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All literature pure rotational and vibratierrotational spectroscopic data on the grodttE™ electronic state

of HF and DF, together with the entire set of spectroscopic line positions from analysesBofthe- X 1>+
emission band systems of HF and DF, have been used in a global least-squares fit to the radial Hamiltonian
operators, in compact analytic form, for both electronic states. With a data set consisting of 6157 spectroscopic
line positions, the reduced standard deviation of the fitévas1.028. Sets of quantum mechanically significant
rotational and centrifugal distortion constants were calculated for both electronic states using Rayleigh
Schralinger perturbation theory.

I. Introduction spectroscopy:f After more than 80 years, the same transitions
are still being studied, but with ever increasing precision of
measurement. Also more recently, the same transitions in
emission have led to the use of HF gas as the medium of a
valuable chemical laser. Moreover, HF has gained astrophysical
importance: the detection in 1997 of trace amounts of hydrogen
fluoride in the Sagittarius B2 interstellar gas cloud constituted

In recent years, an increasingly common practice in the
literature of diatomic molecule spectroscopy is the representation
of measured line positions in terms of the quantum mechanical
eigenvalues of vibrationrotational Hamiltonian functions.
Some impetus to the development of this methodology on a
wider basis was provided by our analysis of the spectroscopic . . - o T
database for thi 13+ ground electronic states of the hydrogen the first discovery of a fluorine-containing molecule in interstel-

- - I lar space.
halides HI and HBE Although the principal objective of that ! . . o
work was the characterization of Bor®ppenheimer break- With such extensive laboratory investigations of the ground
down (BOB) effects in diatomic hydrides, a new and important X *=" electronic state of HF, which also now include studies
feature was the introduction of a compact and flexible analytical Of pure rotational transitions, it comes as no surprise that
model for the internuclear potential energy function. Analogous Numerous complementary ab initio studies have also been
investigations for HEand HCP had been carried out prior to ~ undertaken. However, even the most recent calculdtiéhtail
the introduction of empirical analytical models in the procedure, to reproduce the full manifold of vibrational energy levels of
and the potential energy functions in those studies were reportedthe X state with close to spectroscopic accuracy; on average
as extensive numerical listings. This was considered a significantthe magnitude of the differences between observed and theoreti-
drawback and likely dissuaded other investigators from employ- cally calculated vibrational energies is typicaly80 cnr.
ing the results in related work. However, although limited to relatively low vibrational levels,

With further refinement of the procedure employing analytical the somewhat earlier calculations of Mattimere much more
potential functions, a new analysis was performed recéfuty successful in predicting the observed vibrational intervals of
the spectroscopic data available for the four most abundantHF and several other diatomics. In the case of XjFthe first
isotopologues of HCI. Aside from the novelty of including five intervals were calculated to within-0.2 cntt. Other
analytical models, we simultaneously included more recently theoretical work has been undertaken to facilitate assignments
obtained spectroscopic line positions. This allowed us to report of complex experimental spectra in the ultraviolet region,
the most precise to date Hamiltonian operators forXh&™ involving perturbed Rydberg electronic states. The comprehen-
andB =T electronic states in compact analytical form. sive ab initio study of Bettendorff et &k for example, provided

The present work represents an analogous extension of theconvincing interpretations of the ultraviolet absorption spectra
previous study on HE,whereby new accurate HF and DF of Douglas and Greenin§.The theoretical work also offered
spectroscopic data are included, and the various determinablea lucid explanation for the high degree-41%) of ionic
radial functions are now reported exclusively in analytical form. character in th& 'X* state, as also indicated by the large dipole

The vibration-rotation bands of HF were among the earliest moment (1.83 D). This was shown to arise from a strongly
molecular transitions to be studied by infrared absorption avoided crossing with thB X" state, where the nonadiabatic

coupling matrix elemeniX 1=*|6/0R|B =" reaches its maxi-
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constructive to include a short review of these contributions.
Gruebele et a#® applied an analytical potential model to
represent the spectroscopic transitions of the cations &l
ArH™, including a consideration of adiabatic and nonadiabatic
corrections. TiemarfAapplied the DPF method in representing
excited electronic state potential functions having an attractive
limb potential barrier, for TIFB °[1,), InCI(C IT), AIBr(C 1T),
500000 19 and Na(B 1,). Brihl et al2® also employed the DPF method
“1 15l in the representation by analytic models of hélT andX 2=+
10 electronic state potentials of the van der Waals molecule NaKtr,
5 X which was especially challenging owing to the unusually shallow
potentials, having well depths of less than 800-émand
——— T supporting few vibrational levels. Significant contributions in
00 10 20 30 40 the development and refinement of the DPF method have also
RIA been made by the Bernath grotfp?8 In recent years there have
Figure 1. Potential energy curves for selected low-lying electronic peen new applications of the DPF methodology, which are far
states of HF. too numerous to note here, but the increasing frequency of these
applications is encouraging because it clearly indicates the wider
establishment of the method.
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102 202 30t 17* 40t with increasing internuclear separation,
furnishing HES) + F(3P) dissociation products, while tiB'>" . -
state, which dissociates totH- F-(1S), follows a complemen- The present work incorporates an application of the DPF

tary opposite trend. Figure 1 shows selected electronic statesprm,:Gdure to the large spectroscopip database gontgining all
O“)f":pp g available HF/DF X 1=*) pure-rotational and vibration

rotational transitions, as well as the rotationally Bo&" — X

Hydrogen fluoride is a light molecule and it is well-known 15+ emission band : f both isotopol Th t of
that the Bora-Oppenheimer approximation fails to provide an emission band systems of both 1Sotopologues. The Set o
spectroscopic line measurements employed herein has been

accurate description of this system. At the level of the adiabatic L )
P y enlarged significantly from that of the previous wbthky the

approximation, different effective potentials are predicted for . ) ) . X
the two isotopologues, HF and DF. In addition to the adiabatic inclusion of newer highly precise spectroscopic measurements.

corrections, the low-lying and predominantly repulsivé 202 Furthermore, the use OT p‘ﬂ_fe'y a_nalytical models fo_r all ra(_jial
302 1723 40t — A 1 electronic state, which dissociates to the fqngtlons reprgsents a S|gn|f|p§1nt !mprovement that will certainly
same limit as th& state (see Figure 1), is responsible for smooth @id in the straightforward utilization of the results.

but increasingly severe heterogeneous nonadiabatic perturbations

of the rotational energy level manifold of the ground state. In Il. Method

previous work’ we achieved a deperturbation of the ground

state from such effects by including a radial functigi®) in ~We employ the Hamiltonian operator for a heteronuclear
the centrifugal term of the Hamiltonian operator for Metate. diatomic AB in a'X electronic state proposed by Coxéion
The first identification of such smooth globhtlependent effects ~ the basis of theoretical work by Watsghor an isotopologue

in the spectra of diatomic molecules was made by Cé&kfur I, this is given as

the analogous system of hydrogen chloride, in work that laid

the foundation for the proper treatment of hydride diatomic HiAB = (Zy?‘)_lPﬁ + Uie“(R) + B(R)[1+ g(R]IJ+ 1)
spectra by numerical methodology. In subsequent work, Coxon (1)
and Hajigeorgiotiinvestigated the isotopic dependence of BOB

effects in HF and DF employing a method similar to inverse \yhere u is the reduced mass defined in terms of atomic
perturbation analysis (IPA}'6and obtained the potential energy massesP? is the nuclear kinetic energy operatbE"(R) is the

fun;tion§ for theX andB states, albeit in numerigal form on a effective internuclear potential energg(R) represents BO-
radial grid. Because a prominent drawback of this methodology breakdown effects, arBi(R) = h2/(242R?) is the radial part of
’ i

was the lack of compactness in the associated functions, we h ional For HE i | &R
also presented more useful RKR-style listings for ¥é=" the rotational energy operator. For isotopologuéis(R)

andB 1= state potentials of HF and DF. can be written explicitly as
This problem has now been overcome by incorporating

analytical models in the procedure, converting the method from off BO

IPA to an iterative direct potential fit (DPF) method. A highly UT(R) =U™(R) +

successful empirical model for the potential energy of a diatomic i

molecule is the modified Lennard-Jones (MLJ) oscillator of . )

Hajigeorgiou and Le Roy” This analytical model has been WhereUSO(R) is the BO-potentlaIpH(R) and U%(R) are BO-

employed successfully in the analysis of HCI dagad for other ~ Preakdown functions that contailE ~ *Z (homogeneous)

mU"(R)  mU"(R)
it 2)

MY

diatomic molecules, such as GOHeH" 12 and LiH2° Its most interactions and adiabatic corrections, anglis the electron
challenging application to date, however, concerns the recent€St mass.
analysis of Lj data by Coxon and Melvillé! where data for The J-dependent interactions arise from a combination of

the A 1=+ state extend t&R ~ 55 A, far beyond the Le Roy = homogeneous and heterogeneous nonadiabatic interactions. As

radius?2 a quantity that approximates the internuclear separation shown by Watso#d? those separate contributions cannot be

associated with the onset of the long-range region. determined uniquely from consideration of zero-field transition
Other research groups have also employed the DPF methodenergy data alone. Tlg(R) function in eq 1, which collectively

in the early stages of its development in achieving compact takes account of these interactions, can be partitioned into two

representations of large spectroscopic data sets, and we find iatom-centered functions
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To prevent nonphysical behavior #¥(R) (and hence also in
U(R)), the data-dependent portion of the function is joined
smoothly to the asymptotic valyge) by means of a switching
function, such that

Because there can be no isotopic substitution on the fluorine
atomic center, it is not possible to achieve unique determinations
of the three function&JB(R), UH(R), andUF(R) in eq 2 from
consideration of HF and DF spectroscopic data. In this case,
we have employed the Le Roy “dominant isotopologue” _ _
approach? in which the HF internuclear potential energy ?{R) = TR ”ZD(mem—i_ [~ TaRle) (7)
functions, U e (R) and UL (R), are obtained directly as the
skeleton functions; it is then straightforward to obtain the with
UH(R) functions for both electronic states by considering ‘
simultaneously the input of DF data. The effective potentials f (R = (14 B~ Ry~ (8)

for DF are then obtained as i i
whered controls the damping strength aRi),; is theR value

MH — MmP at which the switching function has a value of exactly 0.50.
UEfL(R) = Uﬁfﬁ(R) T My UH(R) (4) These parameters are constrained to sensible values that do not
M™M in any way impair the quality of the fit, while keeping the radial
variation of¢(R) reasonable and free of pathological behavior.
whereUﬁ“F(R) includes a small inseparable contribution from Selection of these values is facilitated to some degree by
the fluorine center. previous experience and often involves trial and error, albeit
It is important to emphasize that becaupg(R) andgpe(R) not extensive; the fitted parameter estimatgs adjust to
can be obtained uniquely in a fit of HF or DF data alone, accommodate a range ofand Ry, values without affecting
respectively, and becausgi(R) can be obtained from a the goodness of the fit.

combined HF/DF fit, the unique determination gf(R) is When .¢>(R) is represented in. eq 7 with a high order
possible here, despite the fact that there is no isotopic substitu-polynomial inz, anomalous behavior is often found in the fitted
tion at the fluorine atomic center. function when extrapolating tR values lower than the radial

In recent work on CO8we were able to employ the Herman ~ fange sampled by the data. As discussed in ref 21, a convenient
and Ogilvié* Hamiltonian operator, in which the kinetic energy ~'esolution of this problem is afforded by a short linear
operator is preceded by an atomic-mass-dependent-Born €xtrapolation ofp(R) at R < Riner. In the present work, this
Oppenheimer breakdown term related to the slippage of @PProach was required for thestate, for whichRinner = 0.58
electrons due to the vibrational motion. This radial function, . )
along with an analogous function for rotational electron slippage 1€ functionU(R) is represented by the model
effects, was determined for G&by applying constraints related

UH
to the gyromagnetic ratio and the electric dipole moment. The H UH H H fsw(R)
advantage of using this framework is that there is allowance U"(R) =fg,(R) Z U2+ Ug| 1 — oA 9)
for separation of the adiabatic and homogeneous nonadiabatic = fow(RY)

corrections, which is not possible in the application of the

Coxon/Watson Hamiltonian operator, eq 1. In the case of HF, Subject to the arbitrary conditiot™(Re) = 0. Finally, the
however, use of this theoretical framework is precluded owing functionsg™(R) andg™(R) are modeled as

to the lack of isotopic substitution at the fluorine center. This, . " W

of course, is of no consequence to the quality of the fit; it simply q (R =f5MR Z X (10)
means that the functiod"(R) in eq 4 remains an admixture of m=

adiabatic and homogeneous nonadiabatic effects. In the Her- . F Eom

man-Ogilvie Hamiltonian operator this function would repre- q (R =fu(R) Z OnX (11)
sent the pure adiabatic correction. m=

The mathematical models employed in the present work are where x is the reduced variableR(— Rg)/Rs; the switching

very simila_lr to those employed_recently for carbqn monofde.  fynctions in egs 10 and 11 ensure t(R) andgF(R) decay
The HF isotopologue potential energy functions for both to zero asR tends to infinity, in accord with the theoretical

electronic states are modeled as MLJ oscilldfors expectatior?3
One remaining quantity that must be considered is the
Ut R =D |1 — Ee n —6(R)z 2 5 electronic term value of thB 1= state, along with its isotopic
Hr(R) = De R e ®) dependence. We can write for the two electronic states the

following electronic term value expressions
wheren is the power of the leading term in the long-range
potential energy expressiod(R) = De — C/R", wheren = 6 Iy — el
for the ground electronic state and= 1 for the ion-pair long- T (9 = Teo(X) +
range dependence of tHg =" state, andz is the Ogilvie-
Tipping®? reduced internuclear coordinater 2(R — Re)/(R + and
Re). One of the distinct advantages of the MLJ model is that it
offers a prescription for transforming the potential from the form H
of eq 5, to the long-range form, by defining the asymptotic value Tie'(B) = Tg'o(B) + —E; +
of the exponential functiop(R) as M;

dy
M

dF
+— (12)
i

(13)

E
B
E

i
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TABLE 1: Experimental Line Position Data2 for the B X and X 1X* States of HF and DF

isotopologue type accuracy/ct AV Umax  Jmax  No.lines authors year
HF (X) far IR/heterodyne (0.15200)x 10> 0 0 33 17 Jennings et al. 1987, 1988
HF (X) *tunable far-IR (0.58-1.6) x 1075 0 0 7 2 Odashima et al. 1999
HF (X) *FTIR emission 0.0002 0 0 25 13 Hedderich et al. 1991
HF (X) *FTIR at 2300°C 0.0005 0 4 35 59 Ram et al. 1996
HF (X) *IR absorption 0.00%40.01 0 2 39 9 Lemoine and Demuynck 1987
HF (X) laser emission 0.003 0 3 24 20 Sengupta et al. 1979
HF (X) *laser emission 0.025 0 3 30 27 Deutsch 1967b
HF (X) far-IR absorption 0.050.08 0 0 17 17 Mason and Neilsen 1967
HF (X) laser emission 0.10 0 2 33 19 Cuellar and Pimentel 1979
HF (X) far-IR laser emission 0.20 0 3 25 12 Akitt and Yardley 1970
HF (X) far-IR absorption 0.20 0 0 11 11 Rothschild 1964
HF (X) laser emission 0.40 0 5 41 75 Revich and Stankevich 1966
HF (X) *heterodyne 3.3 10°° 1 1 6 5 Goddon et al. 1991
HF (X) *FTIR emission 0.0002 1 2 16 45 Le Blanc et al. 1994
HF (X) absorption 0.0005 1 1 12 22 Guelachvili 1976
HF (X) *FTIR at 2300°C 0.0005 1 5 28 116 Ram et al. 1996
HF (X) IR laser 0.005 1 6 15 49 Sengupta et al. 1979
HF (X) IR absorption 0.01 1 1 15 29 Webb and Rao 1968
HF (X) IR absorption 0.03 1 1 10 19 Herget et al. 1962
HF (X) flame emission 0.0750.12 1 3 28 97 Mann et al. 1961
HF (X) laser emission 0.100.12 1 3 15 31 Deutsch 1967a
HF (X) FTIR absorption 0.001 2 2 9 18 Guelachvili 1976
HF (X) IR absorption 0.016 2 2 9 15 Webb and Rao 1968
HF (X) IR absoption 0.04 2 2 9 16 Herget et al. 1962
HF (X) flame emission 0.120.15 2 6 28 214 Mann et al. 1961
HF (X) *laser absorption 0.003 3 3 10 17 Sasada 1994
HF (X) absorption 0.01 3 9 16 Fishburne and Rao 1966
HF (X) flame emission 0.160.15 3 6 22 110 Mann et al. 1961
HF (X) *absorption 0.01 4 4 7 13 Fishburne and Rao 1966
HF (X) flame emission 0.12 4 8 24 185 Mann et al. 1961
HF (X) *absorption 0.02 5 5 5 9 Fishburne and Rao 1966
HF (X) flame emission 0.15 5 9 22 131 Mann et al. 1961
HF (B — X) UV emission 0.03 1797 Di Lonardo and Douglas 1973
DF (X) submm. absorption 0.00002 0 0 1 1 De Lucia et al. 1971
DF (X) *FT far-IR absorption ~ 0.0001 0 0 9 8 Hajigeorgiou 1991
DF (X) *FTIR at 2300°C 0.0005 0 3 48 89 Ram et al. 1996
DF (X) *FTIR 0.00005 1 1 12 25 Ram et al. 1996
DF (X) *FTIR at 2300°C 0.0005 1 5 32 151 Ram et al. 1996
DF (X) IR laser emission 0.004 1 4 17 58 Sengupta et al. 1979
DF (X) *absorption 0.01 1 1 13 16 Spanbauer et al. 1965
DF (X) *laser emission 0.08 1 4 17 30 Deutsch 1967a
DF (X) absorption 0.01 2 2 11 19 Spanbauer et al. 1965
DF (B — X) UV emission 0.04 1544 Coxon and Hajigeorgiou 1989
DF (B — X) UV emission 0.04 981 Coxon and Hajigeorgiou 1990
total no. Lines 6157

aFor each data set, the table shows the number of line positions employed in the least-squares fits of the pres&ntisvtiik; change in
vibrational number for transitions within the state; the maximum vibrational and rotational quantum numbers for the set are givgr asd

Jmax. Data sets not available or not considered in the previous4ark flagged with an asterisk.

so that the separation between electronic st8tesd X for
isotopologue is

A; for the B state, 4001 points were employed over the range
1.0-5.0 A with a mesh size of 0.001 A. Tests were performed
to ensure that the radial ranges and mesh sizes were defined

Iy el — [ A_dH A_dF such that error in the derived eigenvalues was negligible with
TH(B) ~ TH(X) = ATgo + mH * F (14) respect to the uncertainties in the measured line positions.
' ' Fundamental constants and atomic masses were taken from the
which can also be written as most recent compilatior#:*>
H [ll. Spectroscopic Data
T9(@) - 1709 = AT+ 29 (15) pectroseop
M, In our previous global analysis of HF and DF datae

employed a total of 5213 spectroscopic line positions. The

to indicate that the paramet&d™ is indeterminable. The two  current data set is increased by 944 to a total of 6157 line
determinable parameters in eq 15 msg'ﬁ and Ad-. positions. Many of the newly employed line positions have been

The global treatment of HF and DF data is carried out by measured with significantly higher precision compared to
means of a weighted nonlinear least-squares fit to the Hamil- previously existing data having the same vibrational/rotational
tonian parameters. The partial derivatives required in the methodexcitation, and/or enlarge markedly the range of rotational
are calculated accurately by numerical integration according to excitation. The greatest portion of the line position data is
the Hellmanr-Feynman theorem (see eq 25 of ref 18). Radial derived from the analyses of tige'=" — X 1=+ emission band
functions for theX state were obtained at 12001 grid points in systems of HF and DF36:37 These analyses contribute 4322
the range 0.46.4 A, corresponding to a mesh size of 0.0005 line positions, or close to 70% of the total.



Electronic States of Hydrogen Fluoride

TABLE 2: Fitted Potential Function Parameters? for the X
¥+ and B X+ States of HF
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TABLE 3: Born —Oppenheimer Breakdown Functiong for
the X ¥+ and B X+ States of HF

parameter X1zt Bt parameter X1zt Bt
SIA1 [3.70] [3.50] SIA1 [8.00] [4.00]
RuA [3.00] [3.80] RuA [2.50] [2.70]
bo —3.967237%0544) 0.333781741) H 1 27 .42:0A9 21 5
o 0.7963340548) 0.7497001(1) ”b““ﬁ“ em 42:9) 6745)
&2 0.1610Qps/4) —0.95463446) 1C°uy/em? 1.184014(5) —1.3Qs6842)
gﬁ 0304y 250 10°u;/cm-* ~2.870:42) 1.0%2242)
s 0.630501(7) 4.55406) 10°ug/em 3.68644) 4.J64643)
ge O-gfggs(?n 7?23619881(721) 10°uf/emr —1.202842) 3.150649)
7 9. 52 - -4815 _ _
o8 9-1838(:(2) 13-388143) 105U'5—|/Cm 1 0-50661(4)
¢o 16.G901(3) 2233741) 10Puf/emt —124g2541)
o 530 ) 10w e 55 540d(3)
b1 165.66015) 10°u/em? —7370543)
h 2‘525:)3;(218()2) 10 ot 3Laard1)
b15 —70.130544) olA-1 [3.00]
Ddcmt [49361.6] [46872.0] Ry /A [4.50]
RJ/A 0.91683896,742) 2.090943:544) H —0.11%143)
RonedA 0.58 & o ' .
N 84783.6439) G2 Tless(5)
AdH/u et —6.7712243) o 0.0545541)
aThe values oR. and the sets af; parameters refer to the effective q; —0.24251(1)
potentials of theX and B states of HF, see text. Entries in square H —0.08841(7
Os 8a1(7)

brackets denote constrained parameters; entries in parentheses cor-

H —
respond to estimated one standard errors, in units of the last nonsub- Y 0.145741)
scripted digit of the corresponding parameter. oIA1 [3.00]
Ru/A [4.50]
Table 1 contains a concise summary of the current data set. —4.017745)
For HF, there are pure rotational line position measurements ; 9
50 . . . . .. a, 334241)
from many source® 50 and vibration-rotational line position 2
measurements 59 obtained by employing a variety of tech- s ~5-463045)

niques, including FTIR emission/absorption, infrared laser-  aEntries in square brackets denote constrained parameters; entries
induced fluorescence, classical spectrographic flame emission,n parentheses correspond to estimated one standard errors, in units of
and heterodyne methods. Finally, for HF, the set of line positions the last nonsubscripted digit of the corresponding parameter.

. IS+ sy IS ) ) . . .
measured by Di Lonardo and Dougifor theB =" — X 1= squares fit. It is essential to emphasize that these listed

emission band system completes the data set. For DF, puréy,rameters describe directly the potentials of the HF isotopo-
rotational line positions are available from the work of De Lucia logue. Using eq 4 and the"(R) functions, the corresponding

et al.”® Hajigeorgiou’s Ph.D. thesfs,and Ram et a? Vibra- potentials for DF can be readily constructed. The BO-breakdown

tion—rotational data were obtained from the analyses of Ram functionsUH(R) for both electronic states, anfl(R) andgF(R)

et al.iz Sengupta et af’; Spanbauer et &, and '?emsf'ﬁ? for the X state, can be constructed from the parameters listed in

In\llerrtlgat_lor.l and analysis of the extensive ultraviélér™ — Table 3. Statistically significant determinations of t§R) and

X "2" emission bagr;d system of DF was undertaken by COXon o#(R) functions for thes state could not be obtained, indicating

and Hajigeorgiot: S . . the lack of significantJ-dependent perturbations in this state
The extent of the vibrational index for the spectroscopic data o the range of vibrational excitation sampled in the spec-

included in the present global fits i¢' = 0—19 for HF(X), v" trographic ultraviolet flame emission data.

= 0—26 (excluding levels withv" = 6—8) for DF(X), v' = Figure 2 shows the(R) functions for both electronic states.
0-10 for HF@), andv' = 07 for DF(B). Both functions are seen to vary smoothly over the radial range
covered by the data, shown in solid lines, and to extrapolate
sensibly in both directions, as shown by the dashed lines. At
The comprehensive least-squares fit of 6157 HF/DF spec- largeR, the functions reach asymptotes that can be calculated
troscopic line positions gave a reduced standard deviatién of easily from eq 6 and the known values @f. For the ground
= 1.028. This statistical indicator gives the weighted average electronic stateCs = 37425 cnt! A® from the analysis of
of the residuals (observed- calculated) relative to their ~ Zemke et aP3 Assuming a simple ion-pair Coulombic interac-
experimental uncertainties, so that a resuloot 1.0 is ideal tion at long-range for th8 1=* electronic state, we obtai@;
for a data set that is free of systematic error, and for which the = 116 110 cm! A, leading to theapproximateestimates for
associated uncertainties have been estimated realistically. Thehe asymptotespx(c) ~ 0.2245 andpg() ~ 0.2618.
total number of adjustable parameters in the fit was 54, of which  The UM(R) function for theX state is shown in Figure 3, along
36 characterize th&X 1= ground electronic state and the with selected points from the analogous function obtained in
remaining 18 describe the excit&l =" ion-pair state. The our 1990 analysid.The agreement between the two functions
estimated potential function parameters and their standard errords very good over most of the radial range, but it is clear that
for the X andB states are listed in Table 2. For both states, the while the 1990 function exhibits pathological behavior at large
dissociation energies were constrained to estimated values thaR, the function obtained in the present work approaches an
are more precise and reliable than those found from our least-asymptote smoothly and sensibly. In our previous Waohlere

IV. Results and Discussion



6266 J. Phys. Chem. A, Vol. 110, No. 19, 2006 Coxon and Hajigeorgiou

1.0+ 50.0
40.0 4
0.0 o
’ ’ - 30.0
—~ £
\q -1.0 4 o
vj 3 20.0
< 2.0 EE 10.0
for HF(Y) 5
or 00 -
-3.0 1 E"’
-10.0 4
4.0
-20.0 4
-5.0 -7t T rrrr+-rrrr -30.0 T T T T
00 10 20 3.0 40 50 1.0 2.0 3.0 4.0
RIAngstrom RIA

Figure 4. The solid line shows theg"(R) isotopically invariant function

: X ) X
X IS+ andB IS* states of HF, as defined by the parameters in Table of eq 4 (see text) for th8 2_* electronic state of HF obtal_ned in the
present work. The open circles represent selected points from the

2. The solid regions of the curves correspond to radial ranges definedf - btained i . &As for the X I
by the available data, and extrapolations are indicated by broken curves.UNction obtained in previous workAs for the X state, excellent
agreement between the two functions is obtained for small displace-

Also shown in the lower part of the diagram is the square of the radial Lo .
wave function of the<,u = 19 vibrational level ford = 9, the highest ~ Ments from the equilibrium internuclear separation, but the agreement
. ' deteriorates at larg® values owing to the lack of provision for a

observed level for HFX). A S .
v v i sensible extrapolation in the 1990 function.

Figure 2. The exponentiapmi(R) functions of eq 5 (see text) for the

40.09 that might arise for slightly different values 6fandRy, in the

relevant switching function. It is also important to note that
attempts to constrain th&D, value to the TIPPS estimate gave
a significantly poorer least-squares fit, particularly for ground-
state vibrational levels close to the dissociation limit. Another
possible source of error in our fitteiD estimate is the fact
that for DF) vibrational levels withy'' = 6—8 are not sampled
by the experimental data and their energies are essentially
interpolated. It would be of much interest in the future to carry
out model calculations in order to assess the effects onhe
estimate of varying the constrained valuesdandRy, in the
switching function, and having interpolated vibrational levels.

-40.0 : r , , Figure 4 shows the analogous functidh(R) for the excited

10 20 30 40 state. As before, the solid line represents the function obtained
RIA in the present work and the open circles represent selected points

Figure 3. The solid line shows the™(R) isotopically invariant function from the 1990 function. The agreement is quite reasonable over
of eq 4 (see text) for th& '=* electronic state of HF obtained in the  ihe full radial range covered in the 1990 work. The current

present work. The open circles represent selected points from the - . -
function obtained in previous wofkThe two functions agree well for function, however, has the advantage of being constrained to

R < 2.7 A, but forR > 2.7 A, pathological behavior of the 1990 ~ @Pproach an asymptote, as expected theoretically. The asymptote
function owing to lack of provision for sensible extrapolation leads to Obtained in the present work is negative, which implies that for

20.0

mUMR) /ucm™
o
o
1

-20.0

large systematic differences. the excitedB =7 state, the dissociation energy of DF is greater
than that of HF. This may be related to the fact thatBhi&™
was no particular consideration for the behaviorl5f(R) at state dissociates to ionic products, and is similar to the situation

largeR, and the observed pathological behavior of the function encountered for th& =" state of HCH

simply indicates that the model employed previously was  Figure 5 shows the interesting comparison between the HF
unsatisfactory at modeling the physical realities of the problem. potentials of the present work with the functions obtained in
In the present work, an asymptote is reached with the aid of athe 1990 work. The solid curve represents the difference
switching function, and this is related directly to the difference U}, {(R) — Uy {R) for the X 1=+ state, and the broken curve
between the dissociation energies of HF and DF. From experi- represents the analogous difference for Bistate. For the
ments using threshold ion-pair production spectroscopy (TIPPS), ground state, the difference remains small over the radial range
the dissociation energies of both isotopologues are knownR = 0.75-2.5 A. However, forR > 2.50 A, the difference
precisely asDg(HF) = 49361.6+ 0.9 cnT! and De¢(DF) = increases significantly and displays oscillatory structure. This
49349.2+ 0.9 cm'l, giving a differenceADe = 12.4+ 0.5 trend almost certainly arises from the application of localized
cm™, which is the value quoted in ref 64. The asymptote of Gaussian correction functions in the previous woitr the

our UM(R) function is given by the parameter in Table 3, determination of the total IPA corrections to the trial potential.
meu(X) = 27.4+ 0.1 cnrl. This asymptote must be multi-  Oscillatory structure caused by the use of localized Gaussian
plied by the factor My~ — Mp™?) in order to be directly correction functions in previous wotls also observed for the
comparable to the experimental result. Performing this calcula- B =" state, as can be seen in Figure 5. We believe that these
tion gives the estimatdD, = 13.7 & 0.1 cnT?, which lies comparisons reveal with a high degree of confidence the
outside the combined standard errors of the two values. In anysignificant improvements achieved in the present work in
case, our error estimate @f0.1 cnt! cannot be regarded as representing radial functions, particularly with increasing in-
statistically rigorous because it takes no account of model error ternuclear distance.
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10.0 4 The concept of molecular constants has served well the
spectroscopic community over many decades. This formulation
received theoretical support early on, particularly through the

5.0 pioneering work of Dunharff, which placed the existence of
such entities on a firm theoretical footing. Unfortunately, in
TE practice, in analyses of the spectra of light diatomic molecules,
Lo0.04 and especially hydrides, the estimated molecular parameters
x frequently lack a strict mechanical meaning. This shortcoming
§ renders the molecular parameters unsuitable for extrapolating

to higherJ with any degree of reliability. In past wotké we

have demonstrated that reliable molecular constants may be
calculated a posteriori using the radial functions obtained in
-10.0 : : : such work in association with Rayleigischralinger perturba-

1.0 2.0 3.0 tion theory. Such calculated constants are then the true perturba-
tion series coefficients of an expansion in the varialfler1),

as defined by quantum mechanics. Furthermore, they do not
suffer from the effects of interparameter statistical correlations,
nor do they contain contributions from omitted higher-order

&
o
1

RIA
Figure 5. The solid line indicates the difference functi?dJ(R) =
UX0dR) — UsedR) for the HEX 1=+ potential, wherdJ(R) are the
potentials determined in the present work and in the earlier Wihk;

broken line represents the analogous difference function foB & parameters, unlike those obtained_in p_raCtica| e_lpplications where
state. For theX state, theAU(R) function is small in magnitude over  truncation of theJ(J+1) power series is unavoidable. Accord-
most of the range oR, but becomes oscillatory at larg owing to ingly, we have calculated molecular constants for ¥h&+

the use of localized Gaussian correction functions (see text) in the gnd theB 1S+ electronic states of HE and DF. Because of the
previous work: Smaller oscillations are also evident at laRén the large volume of tables containing such entries, we have decided
AU(R) function for theB state. . ' N

to present herein only the molecular constants for Xh&

states that relate to the vibrational levels sampled by the
0.00 + available vibratior-rotational data. We present the relevant
q(R) constants for HF and DF in Tables 4 and 5, respectively.
-0.04 Molecular constants for all observed vibrational levels for both
1 isotopologues and both electronic states are available as
-0.08 - Supporting Information. In order for some of the new HF
1 rotationally hot infrared dafd to be reproduced to within the
0.12 - experimental uncertainties, we have found it necessary to not
1 only include a calculation of the octic and nonic order constants
-0.16 P, andQ, that were not considered previously but also extend
. oL the expansion to include the 10th- and 11th-order teRpesnd
-0.20 - q R/ S for the X states of HF and DF, to obtain eigenvalues that
, ; , , - ' reproduce the highly precise spectroscopic line positions within
1.0 20 30 40 50 the experimental uncertainties. The observation that in the
RIA experimental analysi®, such spectra were represented ad-
Figure 6. The solid curve represents tXé=" stateg”(R) function of equately by up to a 6th-order expansionJig+1), indicates
eq 10 (see text), and the dashed curve representgRefunction of clearly the presence of the aforementioned effects that render

eq 11 (see text). The two functions are forced to approach an asymptotethe experimentally derived constants as effective values only.

of zero at IgrgeR, in accord with theore_tical ex_pecta_ltions (see' text). The calculation of the 10th- and 11ith-order centrifugal
For comparison purposes, the™(R) function obtained in the previous distorti tants (CD d . th timati
work? is shown by the dotted curve lying close to i&R) function. istortion constants ( ,Oy‘” andsS, requires . ees 'ma,l 1on

of the 5th-order correction to the wave function, and is thus
very much sensitive to numerical noise. However, because of
the high degree of smoothness in our radial functions, problems
’ ; . of this sort were neither expected nor encountered in the actual
obtaln_ed prewqusFyfor theq(R) function, where they are _very calculations. In addition to their other advantages, our molecular
smalllln mag.nltude forR < 2 A, but .become mgreasmgly constants are expected to be the most reliable in extrapolating
negative at h|gheR Thf_e current functions are switched to a higherJ. Their only apparent drawback is that they do not
value of zero in the region where the data no longer have any jycjude any estimate of statistical uncertainty: it is not obvious
effect, as can be seen in Figure 6. The theoretical interpretationy, g, proper account of error propagation from the estimated
and radial behavior of(R) have been discussed previoudly. parameters of our least-squares fit could be accommodated in

Figure 6 displays the radial variation of the ground state
g"(R) andg"(R) functions. These have shapes similar to those

One component of((R) arises from heterogeneous(~ *1) this calculation. The estimation of the number of significant
electronic state coupling. The increasing proximity of &1 digits for the centrifugal distortion constants has been achieved
repulsive electronic state to the groukd>" electronic state,  in two ways. First, with known data precision and the extent of

as the latter approaches its dissociation limit (see Figure 1), rotational excitation, it is possible to obtain a relative truncation

creates increasingly negative contributions to the rotational of the constants. However, this does not take into account any
energies of the ground state so that the ground state rotationapossible shortcomings associated with the particular method of
levels are effectively “pushed down”, in accord with the calculation of the constants. In other words, the absolute

expectation from conventional second-order perturbation theory. accuracy of the CDC calculation methodology must be assessed.
This interaction explains clearly the increasingly negative values The assessment of absolute accuracy in the calculation of
taken on byg(R) asR increases. centrifugal distortion constants was the subject of a recent
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TABLE 4: Molecular Constants (cm™1) for the X X+ State of HF

v G, B, 10°D, 107H, 104, 10'5M,, 10N, 10220, 10%5P, 10°Q, 10°%R, 10°5S,
0 2050.761082 20.559730458 2.119962810 1.63803715587674 1.592244-2.05007  0.235884-0.032821 0.03555 0.00551 0.0002
1 6012.183537 19.787476946 2.06379542 1.5910548.555203  1.544336-2.07143  0.21219 —0.03287  0.0490  0.00799-0.0227
2 9801.55456 19.034963756 2.01019848 1.54033068.556565  1.47013 —2.0945 0.22395 —0.04181 —0.1730  0.2087 —0.1168
3 13423.56507 18.300604183 1.95957337 1.48478301.564264  1.38819 —2.2783 0.1538 0.0674 —1.118 0.649 —0.245
4 16882.40268 17.582569664 1.91238665 1.4235071.58553 1.2760 —2.327 —0.238 0.378 —2.87 119 -0.30
5 20181.70002 16.878770194 1.8692437 1.3548761.6256 1.0771 -1.870 —1.164 0.902 -5.05 150 -0.11
6 23324.465  16.1867712 1.830926  1.27626—1.6882 0.7080 —0.674 —2.730 1.558 —6.90 1.09 0.51
7 26312.990 155036893 1.798433  1.18378—1.7806 0.0635 1.229 —4.908 2.166 —7.42 —0.53 1.66
8 29148.739  14.8260630 1.773078  1.07167-1.9189  —0.9829 3.431 —7.596 2458 —570 —3.76 3.28
9 31832.203  14.1496729 1.756639  0.93131-2.1363  —2.6007 4.974 —10.753 2.064 -151 —8.82 4.90

TABLE 5: Molecular Constants (cm™1) for the X X+ State of DF

v G, B, 10D, 10°H, 1042, 104°M, 10PN, 10%0, 10%P, 10%Q, 10R, 104S,
0 1490.33540 10.860344769 5.87468735 2.3852372.188680 6.397970—4.30750 2.6347 —1.805 0.645 —0.717 3.24
1 4396.99697 10.564028043 5.76098212 2.3367700.186116 6.28143 —4.3003 2.117 —1.392 3.143 —8.921 9.34
2 7212.15320 10.273325569 5.65079218 2.2858331.184902 6.04293 —4.1673 2.440 —4.326 7.805 —6.256 —22.28
3 9937.68872 9.987946445 554449231 2.2314151.18444 5.8079 —4.4454 3.594 —7.076 5.194 20.842—105.55
4 12575.35897 9.707559908 5.4424906 2.1732131.18730 5.6242 —5.1493 4.713 —6.150 —12.199 81.416 —242.24
5 15126.78000 9.43180391 5.3452748 2.1109281.19651 5.4782 —6.0138 4.485 1.631-49.541 177.813 —419.55
TABLE 6: Molecular Constants (cm™1) for v = 0 of HF(X TABLE 7: Potential Listings? for the X X" States of HF
1¥+) and DF
constant estimate reference HF DF
Bo 20.559730458 present work v Gy Rmin Rmax Gy Rmin Rmax
20.55973066(42) 42 0 2050.761 0.834163 1.020549 1490.335 0.845388 1.003647
20.55973002(33) 39 1 6012.184 0.784494 1.113084 4396.997 0.801118 1.078757
Do 2.11996281x 1073 present work 2 9801.555 0.754787 1.186890 7212.153 0.774063 1.137282
2.119960(15)x 10°3 42 3 13423.565 0.733063 1.254038 9937.689 0.753945 1.189532
2.119880(13) 1073 39 4 16882.403 0.715901 1.318065 12575.359 0.737811 1.238498
7 5 20181.700 0.701759 1.380651 15126.780 0.724327 1.285554
Ho 1.6380377< 107 present work 6 23324.465 0.689795 1.442817 17593.418 0.712759 1.331485
1.63793(64)x 10 42 7 26312.990 0.679490 1.505305 19976.577 0.702653 1.376804
1.63380(67)x 1077 39 8 29148.739 0.670502 1.568746 22277.384 0.693706 1.421880
Lo —1.558767x 10~ present work 9 31832.203 0.662594 1.633758 24496.769 0.685706 1.467007
~1.5528(111)« 101 42 10 34362.711 0.655596 1.701018 26635.445 0.678498 1.512438
—1.4810(67)x 1011 39 11 36738.178 0.649384 1.771347 28693.883 0.671963 1.558408
12 38954.760 0.643865 1.845807 30672.281 0.666013 1.605150
Mo 1.59224x 107 present work 13 41006.411 0.638973 1.925873 32570.528 0.660575 1.652911
1.480(85)x 10°1® 42 14 42884.271 0.634664 2.013696 34388.157 0.655594 1.701968
0.981(27)x 10713 39 15 44575.871 0.630910 2.112618 36124.286 0.651025 1.752641
No —2.0501x 101 present work 16 46064.051 0.627701 2.228205 37777.551 0.646831 1.805319
—1.23(24)x 1071 42 17 47325.477 0.625045 2.370673 39346.017 0.642984 1.860486
18 48328.360 0.622975 2.561907 40827.071 0.639461 1.918769
Oo 2.359x 1072 present work 19 49026.360 0.621555 2.867731 42217.294 0.636245 1.980994
investigation by Hajigeorgioﬁﬁwhere exact analytica| expres_ 20 49340.055 0.620922 3.862298 43512.296 0.633325 2.048290
: : : : : 21 44706.517 0.630693 2.122255
sions were derived for the centrifugal distortion constants up 22 45792980 0.628347 2 205240
to 11th-order, using the well-known closed-form expression for 53 46762.975 0626291 2300892
the rovibrational energy of a Kratzer-Fues oscillator. It appears 24 47605.634 0.624532 2.415300
that the calculated constants reproduce the vibratiotational 25 48307.241 0.623087 2.559823
data very well; 1835 such spectroscopic lines are reproduced26 48849.571 0.621982 2.760332
A oY S . . . 49204.293 0.621265 3.109782
with & = 1.014, which is most satisfactory. A closer inspection
of the residuals (observed calculated) indicates that for the aVibrational level energies are in crhunits; internuclear distances

HF v = 2 pure rotational data of Lemoine and Demuynck (see @re in A units.
Table 1), theR(35) andR(38) lines are reproduced with residuals A direct comparison between experimental and calculated
that are 4.7 and 13.1 times the experimental uncertainty, whereasnolecular constants far = 0 in HF (X 1=*) is shown in Table

in the least-squares fit these residuals were 0.2 ald4, 6. The agreement is clearly excellent for the lower-order
respectively. This is evidence of one of two things: either (a) constants, but deteriorates, as expected, at higher-order.
the 10th- and 11th-order constafsandS, are not calculated In previous work? we presented RKR-style listings of the

properly by Hutson’s methddor (b) 6th-order wave function  potential energy functions for HF and DF. Although it is now
corrections need to be considered. Because the radial functionconsiderably simpler to construct the analytical potential func-
obtained in this work are very smooth and continuous through- tions from the tabulated parameters, many applications require
out, we tend to favor the second explanation. However, we felt potentials that are not necessarily of the high degree of accuracy
that the effort required in including 12th- and 13th-order found in the fitted functions. In these cases, RKR-style listings
centrifugal distortion constants would be disproportionate to the of the potential functions would still be of much value, and
advantage gained in reproducing just two spectroscopic linesindeed a close examination of the citation record of our previous
to within their experimental precision. It is also obvious that publicatiorf showed that such listings proved helpful to many
there is sufficient evidence for the convergence of 3e-1) investigators. As such, the potentials for té=* andB ="
perturbation expansion for the ground states of HF and DF. states of HF and DF are presented in Tables 7 and 8. The
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TABLE 8: Potential Listings? for the B 'X* States of HF both electronic states. This material is available free of charge
and DF via the Internet at http://pubs.acs.org.
HF DF
" G, R R G, R R References and Notes
0 572.139 1924803 2.274854 416.295 1948021 2.245715 (L) €oxon, J.A; Hajigeorgiou, P. @. Mol. Spectroscl991, 150 1.
(2) Coxon, J. A.; Hajigeorgiou, P. @. Mol. Spectroscl99Q 142 254.
1 1695.940 1.810674 2.425969 1238.049 1.849520 2.370677 L ;
(3) Coxon, J. A.; Hajigeorgiou, P. Q. Mol. Spectroscl99Q 139 84.
2 2785.322 1.735157 2.540114 2041.458 1.784101 2.463432 (4) Coxon, J. A.: Hajigeorgiou, P. G. Mol. Spectrosc200Q 203 49.
3 3841.457 1.675280 2.640211 2826.974 1.732137 2.543588 (5) Imes, E. SAstrophys. J1919 50, 251.
4 4865.487 1.624448 2.732805 3595.042 1.687979 2.616774 (6) Schaeffer, C.: Thomas, NZ. Phys.1923 12, 330.
5 5858.512 1.579670 2.820847 4346.096 1.649059 2.685538 (7) Neufe|d’ D. A; Zmuidzinasy J.; Sch”ke’ P.; Ph||||p5’ T. G.
6 6821.594 1.539294 2.905960 5080.563 1.613956 2.751284 Astrophys. J. Lett1997 488, L141.
7 7755.760 1.502301 2.989148 5798.856 1.581787 2.814880  (8) Piecuch, P.; Kucharski, S. A.;pBko, V. J. Chem. Phys1999
8 8662.007 1.468017 3.071084 111, 6679. 5
9 9541.317 1.435976 3.152241 (9) Piecuch, P.; Kucharski, S. A.p8ko, V.; Kowalski, K.J. Chem.
10 10394.670 1.405853 3.232966 Phys.2001, 115 5796.
(10) Li, X.; Paldus, JJ. Chem. Phys2002 117, 1941.
aVibrational level energies are in cthunits; internuclear distances (11) Martin, J. M. L.Chem Phys. Lett1998 292 411.
are in A units. (12) Bettendorff, M.; Buenker, R. J.; Peyerimhoff, S. D;rialt, J.Z.

) ) ) o Phys. A1982 304, 125.
“turning points” of particular vibrational levels were calculated (13) Douglas, A. E.; Greening, F. Ran. J. Phys1979 57, 1650.

exactly to the desired degree of accuracy from the analytical ~ (14) Coxon, J. AJ. Mol. Spectrosc1986 117, 361.

functions (15) Kpsman, W. M.; I—!inze, J1. Mol. Spectroscl975 56, 93.
T . . (16) Vidal, C. R.; Scheingraber, H. Mol. Spectrosc1977, 65, 46.
The highest observed vibrational level for the groutstate (17) Hajigeorgiou, P. G.; Le Roy, R.J. Chem. Phy200Q 112, 3949.
of HF isv = 19. This level lies approximately 336 cbelow (18) Coxon, J. A.; Hajigeorgiou, P. G. Chem. Phys2004 121, 2992.
the dissociation limit, or at an energy of 99.3% . Given (19) Coxon, J. A.; Hajigeorgiou, P. G. Mol. Spectrosc1999 193

the expected reliability at long-range of our potential energy "~ (20) coxon, J. A.; Dickinson, C. SI. Chem. Phys2004 121, 9378.
function for theX =7 state, we have predicted the location of (21) Coxon, J. A.; Melville, T. CJ. Mol. Spectrosc2006 235, 235.

the HFv = 20 vibrational level at an energy &by = 49340.06 = (22) |—fe hRoé'h R. J. IlnsMOleCU'aff LSpe%;;)scopyé SF"EES'!SEQF;Z”?}“?&'
cm™, about 21.5 cm! below the dissociation limit. The outer fgﬂgp‘ieﬁ 5 onea ociety of Lond@arrow, R. F., Ed.; 1973; Vol.
turning point is found aR;rO =3.86 A, which lies well into the (23) Gruebele, M. H. W.; Keim, E.; Stein, A.; Saykally, R.JJ.Mol.

long-range region, the onset of which is given by the Le Roy 59?2050??1988 13é~M34|3-Ph 1088 65, 359

- _ 37 : : iemann, ol. Phys , .
radius,R = 3.12 A37 Although it may be tempting to calculate (25) Brihl, R.; Kapetanakis, J.; Zimmermann, ©.Chem. Physl991,
molecular constants for” = 20, andJ-dependent Franek 94, 5865.
Condon factors for prospective’ — 20 B — X electronic g(gg)éjgedderich, H. G.; Dulick, M.; Bernath, P. f..Chem. Physl993
emission bgnds, and to search carefully through the photogr{;\phm9 '(27) White, J.B.: Dulick, M.: Bemath, P. B. Chem. Phys1993 99,
plates of Di Lonardo and Dougl¥sto locate such bands, itis  g371.
not expected that any such lines will be found. The maximum  (28) Campbell, J. M.; Dulick, M.; Klapstein, D.; White, J. B.; Bernath,
value ofJ in such bands is expected to be= 4 to 5, and given ~ P- F.J. Chem. Phys1993 99, 8379.

. i : . - (29) Watson, J. K. GJ. Mol. Spectrosc198Q 80, 411.
the hot rotational distribution of the spectra, lines involving such  (55) | ¢'Roy, R 3J. Mol. Spectrosc1999 194, 189.

low J values will, in practice, be far too weak to be found, (31) Herman, R. M; Ogilvie, J. FAdv. Chem. Phys1998 103 187.
despite possibly large FranekCondon factors. (32) Ogilvie, J. F.Proc. R. Soc. London, Ser. ¥981, 378 287.
(33) Le Roy, R. J.; Huang, Yd. Mol. Struct.: THEOCHEM002 591,
175.

V. Conclusions (34) Mohr, P. J.; Taylor, B. NCODATA recommendeghlues of the

: : fundamental physical constants: 200®tp://physics.nist.gov/lab.html.
The present global analysis of spectroscopic data fob(the_ (35) Audi, G.. Wapstra, A. H.: Thibault, Ghucl. Phys A 2003 729
andB states of HF and DF represents the most comprehensivez37.

investigation of these isotopologues to date. With the additional  (36) Di Lonardo, G.; Douglas, A. ECan. J. Phys1973 51, 434.

; ; i ; (37) Coxon, J. A.; Hajigeorgiou, P. G. Mol. Spectroscl989 133 45.
advantage that all _rad|al functions are expressgd in analyt_lcal (38) Nolt, I. G.: Radostitz. J. V.: Di Lonardo. G.: Evenson. K. M.
form, the results will undoubtedly be of much significance in Jennings, D. A.; Leopold, K. P.; Vanek, M. D.; Zink, L. R.; Chance, K. V.

aiding future applications. The sets of calculated molecular J. Mol. Spectrosc1987, 125, 274.
constants for both electronic states not only succeed in (39) Jennings, D. A; Wells, J. S. Mol. Spectrosc1988 130, 267.

representing the entire spectroscopic information to within the 19‘(14(2))8:? dashima, H.; Zink, L. R.; Bvenson, K. i1.Mol. Spectroscl999

experimental errors but can also be used in performing  (41) Hedderich, H. G.; Frum, C. I.; Engleman, R.; Bernath, FC&.
extrapolations to highed with greater reliability than with J. Chem 1991, 69, 1659.

ot ; ; ; ; (42) Ram, R. S.; Morbi, Z.; Guo, B.; Zhang, K.-Q.; Bernath, P. F;
existing constants,_whlch are obtained in the conve_ntlonal way. \, e Auwera, 3.+ Johns. J. W. C.- Davies, SABirophys. J.. Suppl.
The potential functions presented for both electronic states canser. 1996 103 247.

be regarded as the best available functions of their type, and (43) Lemoine, B.; Demuynck, C. Private communication, 1987.
should aid in the evaluation of future ab initio studies. 19%4)7452’;%“9@' U. K. Das, P. K.; Narahari Rao,JXMol. Spectrosc
(45) Deutsch, T. FAppl. Phys. Lett1967, 11, 18.
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