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High resolution absorption spectra of tAe3IT,;,—X 12; system of }, consisting of some 9552

lines of some 79 bands spanning the vibrational rarige0—35 andv”"=3-17, have been recorded

and analyzed. A fit to them which uses the previously determined accurate molecular constants for
the X 12; state yields an accurate new set of molecular constants fok #tate, including the\
doubling constants. Th&-state vibrational and inertial rotational constants, as well as mechanically
consistent centrifugal distortion constants, are represented by near-dissociation expansions, yielding
an accurate representation of the experimental data which also provides a reliable global
representation ofll observed and unobserved vibration—rotation levels of this staté9@5
American Institute of Physic§S0021-96066)00203-]

I. INTRODUCTION the green-line resonance series observed by Rank and
Baldwin'®'° yielded a more accurate set Xfstate spectro-
lodine is one of the most widely studied halogen mol-scopic constant® Then in 1986, Martiret al?* recorded the
ecules, and its high resolution near infrared/visible absorpraser induced fluorescence of tBe-X system using Fourier
tion spectrum is widely used as a spectroscopic wavelengthansform techniques, and were able to probeXrsiate all
standard. Transitions involving the groub(dlzgg state and  the way top"=107. However, they did not observe any tran-
the fouér Igw-lym_g excited states)’ “Il5, A "Iy, Ty, sjtions involving the first eight vibrational level of the
and B HO_us' lie in the near infrared/visible region of the 4:4,nq state. Thus the most accurate molecular constants for
spectrum’— The potential curves for these stdeSare il- e ower portion of theX state remain those obtained by

Iusttra'i_eoll IThFll% L I)D(ufztf the rtepulswe n_at:;re ?f Hﬁl?u q Gerstenkorn and Luc from thB—X absorption spectré.
potential, the-11,,~ g SPectium consists of a broa The A—X spectrum lies in the near infrared region, is

c;)rltlnuum.f Mbq(;(;ovetr), tranS|t|?hns betm;ge&&é 5 aﬂd X relatively weak, and is obscured by the strdwgX spectrum
states are,or iaden because they would * - FOW" 4t shorter wavelengths. These factors have hindered the
ever, theA' state has been accessed indirectly by utilizing : ! .
the high-lying D’ ion-pair state, and its potential curve is study of this system, so the lowest optically accessible ex-
known_ggj_loAlthough not directl),/ involved in the absorption cited state of iodine is relatively poorly known. The first
spectrum, this state may be a source of perturbations for th((j-:Irect observation of this systgm was Brown's 1931 absp -
stronger allowed transitions. tion measurement of four series of band heads, spanning a
range of 22 vibrational levefé. However, he was unable to

The B—X spectrum is the most intense of the allowedd ) bsol ibrational beri
electronic transitions, and it provides the principal contribu- etermine an a SO utA—_state vi ratlo_na numbering. Four
decades later, Tellinghuisen’s analysis of thevikible con-

tion to the visible absorption spectrum of iodine vapor. Ex-* > .

tensive studies of this system have yielded accurate molectinuum indicated that thé\-state potential well had to be

lar constants and potential energy curves for bothxrend ~ distinctly deeper than Brown’s data had sugge_&tmj.the

B states. In particular, workers at the Laboratoire Aigmt-  first study of theA—X system at rotational resolution, Ashby

ton have published a comprehensieeline Atlasspanning confirmed this conclusion and showed that Brown’s provi-

the infrared and visible region between 7 220 and 20 oo@ionalv’ numbering should be increased by at least twelve

cm L that is widely used as a wavelength standdrdéAs  units? Shortly afterwards, Ashby and Johndbmnd Ger-

part of that work, Gerstenkorn and Luc analyzed BieX  Stenkornet al?® independently concluded that this new

spectrum and reported accurate spectroscopic constants diimbering should be increased by an additional two units,

scribing the properties ok-state vibrational levels ranging Yielding vibrational assignments which now appears to be

from v”=0 to 19, andB-state levels fromy’'=0 to 80* conclusive?® In 1981, Viswanatharet al?’ reported some
Other groups have studied the higher vibrational levelgiew band head measurementsi®¢A) =0-8 together with a

of the X state. In 1960, Verma observed ultraviolet fluores-detailed analysis of all data available at that time. However,

cence emission into the ground state and reported spectrtheir extended range and much higher resolution means that

scopic constants for levels spanning the region ftdmO0 to  the Fourier transform measurements of Ref. 15 supplant all

841" Ten years later, a reanalysis of his data together wittof the earlier results.
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904 Appadoo et al.: Analysis of the A—X spectrum of |,

TABLE II. Ranges ofA statev’ levels forA—X bands of } assigned and

fitted in the present analysis.
20000
v’ range
v” Q branch P & R branches
3 23-35
4 10-21, 23-35 13-16, 23, 26-28, 30-32
15000 5 10-24 11-13, 15-17
6 10, 11, 22, 23
V(R) 7 9,10 9
Jom™? 8 8,9 8
9 7-9 7-9
10 6,7
10000 11 5,6
12 4,5
13 3,4
14 2,3
15 1,2
16 0,1
5000 17 0
arm of the cell was kept at a temperature between 333 and
353 K in order to prevent the iodine pressure in the cell from
0 becoming too high. The cell was then coupled to the Fourier

4 5 transform spectrometer, which is described in detail in Ref.
28. For this experiment, the background continuum was pro-
vided by a tungsten iodide quartz lamp. The experimental

FIG. 1. Potential energy curves for the A’, A, 'IL,,, andB electronic  conditions are summarized in Tablél.

states of J. The absorption spectrum of iodine was recorded from

7 200 to 11 200 cm! and the results published in the form of

an Atlas®® The spectrum in this region consists of approxi-

The conclusions of Gerstenkoen al ?° regarding the vi- , L .
. ! X . mately 16 450 lines, whose positions were measured with a
brational assignments were based on the high resolution Foy-

. . . : . ypical accuracy of-0.005 cm. In the present work, 9552
rier transform spectra which comprise the infrared portion o I ) . :
. 15 . - of these transition frequencies were arranged into series us-
the lodine Atlas> However, while they reported preliminary . ) . )
L ing the interactive color spectral assignment program
molecular constants for the’=0 level, no new overall de-

o “Loomis—Wood,” written by Jarman. The series were as-
scription of theA state has yet been extracted from those ; : S

. .signed to some 79 bands spanning the vibrational ranges
data. The present paper addresses this problem by reportin

: v?=3-17 andv’'=0-35, which are distributed as shown in
the assignment of many new bands of theX system re- Table Il. Heating the absorption cell to 800 K allowed tran-
corded by Gerstenkoret al1>2°This more complete data set ) 9 P

) . - sitions involving rotational levels as high ds=200 to be
has been fitted to both Dunham and near-dissociation expan- o

. . . observed for some vibrational levels. For eachlevel, the
sions to yield a comprehensive and accurate set of molecular

constants describing tha 3TT,, state of b all the way to ran%e ofhrotatlonal .Ieve_Is spanned by this data set is indicated
dissociation. by the shaded region in Fig. 2.

While Q branches were observed for all of the observed
bands, the lower intensities & and R branch transitions
made them much more difficult to locate, and they were only

An absorption cell 1.5 m in length was filled with iodine measured for 21 bands. However, this was sufficient to un-
gas and placed in an oven which was heated to 800 K. A sidambiguously confirm the” vibrational assignments by pro-

R/A

Il. EXPERIMENT

TABLE I. Summary of experimental condition$; is the cell temperaturd;, the side arm temperaturg, the
iodine pressure, ang the signal-to-noise ratiRef. 15.

Spectra Rangé&cm™1) T, (K) T, (K) P (Torr) p
A 7200-7600 773 353 15 1.5
7500-9500 773 353 15 3
B 9000-9500 623 333 5 3
9500-9800 623 333 5 5
9700-11 200 623 333 5 7
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this sum. As usual, th@=1 value appearing in the rotational
200 T T T T T T T . i 2 . B
N, x [JE+1)° = 0.005em™ | expansion variabl¢J(J+1)—7] represents the projection
v - . .
] of the total electronic angular momentum on the internuclear
axis of the molecule for this state.
As the first stage of the present analysis, the fits to the
assigned transition frequencies of the X system,

150

100 Ve'f(U,,J’;U”,J”):Ei‘f(U,,J’)_Ex(U”,J"), (3)
used a conventional Dunham expansion(in-3) to repre-

50 sent each of the expansion coefficients of &j.

I max(M)

Km(v)= ;O Y/ v+ (4)

A wide range of Dunham models were tested with respect to
the criteria of compactness and accuracy, and the most satis-
FIG. 2. The ;haded region jnd_icates theanges associgted with the present factory fit was obtained with one for whiah,,,,,=4 (corre-
data set, while the curves indicate the vaIu_estﬂ_ which the term value sponding to the use d@,, D, , H,, andL, rotational con-
contributions of the calculated centrifugal distortion constantsnfer4—7 v vrov v
equal the experimental uncertainty. stant$ and the set of polynomial orders welg,(m)=12,
13, 9, 4, and 2, fom=0 to 4, respectively. While further
work (see below showed that the data are sensitive to yet
viding independent estimates of tBS values for compari- higher-order(m>4) distortion constants, in unconstrained
son with those predicted by the molecular constants of Refits the high degree of interparameter correlation prevented

4, their empirical determination. For thte-doubling energy, the
associated expansion required only a two-tems1 sum
with I ,,{(1)=1.

Nl ANALYSIS The empirical Dunham and-doubling expansion pa-

A. Purely empirical fits rameters yielded by this fit are reported in Table Ill. The

SinceP andR branches were not obtained for substan-number of significant digits listed for each parameter was
tial segments of the’ range(see Table Il, it was impossible defined using the Watson crlterr°t9|1(\/h|ch requires that on
to determine reliable independent upper and lower state r@2Verage the net effect of the rounding on predictions of each
tational constants for these bands. Fortunately, GerstenkofffPut datum be less than 0.1 times the standard error of the
and Luc have reported molecular constants which accuratellf- These expansions reproduce the observed transitions rea-
describe the ground electronic state over the complete rang?s_)_nabIy well, y|eld|ng a dimensionless standard deviation of
spanned by the present data $@hus in all of the present 0=1.33 (corresponding to a standard error of ca. 0.0066

71 .. . . .
fits, the ground-state rovibrational energies were represent ). However, the empirical centrifugal distortion con-
by the conventional double Dunham expansion stants obtained in this way are not entirely satisfactory.

Ex(v".3)=2 Y| n(0"+3)'[3"(3"+ ]™ D
hm B. Fits with constrained centrifugal distortion
with the {Y{' .} parameters held fixed at the values reportecconstants

in Ref. 4. o ] . ) It has long been known that centrifugal distortion con-
For theA °II,, state, it is convenient to first write the stants(CDC's) of a diatomic molecule are not independent
rovibrational energies in the form physical parameters, but can be calculated from a knowledge
Mmax of the potential energy curve, and hence are implicitly deter-
Ef\'f(v,J)z EO Kn(o)[J3+1)—1]" mined by a knowledge of the vibrational energ@&) and
e

inertial rotational constan®, .31~ Moreover, CDC’s deter-
mined empirically from fits to experimental data are actually
> Qum(v+3'II+1)-1]m, (2)  “effective” constants which contain errors due to experimen-
m tal uncertainties, interparameter correlation, and the effects
whereKy(v) represents the pure vibrational enerfy,(v) of neglecting undetermined higher-order CDC'’s, as well as
the inertial rotational constam, , andK,(v) for m=2 the  contributions from local perturbations. As a result, these ef-
usual centrifugal distortion constarffsThe second sum in fective empirical CDC’s may differ significantly from “me-
Eq. (2) is a simple empirical representation of the chanical” values determined by the potential curve defined
A-doubling energy associated with states of nonzero orbitaby the associate@(v) andB, expressions. This limits both
angular momentum, with the parity superscript lateedsdf their physical significance and their utility in making predic-
corresponding, respectively, to thie and — sign preceding tions for unobserved highdrlevels. It also introduces com-

J. Chem. Phys., Vol. 104, No. 3, 15 January 1996
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TABLE lIl. Empirical Dunham constants for th& state of } (in cm™%, with 95% confidence limit uncertainties in parenthesestained from a linear least squares fit to E@$—(4) which yielded a dimensionless
standard error oér

1.33. TheT, value neglect¥ , for both states.

10907.4159 (0.0088

e

T

(1.1 x10719)
(2.6 X102

—2.497%x10°®  (7.2x10°%) —6.5782x1071°

(1.8x10719)
(1.2 x107%9

(5.3 x1071Y

—1.010 99& 1078

2.397 22x10°%°
—7.463 508%x 1010

2.369 975 8x 10710

(2.0x1079)

2.739 831 & 102

Yom

1.607 4x1071°
—2.156 66X10°2° (1.2 X10°%Y

8.4821x10°% (1.9x10°%)
—4.08231x107'° (1.8 X109

3.13913x10716

(2.4 X107

—2.746 886X 104

—8.828 421x107®

3.850 381 9x10°°
—1.900 324 819x10°°
4.485 302 543x1077

(0.016
(0.012
(4.6x1073)

92.946 344 4

Yim

(1.7 X107

—1.565 036 75
2.894 001 K102
—1.251 274 50102
2.192 826 39% 1073
—2.489 494 709 X104

Yom

(9.2 x10718)

(1.2 x1071Y
(1.6 Xx10713
(1.3 %1075

(6.8 1077

Ys,m

—7.169 16X10° 18 (1.8 X109

—3.930 564 52x10°

3.485 565 3510 2
—1.752 989 421x107 ¥ (6.1 X107

(1.7 1079

(1.0x1073)

Yam

(2.8 X1078)

(1.4x107%

Ysm

(3.1 x1079

—6.310 367 966 2108

5.706 353 133 0<107°
—3.430 075991 3% 10 1° (1.3 x10°1Y

(1.3x1079)

Yem

5.038 662 59x10715 (1.8 X107

(2.4 10719

1.878 268835 %10°°  (8.3x107)

—9.200 259 398 51077

Y7m

(2.8 x107%9)
(1.8 X107

—7.729 567 6x10°17

(3.5x1079)

Ygm

4.911 795 9x10°%°

1.386 97211188107 (4.8 x107%)

—3.734 906 526 0% 10 2 (1.2 X104

(1.0x1079)

2.883 255490 381078
—5.586491 773 810710 (1.8x1071

Yom
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Yiom

(2.0x10°13)  6.430434 346 9%<10°5 (2.1 X107
—6.410 284 755 9<10° Y7

(9.1x10719)

6.107 080 936 810~ *?

Yiim

(2.1 10718

—2.885 455 27610 4

Yiom

e
)
o o
S a4
x X X
o i~
odw
o
T(
3

.
$5 o
0 g <
N X
3o
o
© -
=
S)
o
o o -
> o0

logyo[D,]

log,ol[-L,]

FIG. 3. Comparison of the empirical Dunham expansions of Table Ill for the
centrifugal distortion constants @&f state } (curves, with numerically cal-
culated valuegsymbolg obtained after three cycles of an iterative con-
strained analysis. The dotted curves and open symbols represent situations
where these quantities have changed sign and taken on positive (sdaes

the tex3.

pensating errors into the associated empirfééb) andB,
expressions, and hence into the potential energy function ob-
tained from them.

In the present case this problem is illustrated by Fig. 3,
which compares our empirical Dunham polynomials for the
A-state centrifugal distortion constanfsurves with “me-
chanically consistent” valuegsymbolg calculated from the
A-state potential curve determined from Dunh&v) and
B, expansions yielded by the constrained (§ee below
While the agreement is fairly good for the leading distortion
constantK,(v)=—D,, the empirical Dunham polynomial
expressions for the higher-orden=3) terms have substan-
tially larger errors, and that fdf;(v) =H, even undergoes a
spurious sign change at small (indicated by the dotted
curve segment

In order to obtain a set of molecular constants which
provide reliable predictions for rotational levels well beyond
the range of the input data, it is clearly essential to require
that the centrifugal distortion constants ,(v)’s for m=2]
be mechanically consistent with the vibrational energies
G(v) and inertial rotational constang, (i.e., with Ky(v)
andK,(v)). One means of achieving this consistency is to
fix the distortion constants at values calculated from the best
current estimate of the potential, when fitting the experimen-
tal data to determine the desireds(v) and B,

J. Chem. Phys., Vol. 104, No. 3, 15 January 1996
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for levels approaching’'=35; note that the hollow symbols
there represent calculated values that have actually changed
sigh and become positive; these results were obtained after
I three cycles of the iterative procedure described above. The
60| . irregularities in Fig. 3 can be attributed to slightly unphysical
behavior of the calculated RKR turning points at the end of
the range, and the unreliability of extrapolation beyond them.
This in turn is due to the well-known unreliable extrapolation
properties of high-order Dunham polynomials. The latter
20+ § problem is clearly illustrated by the dashed curves in Fig. 4,

I which show the behavior of the empirical Dunham expan-
sions(for m=0 and 1 of Eq. (4) and Table Ill. While appar-

80 1

-1
AGv-t-1l2 /em
N
(=)
T
1

N
Dunham —

' ' : T : ently well-behaved up to the last observed levék=35, the
0.024 i C vibrational spacingsAG,, 1, implied by the empirical
;' twelfth-order Dunham polynomial of Table Il drop off
/=~ Dunham sharply immediately past this point, while the associated
_ o016t ;' 8 13th-orderB, polynomial abruptly goes through a minimum
g / and increases rapidly. To remove this unreasonable behavior
s and to allow proper convergence of the constrained self-
0.008 - ] consistent fitting procedure, better-behaved representations
NDE/ of the G(v) andB, functions are clearly required.
0.000 Il 1 1 1 I3
0 10 20 30 40 50
v D
FIG. 4. For the vibrational spacingsG, ,, and inertial rotational con- 0 ' '
stantsB, of A state b, comparison of the extrapolation behavior of the in[D, /D] .
Dunham expansions of Table l{tlashed curveswith the near-dissociation ol
expansions of Table Vsolid curve$ beyond the range of the experimental +
i SN NDE
data(points.
4 Dunham<\’§
[

expressions>3’~39This approach may be initiated by first

using the unconstrained polynomial fit to Eq®)—(4) to ol In[H,/H; ] NDE\

provide preliminary estimates of th&-stateG(v) and B, - o
functions (together with empirical effective distortion con- 8?15 Sooe T~
stant expansions The potential energy curve obtained by X Ar T e <\ AN
applying the RKR inversion procedure to these expressions & . . Du'.mam . 2
may then be used to generate numerical values of all relevant (F 0 o

CDC's. A new fit to the experimental data in which the dis- & [ Dunham In[L, /L]

tortion constants are held fixed at these calculated values

then yields improvedG(v) and B, expressions, which in -4p

turn yield an improved potential curve, and improved esti-

mates of the CDC'’s. This procedure is iterated until conver- . .

gence is achieved. In the present work, the RKR inversion ' ' ' '

procedure was performed using a computer program based

on the method of Tellinghuisef;*® while the centrifugal 3¢ \

distortion constantsly, ,H, ,...,N,) were calculated using a

program based on Tellinghuisen’s implementation of the '6'/./".‘.* AN ]

[§6:42-45 I[N, /N7]

method of Hutson: viTv
_Unfortunately, some difficulties are encountered on ap- 0 10 20 30 40 50

plying the constrained self-consistent fitting procedure de- v

scribed above when th&(v) and B, functions are repre-

Semed_ by the C_Onventlonal_ poI_ynomlaI expansmns_of(&)q. FIG. 5. After scaling by the limiting near-dissociation theory teiffj(v),

In particular, with successive iterations the numerically cal-comparison of the converged self-consistent calculated CDC's over the

culated distortion constants tended to behave increasinglinge of the experimental daaoints with the present recommended near-

; . : dissociation expansions for thegolid curveg, and with the empirical Dun-

irregularly for vibrational Ievgls near t'he. upper end _Of theham expansions of Table I[dashed and dotted curye§he dotted curve

range fOI’_WhICh data are available. This is '"us”ateq in Fig.segment foD, indicates that the empirical Dunham expansion has changed

3 by the irregular behavior of the calculated valgpsintg sign and taken on negative values.

In[M, /M1

Vo
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908 Appadoo et al.: Analysis of the A—X spectrum of |,

C. Constrained fits based on near-dissociation TABLE IV. Dimensionless standard erroks of various global fits per-
expansions formed using Dunham and near-dissociation expansion representations for
. o . . G(v) andB,, and a variety of representations of the centrifugal distortion
“Near-dissociation expansiongNDE's) are expressions constants. In all cases, the Dunham and NDE expansions have the orders

for vibrational energiesB, constants and other vibrational- and form indicated in the text.
guantum-number dependent molecular properties which in=
corporate the theoretically known limiting near-dissociation
behavior of that property into an empirical expansion deter-
mined from a fit to data. In addition to being able to com- M
pactly and accurately represent large bodies of experimental

Fits with constrained CDC's

Unconstrained
empirical Dunham
Dunham fif K=K Kpnae=KES Ko from Eq. (10)

Near-dissociation expansions

data®® these expansions tend to be well behaved in the g 133 01 22? iég
neighborhood of the highest observed levels, and they are ¢ 10.99 162 1.40
inherently much more reliable in extrapolations to predict the - ' ' 138

properties of unobserved higher vibrational 1eV8E* In
the rest of the present work, the simple Dunham expansion$s per Sec. Il Aand Table |1l
of Eqg. (4) are replaced by near-dissociation expansions for

. 3 . .
most prxpertleT oA 311, statehé-hThe olnly exception is the o+ the expansions of E7) start with the linear terin In
Ar\]-state -doubling lenergy, whic '; always represented by, qqition to the parameters in these expansions, the effective
the same empirical two-term Dunham-type expansion Usegy, ational index at dissociation, was varied in the fits.

1
above.*[Qo 1+ Qi (v+3)][I(I+1)-1]. _ However, the energy of the dissociation limit
(Ijnfthethpres_gntt_anallyﬂs, the nﬁar-dltshsocfnatmn EXpansIonsg — p =12 440.243 cm' was held fixed at the value deter-
used for the vibrational energies have the form mined from the (much shorter B-state vibrational
Ko(v)=D—K§(v)[L/M], (5) extrapolatior?® The solid curves in Fig. 4 illustrate the plau-
) ] o ) sible and mutually consistent manner in which the resulting
whereD is the dissociation energyL[M] are the rational NDE functions for these properties approach dissociation.

polynomials Moreover, the points shown in Fig. 5 demonstrate that even
14 3{ P i(vp =) after several cycles of constrained fitee Sec. Il the
[L/IM]= (6) calculated distortion constants based on potentials defined by

1+ 37 gusi(vp—v)tH) S : ;
j=1%+j(vo V) these near-dissociation expansions show none of the irregu-

and the fixed powet=1 is determined by the theory of lar behavior neav’=35 seen in Fig. 3.
deviations from limiting near-dissociation behavibr! The
analogous expressions for the rotational and centrifugal dig2. Convergence of the expansion in [ J(J+1)—©0?]

tortion constants are In any fit to experimental data, a question which must

_ always be addressed is how many terms to include in the the
Km(v)=Kp(v)ex 21 Pim(vo—v)')- (7)  rotational energy expansion in powers/a¢J+1)—Q?]. For
"~ the present case the situation is illustrated by the solid curves
In both of these functions, the term in Fig. 2, which indicate the values df at which the term

value contributions of the calculated centrifugal distortion
® constants form=4-7 equal i i
qual the experimental uncertainty.
introduces the theoretically known limiting near-dissociationThey indicate that within a “mechanically consistent” treat-
behavior of that propert{f,~852=*4yhereuv, is the(usually ~ ment, terms up to at leash=7 should be included in the
nonintegey effective vibrational index at dissociation, and rotational expansion describing the present dataAfetate
andX,(n,C,) are known constants determined by the naturd.,.
of the asymptotic long-range behavior of the potential In the empirical fits of Sec. Il A, ambiguities due to
V(R)=D—C, /R" ©) interparameter correlation and the small magnitudes of the
e higher-order CDC’s made it necessary in practice to truncate
As for most electronic states of,Itheory shows thah=5  this expansion atn=m,,,=4 (the L, term). This clearly
for the long-range potential of tha 3I1,, state®®>®® The limits the utility of those results for extrapolating to higher
value of C5;=59 500 cm* A® was taken from Ref. 57; this However, the question of when to truncate the rotational ex-
yields the (rounded constants X,(5,Cs)=5.96x10"3, pansion is also a problem in the constrained fits, since there
7.66<10°4 —9.99x10°°% —1.15x10 7, —3.47x10°° s a practical limit to the order of the distortion constants
—1.41x1071° and—6.68x10 2 cm ™ for m=0-6, respec- which may be readily and reliably computed.
tively. In their analysis of the large data set for tBe-X ab-
After testing a variety of NDE models against the usualsorption spectrum of,| Hutsonet al3® (and later Tromp and
criteria of accuracy and compactness, it was concluded thate Roy*) addressed this problem by simply assuming that
an optimal combination consisted of abh/M] =[8/2] ratio-  the effect of all missing higher-order terms could be taken
nal polynomial representation for ti@(v) function and a into account by an empirical scaling of the highest-order
12th-order exponent polynomial for thH&, function (note  directly calculated distortion constartsl,=Ks(v) in their

K;(U)=Xm(nnd)(vD—U)[Zn/(an)]—zm,
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TABLE V. Fitted parameters defining the present recommended NDE exable for orders up tdm,,,—1], it seems reasonable to
pressions for the vibrational energies and inertial constants, and Dunhamepresent the effect of yet higher-order constants by the em-
expansion for the\-doubling energies for thA state of . The dissociation pirical term
energyD, the X,=X,(5,Cs) constants and th&-doubling parameter®, ;

are in cm?, while all others are dimensionless. The associated fit has a Km  (v)=Kn
dimensionless standard error @£1.38. max

Ko -1(0)/(vp=0)?, (10

max m.

: : : : wherek,, is an empirical scaling parameter to be deter-
Vibrational expansion parameters Rotational expansion parameters max

mined in the fit to the experimental data, anﬁﬂ;x,l(u) are

é": Do(X) 5'9&1120410.243 i)(il (7):2?52%5149 the highes’;-_ord_er direct_ly calcul'_clted_ dis_tortion_ constants.
vp 55.570 (+0.01) pl  —0.349 498 16K 102 Further justification for this approximation is provided by the
[N —4.805 154 9451073 p3 7.945 002 00103 similarity in the shapes of the plots of calculated distortion
Ps 3.486659935%10* p; —1.214824009610°* constants seen in Fig. 5, especially for large
Pa —15622099783810°% p;  —2.697 656 647 9810 ° For several values ofn,, constrained mechanically
gz 7‘11:813 ggg ;gg g; 20,8 gg j:ggg éég igg igigq c_onsigtent fits were perfo.rmeq using .NDE functions for the
o, 1.336 4697443810710 pl  2.845324 630 71810° vibrational energies and inertial rotation constants, together
Ps -9.85224657%10° 1 pl —4.88887822893t10 "  with calculated values for centrifugal distortion constants,
Po 3.10187705&10°*°  pj,  52777918645%10°  poth with and without use of this empirical approximation
Gz ~131190730%10°%  pj; —3.2600664951410 ® o missing higher-order CDC'’s. They show that @p,..=7
ds 2079231 26:10 Elz jﬁﬁfgg%g“m expansion with then<6 distortion constants being directly
Q70,1 72%10 8 calculated and thK,(v) constants approximated by H4.0)
Qi 2.001x10°7 gives an optimum representation of the experimental data.

The overall quality of this fit is only marginally different
from those those for the analogons,,,=6 expansion or the
empirical Dunham expansions of Eq8)—(4). However, the
work]. However, the magnitudes of the resulting scalingpresentm,,,,=7 NDE-based approach yields a stable and
factors®3°(2.6 and 2.38seem somewhat large. Moreover, it mechanically consistent set of constants which should pro-
seems questionable that the effect of missing high-order cendde the most reliable predictions for very highvalues.
trifugal terms would be optimally accounted for by a correc-

tion term of lower order ifJ(J+1)—0?] which had the
samev dependence as that lower order term. A more natur
way of accounting for missing higher-order distortion con- Our analysis to this point yields NDE representations of
stants is therefore introduced here. the vibrational energies ar8], values for all levels of thé\

The present approach is suggested by the form of Ecstate, together with a tabulation of distortion constants of
(8), which shows that the powégf2n/(n—2)]—2m} is vir-  order up to seven. However, such a tabulation is an inconve-
tually always negative for high-order centrifugal distortion nient way in which to summarize and store our knowledge of
constants. As a resulk,(v) values for largen will tend to  these distortion constants, or to use them to predict energies
be most important at high, where their functional behavior of unobserved higher levels. The iterative self-consistent pro-
is qualitatively related to that for the next lower-order con-cedure described above was therefore repeated with the cal-
stantK,,_;(v) by the simple factorgy—v) 2 Thus if reli-  culated distortion constants far=0-50 obtained in each
able directly calculated distortion constants are only availcycle being fitted to an NDE function of the form of EJ)

alI:" Global NDE representation for A °Il, , state of | ,

TABLE VI. Parameters defining the recommended exponential near-dissociation expansions df fagthe first five CDC's for theA state of . The
associated constaris,(v) are defined a&-(v)=0.0404K4(v)/(vp—v)? while v, =55.570[see Eq(10) and Table \; the X.,(5,Cs) constants have units

cm %, while all the other parameters are dimensionless.

m=2 m=3 m=4 m=5 m=6
Xm(5,Cs) —9.99x10°° —1.15x1077 —3.47x107° —1.41x107%0 —6.68x107%2
pT —0.793 274 32 —1.806 547 4 —1.6949535 —0.665776 6 —0.790 637
py 0.180 523 92 0.687 9249 0.522 639 7 —0.207 1354 —0.245756 9
pT —2.954 318 %1072 —0.147 12559 —0.102 080 41 8.893 854102 0.105 747 43
py 3.331 406 K102 1.883 931 X102 1.248 379 X102 —1.493 950 10?2 —1.782 239 X102
pT —2.603363 X104 —1.545 768 X103 —9.936 16(x10™* 1.454 199 & 1073 1.742 104 %1073
p 1.416 658 &107° 8.473 35K 10°° 5.306 400 10°° —9.089 425%10°° —1.093 849 X107
p —5.37319%10°7 —3.168 339 & 10 © —1.931 50%10°® 3.798 03%10°® 4.591 3910 ©
p 1.409 7651078 8.102 60K 108 4.792 001078 —1.072 39x10°7 —1.301 88%10°7
p —2.501 58100 —1.393 19%10°° —7.954 8% 1010 2.019 3%10°° 2.460 76<10°°
pTy 2.859 18<10 2 1.538 72x10 1 8.4352x10 12 —2.428 1x10™1 —2.968 <1071t
Py —1.896 510 —9.854x10™ 1 —5.156x10" 1 1.684 <1073 2.065<10° 13
pT, 5.54x10° Y 2.78x10° 16 1.38x1071¢ —5.13x10°%6 —6.3x10716
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TABLE VII. Molecular constants for levels oA state b, all in units cnT®. Note that the associated values of
0, are defined by Eq(10): O,=0.0404N,/(vp—v)>

v G(v) B, D,/10°° H, /1074 I, M, N,
0 0.000 0.0272590 9.8945 —1.345 —-4.62x10%° -1.82x107%® -8.77x10°%
1 89.862 0.0269706  10.524 -1.662 —6.39x10%° -3.38x10°%° —1.93x10°%°
2 176.633 0.0266716 11.336 —-2.071 -867x10%® —4.89x10%® —3.09x10°%°
3  260.223 0.0263556  12.266 -2.566 —1.18<107* -6.85x10%° —4.68x10%°
4 340540 0.0260214 13.309 —3.160 -1.61x107*° -9.97x10°%® -7.35x10°%°
5  417.499 0.0256691  14.487 —3.884 -2.20x107%°® -1.50x107%* —1.19x10°%°
6  491.025 0.0252982 15.831 —4.772 —2.97x10°Y° -2.24x10%* -—1.90x10 ?°
7  561.060 0.0249077 17.358 —5.849 —3.95x10°%° -3.25x10°%* -2.91x10 %
8  627.562 0.0244971 19.071 —7.117 -5.09x10* -4.45x10%* -4.16x10%°
9 690520 0.0240665 20.951 —8.547 —6.35x10°*° -572x10%* -551x10 %
10  749.952 0.0236174 22.955 -10.07 -7.63x10°'°® -6.93x10%* -6.82x10"%
11  805.917 0.0231527  25.027 -11.61 -8.86x10%*° -8.02x10%* -8.02x10%°
12 858.515 0.0226762  27.100 —13.05 -9.98x10°'°® -9.02x10°%* -9.15x10°%°
13 907.890 0.0221925  29.109 -14.34 -1.10x107'® -1.00x107%® -1.04x10"%
14 954,221 0.0217062  31.002 -1545 -1.19x10%® -1.11x10%® -1.18x10%
15 997.715 0.0212215 32.747 -16.39 -1.28x10°'® —1.25x10%® -1.38x10°%
16 1038.588 0.0207420 34336  —17.23 —1.38x10°%¥ —-1.44x10%2 -1.66x10 %8
17 1077.057 0.0202703 35.783 —18.06 —1.50x10'® —-1.69x10 % -2.06x10 %

18 1113.329 0.0198078 37.123  —1897 -—1.65x107'® —2.02x10°% -2.63x10°%
19 1147587 0.0193551  38.402 —20.06 —1.85x10'® -246x10%% -3.42x10%
20 1179.994 0.0189118 39.669 —21.42 —2.10x107*¥ -3.03x10°%® —4.53x10 %8
21 1210.690 0.0184769 40.978 —23.12 —2.43x10® -3.76x10%° —6.05x10 %

22 1239.790 0.0180489 42374 —2525 -—2.85x10°%¥ -4.71x10%® -8.12x10 %8
23 1267.393 0.0176263 43901 —27.86 —3.38x10°¥ -591x10%® -1.09x10%
24 1293579 0.0172075 45593  —31.03 —4.05x107® —7.44x10%8 -1.47x10%

25 1318.415 0.0167908 47.483  —34.80 —4.89x107%¥ -9.42x10%® -1.99x10 %
26 1341957 0.0163748  49.598 —39.26 —5.94x10°'® -1.20x10%? -2.70x10°%
27 1364.250 0.0159581 51.966 —44.48 —7.24<10°%¥® -154x102% -3.70x10 %
28 1385.331 0.0155393 54.618 —50.59 —8.86x107¥ —199x10% -5.13x10%

29 1405.234 0.0151173 57591 —57.75 —1.09x10°Y -2.62x10%% -7.22x10°%
30 1423984 0.0146906 60928 —66.21 —1.35x10°Y7 —3.48<107% -1.03x10°%6
31 1441.604 0.0142580 64.683 -76.33 —1.67x10Y —4.70x10%* -1.50x10 %6
32 1458115 0.0138181 68922 —8856 —2.10x10Y -6.43x10%2 -2.23x10°%6
33 1473533 0.0133703 73.723 —103.5 —2.66x107Y —8.92x10°%* —3.38x10°%
34 1487.877 0.0129142 79.173 -—122.0 —3.41x107Y7 -1.25x10°%* -5.21x10°%
35 1501.164 0.0124506 85.374 —145.1 —4.44x10°Y  —-1.79x107%  —8.19x10°%¢
36 1513.41 0.011 982 92.44 —174. -5.84x10°Y7 -2.59x10°%* -1.31x10°%®
37 1524.64 0.011511 100.5 —210. -7.81x107Y" -3.82x10°%* -2.16x10%
38 1534.87 0.011 045 109.7 —256. —1.06x10°%® -576x107%' —3.64x10°%°
39 154412 0.010589  120.2 —-313. —1.46x1071% -8.89x10°%* -6.35x10°%
40 1552.43 0.010 153 132.1 —386. —2.05x107%% -1.42x107%® -1.15x10"%
41 1559.82 0.009747 1459 —481. —2.94x1071% -2.34x10°%° -2.19x10°%*
42 1566.34 0.009379  161.9 —608. —4.33x10°%  —4.03x10® —4.40x10%
43 1572.00 0.009058 1805 —-781. —-6.57x1071% —7.28x10°%° -9.37x10°*
44 1576.87 0.008788  202.6 —1030. —1.04x107%% —1.39x10°1° -2.14x10°%
45 1580.98 0.008 57 229.4 —1403. —-1.71x10°% -2.81x107%° -5.28x10%
46 1584.39  0.008 39 262.6 —1986. —3.00x107'® -6.08x10°1° -1.43x10%
47 1587.15 0.008 23 304.7 —2937. —5.62x10°%°  —1.44x107® —4.29x10" %
48 1589.32  0.008 04 359.9 —4554, -1.14x107%* -3.79x107'® —1.49x10°%
49 1590.96 0.007 76 435.2 —7412. —-2.56x10°* -1.16x10Y -6.31x10°%
50 1592.15 0.007 27 543.3 —12730. —6.48x10°1* —4.44x10°Y -3.51x10°%

before being used in the subsequent step. Since thepen-  perimental error associated with the data set in question, and
dence of these constants is very drastic, with the values af,,=Jmadv) is the highestl value associated with the data
particular K ,(v) coefficients ranging over many orders of for that A-statev level.

magnitude, one must be careful in choosing the weights For variousm,,,, values and different types of models,
associated with each of the input data. The present workhe quality of fit to our 9552 assigned transition frequencies
used a scheme introduced by Tromp and Le ®oyhich is summarized in Table IV. The results in column 4, where
set the uncertainty associated with each calculatednly directly calculated distortion constants are used, illus-
Kn(v) value as the lesser of 1% of its value ortrate the slow convergence of the expansion in
K (v) = SENImaxdImaxt D™, Where SE is the average ex- [J(J+1)—Q?] (see also Fig. 2 The results in the last col-
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TABLE VIII. Molecular constants forA state } (in cm™* and A); theseT, values neglect contributions from

Yo, terms.
Present work

Ashby? Viswanatharet al® Dunham NDE
Te 10 906 +3) 10 906.8+0.9 10 907.416+0.009 10 907.436
To 10845+2) 10 846.6 10 846.389 10 846.387
De 1641=*3) 1640.2+0.9 1639.938 1639.918
Do 1595+2) 1593.3 1 593.854 1593.856
We 92.5(*0.5 94.95+0.82 92.946+0.016 92.870
e 1.20(+0.089 2.43+0.26 1.565+0.012 1.484
Be 0.028 17 0.028 45 0.027 3@80.000 002 0.027 405
ag 0.000 547 0.000 4202 0.000 2750.000 002 0.000 297
Re 3.071 3.056+0.0) 3.1140 3.1136

aibrational constants from Ref. 24 and rotational constants from Ref. 23.
bReference 27.
‘Recommended values; based on the NDE parameterization of Table V.

umn, on the other hand, illustrate the efficacy of using Eqthe same simple two-term Dunham-type expansion intro-
(10), with its one additional empirical parameter, to acceler-duced in Eq(2): =[Qq 1+ Qq 4(v + DI[II+1)—1]. To fa-
ate convergence of the rotational expansion. The poor qualitgilitate use of these results in making practical predictions,
of the Dunham fits with constrained numerical CD@®I-  Table VII lists values of the vibrational energies and rota-
umn 3 reflects the poor convergence and instability of thistional constants implied by our expansions #6+0—50. The
approach, as discussed in Sec. Ill B. Note too that the emassociated values of some conventional molecular constants
pirical Dunham fit of column 2 had 47 free parameters, whileare compared to the present Dunham results and to previ-
the NDE fits of columns 4 and 5, respectively, had only 25ously published values in Table VIII.
and 26 free parameters. Although there is very little differ-  The resulting NDE expansions accurately represent the
ence between the quality of fit for the last entries in columninput data set, and ignoring perturbations and fine structure
5, and both involve the same number of free parameters, theplittings, should provide realistic predictions falt unob-
casem,,,,=7 is is preferred because it is expected to giveserved higher bound and quasibound vibration—rotation lev-
more reliable predictions for very high els of this state. The use of NDE functions makes this asser-
The form of Eqg. (7) shows that plots of tion valid even though the highest one third of the vibrational
IN[Kn(v)/Kn(v)] vs v should approach zero as—»v . The  levels supported by this potential are not observed. Since the
solid curves in Fig. 5 illustrate the fact that our NDE fits to NDE expansion parameters have no physical significance, no
the calculated distortion constants io+=0—-50 explicitly in-  uncertainties are listed for them. However, for all listed pa-
corporate this behavior. In contrast, the empirical Dunhanrameters, the number of digits quoted was chosen to ensure
expansions of Sec. Il Adashed and dotted curyesehave that predictions made with these constants would reproduce
very badly at highv. The symbols in Fig. 5 represent the the input data to with a fraction of the experimental uncer-
directly calculated values of these constants on the rangginty. For theG(v) andB, constants in Table V, parameter
spanned by the experimental data. The similarity in the forntounding was based simply on the Watson critefbwhich
of the solid curves for the higher values mwf provides fur-  requires that on average their net effect on predictions of the
ther evidence for the validity of the approximate relation offitted data be less than 0.1 times the standard error of the fit.
Eq. (10). However, the expansion coefficients for the distortion con-
The constants defining our final recommended globaktants were further rounded in an iterative manner which
representation for the vibration rotation level energies of theemoves insignificant digits without loss of precision®
A 3I1,, state of } are listed in Tables V and VI. The vibra- Computer file listings of these molecular constants, of sub-
tional energies are given by d®/2] rational polynomial routines for generating the associated NDE functions, and of
NDE where the leading expansion terms are quadratic ithe 9552 member data set may be obtained by electronic
(vp—v), and the rotational and centrifugal distortion con-mail by sending a request to leroy@UWaterloo.ca or
stants by 12-term exponential NDE’s of the form of Eg). bernath@UWaterloo.ca, or by anonymdtgsfrom directory
The rotational expansion is truncated raf,,,=7, with the  pub/leroy/I2Aon our computetheochem.uwaterloo.¢d
K-(v) distortion constants being defined through Ed) by
the Kgz(v) NDE expansion of Table VI and the empirical
parametek; of Table V. The fact that the fitted value kj is
similar in magnitude to the ratios/X,,_4 for largem (see Two questions which may be raised regarding the above
Table V) is further evidence of the validity of using EG.0) analysis concern the possible effect of inhomogeneous per-
to empirically represent additional higher-order centrifugalturbations, and the validity of the assumed5 limiting be-
distortion terms. TheA-doubling energy is represented by havior of Eq.(9). It is well known (see Fig. 1 that the

IV. DISCUSSION AND CONCLUSIONS
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A’ *T1,, state lies near and below tt#%e®I1,, state of inter-  A. Long, and D. J. Millen(Specialist Periodical Report of the Chemical
est here, and theory tells us that these two states may beSociety of London, 1973 p. 177.

. : . 4S. Gerstenkorn and P. Luc, J. Phy§, 867(1985.
mixed by a rotational perturbatl(fﬂ.To search for these per 53. B, Koffend, A. M. Sibai, and R. Bacis, J. PhyS, 1630 (1982,

turbations, we examined the series(u:zﬁlc.—(_)bs).(_jifferences 6J. Tellinghuisen, J. Chem. Phys8, 2821 (1977.
for all J's associated with eaclA-state vibrational level.  7J. Tellinghuisen, Chem. Phys. Le#t9, 485 (1977).
When the residuals were based on band-by-band fits, no sy$J. Tellinghuisen, J. Chem. Phy28, 2374(1982.

; ; 93. Tellinghuisen, J. Mol. Spectrosg4, 231 (1982.
tematic behavior was .Observed’ but many of those based a . Zheng, S. Fei, M. C. Heaven, and J. Tellinghuisen, J. Chem. Piys.
the global representation of Tables V and VI tended to show »g77 1997

modest systematic trends which we attributed to weak globats. Gerstenkorn and P. Lustlas du Spectre d’Absorption de la Molecule
perturbations by thé’ state. In addition, a well-defined lo-  d'lode, Vol. I. 14,80820,000 cm* (Laboratoire AinieCotton, CNRS II,

cal perturbation due to a level crossing was observed gt2rs®: 1977 , ,
J=77 in bands withy .=32: it can be attributed to =43 of S. Gerstenkorn and P. Luétlas du Spectre dAbsotpnon de la Molecule
A ! d’'lode, Vol. Il. 14,000-15,600 cm? (Laboratoire AimieCotton, CNRS I,

the A’ state® and yielded a maximum deviation of approxi- orsay, 1978

mately 0.04 crit. Although calculations indicate that neigh- *s. Gerstenkom, J. Vetgeand J. Chevillarditlas du Spectre d'Absorption
. . ) ) oy R

bonng vibrational levels should also be Iocally perturbed by de la Molecule d’lode, Vol. 1lI. 11,006a14,000 cm™ (Laboratoire Aime

, .. ~ Cotton, CNRS II, Orsay, 1982
otherA’-state levels, surprlsmgly, no further local perturba 143, Gerstenkorn and P. Luétlas du Spectre d’Absorption de la Molecule

tions were detected. This was taken as being due to the lackgiode, vol. Iv. 19,70620,035 cm* (Laboratoire AinieCotton, CNRS I,
of data and to the low signal-to-noise ratio of the spectrum in Orsay, 1983
this region. 153, Gerstenkorn, P. Luc, and J. Vesgatlas du Spectre d’Absorption de la

. Molecule d'lode, Vol. O. 7,22011,200 cm* (Laboratoire AimeCotton,
As for most electronic states of,Ithe long-range poten CNRS II, Orsay, 1998

. 3 ;
tial for the A °II,, state consists of the sum of terms 6Copies of all volumes of the Atlas may be obtained from the Laboratoire
o 5 6 8 10_ ... Aimé Cotton, Baiment 505, Campus d'Orsay, 91405 Orsay Cedex,
V(R)=D—-C5/R’>—C4/R°—Cg/R*—C4o/R . France.
(1) 7R D. Verma, J. Chem. Phy82, 738 (1960.

. . . . 18 .
For the A °II,, state, theCy coefficient is very small in D H-Rankand M. W. Baldwin, J. Chem. Phy, 1210(1951).
. .*’D. H. Rank and B. S. Rao, J. Mol. Spectro&8, 34 (1964).
magnitude compared to those for many other electronieg ;| o Roy, J. Chem. PhyS2, 2683(1970).

states of J, and its contribution to the long-range potential is 2., Martin, R. Bacis, S. Churassy, and J. Vexgé Mol. Spectrosd16, 71
much smaller than that associated with the next Iongest2-2(1986.
range term, for which Saute and Auberf-6oe”’ have pre- ZS\F’{V-S-AB’&’V“CP“VSJ- F'*DT]‘B; 1%2;((119937’3-

. _ —1 86 . . A. Ashpy, Can. J. PhyQ/, .
dicted Cg=2.01x10° cm A . Indeed, out to a distance of g x" achby and C. W, Johnson, J. Mol. Spectraa, 41 (1980,
over 30 A, where the total interaction is only ca. 0.01 ¢m 23 Gerstenkorn, P. Luc, and J. Vésgd. Phys. Bl4, L193 (1981).
the former is weaker than the latter. This might make it*®X. zheng, S. Fei, M. C. Heaven, and J. Tellinghuisen, J. Mol. Spectrosc.
tempting to set the power of appearing in Eqs(5)—(9) at 149 399(1991. S
n=6 in the above NDE treatment. However systematic tests K. S. Viswanathan, A. Sur, and J. Tellinghuisen, J. Mol. Spect@&393

. ) e (1981.
Showeq that t_h|3 approach h?‘d no advantages in compactnes$ connes, H. Delouis, P. Connes, G. Guelachvili, J. P. Maillard, and G.
or quality of fit to the analysis based on=5, and also had  Michel, Nouv. Rev. Opt. Appl1, 3 (1970.
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