,) indicates that the use of a Morse expansion is most appropriate. Fur- 
thermore, the ArH+ data samples the potential out to large internuclear distances (2.0 
A), where the potential begins to appreciably flatten out. This behavior is not well 
reproduced by power series expansions, where the flattening is produced by a cancel- 
lation of large terms diverging to fee . In the present case, we found that power series 
expansions up to x I6 were required and were quite unstable numerically, and therefore 
we used a Morse expansion instead. 

The most economical fit (x,d = 1.11) was realized using the expansions in Eqs. 
(lob), (1 l), and (15a). 3 12 transitions from microwave, FIR, and IR data of five 
isotopomers were fit to the 19 constants shown in Table V. It should be noted that 
D3 cannot be fitted independently due to correlations with D2 and p, which approach 
unity as the Morse series is extended ( 3 7). However, for a truncated series, a nonzero 
value for D3 can improve the convergence properties, and we fixed it at a convenient 
value. This does not affect the important physical result, namely a numerical repre- 

TABLE V 

Molecular Constants Obtained from a Morse Potential Expansion Fit for ArH’ 
(All Uncertainties Are 20) 

B” A I, ’ 1.2803691(96) 

d,,H 0.266(26) 

dl-,Ar 0.2230(80) 

Go (H, B.M.xamu) -0.000165(13) 

Go (D. B.M.xamu) -0.0001615(80) 

G1 (Bohr msg.) -0.0000945(11) 

G2 (Bohr msg.) -0.000087(13) 

lJ 2.310281(47) 

d(2)H -0.959(44) 

d(4)H 2.75(20) 

Ge(r,)/N,(Bohr msg.) -0.000343(27) 

D2. cm 
-1 32919.3(1.2) 

D3. cm 
-1 -3613.2(fixed) 

D4. cm 
-1 1834.6(1.8) 

Dg. cm 
-1 932.1(5.8) 

D6. cm 
-1 606(10) 

D7. cm 
-1 336(24) 

D8, cm 
-1 715(24) 

Dg. cm 
-1 519(28) 

DIO'~lll-l -150(24) 

Correlations above 0.9: 

- Go H 
;q _ &' 

0.938; fl - D2 -0.995; 

-0.995; D4 - D6 -0.917; 

D5 D-i -0.962; r, - d,," -0.944; 
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FIG. 5. Potential functions for ArH+. The solid curve is experimental, circles correspond to points on the 
CEPA surface from Ref. (38). The u = 7, J = 0 numerical wavefunction is shown at the appropriate energy 
to indicate the extent to which the potential has been sampled experimentally. 

sentation of the BO potential of ArH+, which should depend only slightly on the 
expansion functions employed below an energy for which sufficient rovibrational 
data are available. No significant deviations of any transition frequencies from the 
fitted values were noted, except for two pure rotational ArD+ transitions (12): the 
J = 0 + 1 transition of ‘*ArD+ was predicted at 3 18 18 1.334 MHz rather than the 
observed 3 18 18 1.888 (205 ), and the 36ArD+ J = 0 + 1 transition was calculated to 
be 319065.015 MHz rather than the observed value of 319065.379(65) MHz. We 
found that the inconsistency could be eliminated by fitting a direct adiabatic potential 
rather than using the approximate relation (11) to take into account the finite argon 
mass, but for the sake of compatibility with other treatments in the literature, Eqs. 
(10) and (11) were retained here to fit the experimental data. However, our experience 
strongly suggests that Eq. (1 l), which has been used until now to describe adiabatic 
effects on the bond length, introduces model errors that are not entirely negligible for 
hydrides, and hence it cannot extract the full information content available from high 
accuracy microwave measurements. 

The experimental potential curve for ArH+ is shown in Fig. 5 in comparison 
with the PNO-CI and CEPA ab initio points calculated by Rosmus (38). The 2, = 7, 
J = 0 numerical wavefunction constructed from 200 G is also shown at the appropriate 
energy to give an indication of how much of the potential the rovibrational data have 
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sampled. The present experimental value for the dissociation energy of 4.24 eV comes 
quite close to the CEPA value of 4.06 eV, considering that only the lower 50% of the 
well has been sampled spectroscopically. Considering the range of values reported 
from various high quality ab initio calculations (3.91-4.09 eV), the present value 
appears to be an overestimate. 

Although the quality ( Xd = 1.4) and stability of the fit were inferior to that obtained 
with the Morse potential function expansion described above, we also list a set of 
power series potential constants obtained to 16th order in Table VI. One notices 
immediately that these potential constants become irregular and in general smaller in 
magnitude above a9. This is due to the fact that for ArH+, as opposed to OH+, the 
integration or basis set calculation had to be carried near x = (r - r,)/r, = 1, close 
to the radius of convergence of the Dunham series. Also shown in Table VI are the 
coefficients for a y = (1 - r,/ r) expansion, defined in analogy to the Dunham coef- 
ficients, except that y replaces x in the series expansion ( Xred = 3). Considering the 
lower order of expansion, this series does considerably better than the Dunham series. 
It is interesting to note that the terms of the truncated series, fit directly to the data in 
each case, do not obey the theoretical scaling relationships (25) within their uncer- 
tainties, illustrating the danger of using such formulas for a few coefficients to obtain 
“equivalent” representations of the potential. Generally, potentials obtained algebra- 
ically from Dunham coefficients rather than direct fits will not reproduce the data 
within uncertainty, since the derived potential is a truncated form of the full potential, 

TABLE VI 

Dunham and Simon+Parr-Finlan Potential Coefficients for ArH+ Fitted Directly from the Data 
(Uncertainties Are 20 And Do Not Include Model Errors (x~ > 1)) 

Dunham series iin x') SPF series (in y) 

=0 

=1 

=2 

=3 

a4 

a5 

a6 

a7 

a8 

a9 

a10 

a11 

a12 

a13 

a14 

a15 

%6 

175677(l) cm -1 b0 175716(l) cm -1 

-2.56349(4) bl -0.56451(4) 

4.3014(Z) bz -0.40711(7) 

-5.931(2) b3 0.0046(Z) 

7.069(5) b4 0.138(l) 

-6.03(3) kl -0.497(Z) 

1.23(9) b6 0.047(3) 

1.6(l) 

3.8(4) 

-6.2(5) 

0.001(80) 

0.12(4) 

2.26(20) 

-0.03(l) 

0.008(5) 

0.003(2) 

O.OOPB(fixed) 
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rather than an optimal truncated potential. In any case, given the large data set, the 
Morse expansion is the preferred representation of the ArH+ potential. 

Adjustment of Gi and G2 was required to reproduce the higher J transitions of 
ArH+ and ArD+ within experimental uncertainty. Go was also determined for ArH+ 
and ArDf separately, by including the values of g, (2) = 0) from Ref. ( IO) in the fit. 
The uncertainties of the Go are larger than in Ref. (10) due to additional parameter 
correlation, weighting with 2a of the uncertainty, and because only the values of g, 
(n = 0), rather than the many individual measurements made in Ref. (IO), were 
used. With the help of Eq. (18 ), we find for the vibrational dependence of the g factor 
of ArH+ -0.0000032 (u + 1). This results in a correction to the permanent dipole 
moment of +O. 12( 1) D, a shift in the right direction from the g, (u = 0) uncorrected 
dipole moment of 0.9 (4) D ( 7), but clearly not sufficient to account for the theoretical 
values of 2.08-2.22 D. This may be a problem in the g-factor determination (yielding 
a la uncertainty of 0.4 D), or due to parameter correlations (0.938 for GO(ArHf) 
and dr,“) and model errors in the present treatment. In particular, with a negative 
quadratic term, g, will not be represented well at large internuclear distances, possibly 
causing an underestimate of the corrections. Furthermore, the combination of the g, 
vibrational dependence with g, and L’/“, enforced by fitting only gv( re), could cause 
errors in the Gi beyond the experimental uncertainties. 

The vibrational g factor g:( r,) shows a deviation in the opposite direction to that 
observed for OH+; g, for ArH+ (-0.000343(27)) is smaller than the value expected 
from Eq. (6), -0.00053. This indicates that the effective vibrational reduced mass is 
slightly smaller than the atomic reduced mass. The valence electron distribution in 
ArH+ does not seem to follow the nuclear vibrational motion as closely as in the case 
of OH+. Of course, one would never expect g, to quite approach zero, since the core 
electrons probably follow the nuclear motion quite well, giving their full contribution 
to gt. At least for these two examples, it appears that a more negative electronic 
rotational g factor (due to ?r electrons rigidly following the nucleus, as in OH+) cor- 
relates with a more negative g, factor, whereas a smaller g: (more spherical electron 
distribution, as in ArH+) correlates with a smaller g”v. 

For ArH+, we were able to determine the isotopic corrections to the bond length 
due to both hydrogen and argon substitution. The values for dr,H and d+ obtained 
are shown in Table V. Their signs and magnitudes are in agreement with the corre- 
sponding constants for halogen hydrides. The value for rEd is in good agreement with, 
but slightly lower than, the value from Ref. (IO), rtd = 1.280375(7) A, as expected 
from inclusion of the Ar adiabatic effect. Two correction terms were required to the 
B-O potential, dg’ and dg’, to simultaneously account for the ArH+ and ArD+ data. 
The sign of dE’ is negative, indicating a smaller vibrational frequency than expected 
from the BO approximation, as seen also in OH+ and similar hydrides. The derivative 
of the hydrogen adiabatic potential thus becomes (using Eq. (12)) -0.13 meV/A, a 
fairly sizeable correction. 

CONCLUSION 

We have demonstrated the utility of fitting molecular ion rovibrational spectra 
directly to the corrected rovibrational Schrijdinger equation when sufficient data are 
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available. Such a treatment allows the extraction of more physically meaningfui pa- 
rameters, such as a potential function, and electronic rotational and vibrational slipping 
parameters. While the (non)adiabatic effects are undoubtedly necessary fitting param- 
eters for simultaneous treatment of isotopomers, their values obtained by direct fits 
to the data, and by more conventional fits to previously determined spectroscopic 
constants, should be carefully compared in the case of more extensively studied neutrals. 
This should allow an assessment of the approximations made and of the ability of 
combined Zeeman-rovibrational data sets to determine such corrections. 
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