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High resolution emission spectroscopy of Aiel at 20 f.L 
H. G. Hedderich,a) M. Dulick, and P. F. Bernathb) 

Centre for Molecular Beams and Laser Chemistry, Department of Chemistry, University of Waterloo, 
Waterloo, Ontario N2L 3Gl, Canada 

(Received 3 June 1993; accepted 17 August 1993) 

The high resolution infrared emission spectrum of aluminum monochloride has been recorded 
with a Fourier transform spectrometer. A total of 1747 rovibrational transitions, V= 1->0 to 
v=8 ..... 7, for the most abundant isotopomer 27 Al35CI and 708, V= 1 ..... 0 to v=4->3, for the least 
abundant isotopomer 27 AI37CI have been assigned. This new set of infrared data was combined 
with existing microwave and millimeter-wave data to refine the Dunham Yij constants for the 
X I~+ electronic ground state. In addition two sets of mass-reduced Dunham Uij constants have 
been determined from separate fits. In the first fit all of the Uij constants that could be statis
tically determined were treated as adjustable parameters. In the second fit only the constants 
satisfying the condition j < 2 were treated as adjustable parameters while the values for the 
remaining constants were fixed to constraints imposed by the Dunham model. Finally, in order 
to fully utilize the information provided by this extensive data set in an attempt to improve the 
prediction of energies for higher lying v, J levels of the X I ~ + state, the combined data set, 
consisting of microwave, millimeter, and infrared OR) data were fitted directly to the eigen
values of the Schrodinger equation containing a parametrized internuclear potential energy 
function. 

I. INTRODUCTION 

There is chemical evidence suggesting that aluminum 
monohalides AlX (X=F, CI, Br, I) are stable constituents 
present in aluminum-halogen systems at high tempera
tures. I They are easily produced in the gas phase by heat
ing AIX3 or a mixture of AIX3 and AI. . 

The A III_X I~+ transition of AICI was observed in 
1934 by Bhaduri and Fowler2 in an electrical discharge of 
AICI3 • Their tentative assignment of this transition was 
later confirmed by Holst3 who performed a rotational anal
ysis on a few bands of this transition. Further work was 
done in recording the electronic spectra both in emis
sion4-11 and in absorption,12,13 followed by the recording of 
the microwave spectruml4,15 and the millimeter-wave spec
trum. 16 A compilation of the spectroscopic data can be 
found in Huber and Herzberg.'? 

Rogowski and Fontijn 18 measured the radiative life
time of the A III state using laser-induced fluorescence· 
while Rosenwaks was the first to observe AICI chemilumi
nescence from the Al + Cl2 chemical reaction. 19 In addi
tion' results from ab initio calculations exist that yield in
formation about the properties of the ground and excited 
electronic states. 20,2 I 

The spectra of AICI are of astrophysical interest since 
AICI has been detected in the envelope of the carbon star 
IRC+ 10216 by microwave spectroscopy.22 In addition 
AICI has also been detected via its A III-X I~+ ultraviolet 
transition in the spectra of plumes from solid rockets;23 
AICI is formed in the combustion of aluminum with an 
ammonium perchlorate oxidizer. 

')Present address: School of Earth and Ocean Sciences, University of 
Victoria, P.O. Box 1700, Victoria, British Columbia V8W 2Y2, Canada. 

b) Also at Department of Chemistry, University of Arizona, Tucson, 
Arizona 85721. 

The dissociation energy of AICI has been determined 
both from the predissociation8 of the A III state and from 
thermochemical measurements.24 A unique property of the 
A III state is the presence of a barrier to dissociation.20,25 

In the infrared region only the matrix isolation spec
trum26,27 is known. Interestingly although AICI is normally 
regarded as a high-temperature gas-phase molecule, it also 
exists as a stable amorphous solid below 180 K.28 Vitreous 
solid AlCI disproportionates to AlCl3 and Al metal when 
heated to a temperature above 180 K. 

We report here the analysis of high resolution 
vibration-rotation emission spectra of Al35CI and Al37CI 
recorded with a Fourier transform spectrometer at 2011-. 
The reduction of the data to spectroscopic constants is 
accomplished by fitting the data to the energy levels of a 
Dunham model and a parametrized potential energy 
model. 

II. EXPERIMENT 

High resolution infrared emiSSIOn spectra of Al35CI 
and Al37CI were recorded with a Bruker IFS 120 HR Fou
rier transform spectrometer at the University of Waterloo 
a.t a resolution of 0.005 cm -I with a liquid-helium-cooled 
Si:B detector and KBr beamsplitter. A cold filter attached 
to the Si:B detector limits the upper end of the spectral 
bandpass to 760 cm- I while the combination of detector 
response and the transmission of the KBr beamsplitter ef
fectively sets the lower limit to 350 em-I. 

A mixture of AICl3 and Al powder was gradually 
heated in an alumina tube furnace to 1400 K at a rate of 
~ 5 K/min. The apparatus that was used in this experi
ment -has already been described in detail in an earlier 
publication.29 Deposition of solid material onto the KBr 
windows was prevented by adding argon buffer gas at a 
background pressure of 5 Torr. Lower resolution absorp· 
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FIG. 1. Portion of the high resolution infrared emission spectrum of Al35CI in the vicinity of the R-branch band head of the lJ=2-+ 1 band. 

tion spectra were recorded up to a temperature of 1000 K 
in order to monitor for the appearance of AICI. At tem
peratures above 1000 K the light source (globar) was 
switched off and emission spectra were taken. At 1000 K a 
weak emission feature around 480 cm -I, attributed· to 
AlCI, was observed. The intensity of the emission increased 
with increasing temperature until we finally recorded our 
spectra at 1400 K. Figure 1 shows a portion of the Al35CI 
rovibrational emission spectrum observed at a temperature 
of 1400 K. 

III. ANALYSIS 

The spectral analysis program, PC-DECOMP, developed 
by Brault at the National Solar Observatory, was used in 
the data analysis where line centers are determined by fit
ting measured line profiles to Voigt line shape functions. 
For the strongest lines in the Al35CI spectrum the signal to 
noise (SIN) ratio was typically 100 which allowed the 
positions of the lines to be determined to a precision of 
0.0005 cm -I. The line centers for the weaker lines, how
ever, were determined only to ±0.001 cm- I as a result of 
poorer SIN and in some instances blending with neighbor
ing lines. The rotational lines were calibrated with respect 
to the pure rotational transitions of HCI which appeared as 
an impurity in the spectrum; the HCI lines were in turn 
calibrated relative to CO2 lines in a previous experiment. 30 
Assignment of rotational lines for v = 1---0 to v = 8 --- 7 of 
Al35CI and v= 1-->0 to v=4--> 3 of Al37CI was facilitated by 
using an interactive color Loomis-Wood computer pro
gram. 

The measured line positions are available from 
PAPS,31 or from the authors upon request. Our data set 
was augmented by the addition of the Al35CI and Al37CI 

J = 1 <- 0 pure rotational line frequencies that were mea
sured using a pulsed molecular beam microwave spectrom
eter by Hensel et al.;32 the frequencies of these lines, cor
rected for hyperfine structure, are also· available from 
PAPS.31 Included in these data31 are the millimeter wave 
lines of Wyse and Gordyl6 that were used in our least
squares fits. 

Data reduction of all the lines31 to a set of spectro
scopic constants was accomplished by using two different 
models, the Dunham model and the parametrized potential 
energy model, both of which are described below. 

A. Dunham model 

There are two conventional ways to fit the data to the 
parametrized (v,J) levels of a diatomic I}; + electronic state 
when more than one isotopomer exists. The first approach 
is to separately fit the rotational line frequencies of each 
isotopomer to the energy levels of the traditional Dunham 
model33 

EvJ= I Yij(V+~)i[J(J + l)]j 
i,j --

(1) 

thereby obtaining a set of Dunham Yij constants for each 
isotopomer. The second approach entails the use of the 
alternate form 

E(v,J) = I JL-(i+2j)/2Ui/V+~)i[J(J+ 1)]j (2) 
i,j 

with the reduced-mass dependence explicitly factored out 
in order to simultaneously reduce all isotopomer data to 
one set of mass-reduced Dunham Uij constants. 

The reduced-mass dependence of Eq. (2) is strictly 
valid only in the absence of Born-Oppenheimer break-
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TABLE I. Dunham Y1j constants for Al3sCI and Aj37CI in em-I. 

Al3SCI Al37Cl 

YIO 481.774 655( 196) 476.074113(239) 
Y20 -2.101 8112(876) -2.052 564( 107) 

103
Y 30 6.6384(148) 6.4212(139) 

105Y40 -2.0255(830) -1.931 326 69 
1OIyOI 2.439300 66( 12) 2.38190815(13) 
103 

Y ll -1.611 082 2( 121) -1.5545513(121) 
10

6
Y 21 4.69192(358) 4.47241(228) 

109Y 31 -5.282(295) -4.976943 12 
107 Y o2 -2.501711(190) -2.384823(250) 

10 10 Y I2 4.4226(215) 4.1825(323) 
1012

Y 22 7.026(202) 8.096(429) 
1014Yo3 -4.652(338) -6.055(366) 
10

19
YQ4 9.585(719) 8.713 942 34 

down. An empirical first-order correction to Born
Oppenheimer breakdown34 augments Uij by a mass
dependent multiplicative factor 

E(v,J) = L ,u-(i+2j )/2Uij [1 + (m/MA)at 
i,j 

+ (m.JM B)a~](v+~)i[J(J+ 1) ]j. (3) 

In Eq. (3) the two atomic centers are labeled as A and B, 
me and M denote electron and atomic masses, respectively, 
and at and a8 are Born-Oppenheimer breakdown con
stants for atoms A and B. Watson3S,36 has since provided 
theoretical justification for the use of Eq. (3). 

Values of Dunham Yij constants for AesCI and 
Ae7 CI in Table I were obtained from separate isotopomer 
least-squares fits of all microwave, millimeter, and infrared 
(IR) lines.31 Because the At35Cl data set contains 1474 
measured lines that involve levels over the ranges O<;v<;8 

and 0<J<167, a total of 13 Dunham Y ij constants were 
statistically determined with all uncertainties in Table I 
quoted to one standard deviation. In contrast, because the 
natural abundance of Al37CI is 24%, the data set for this 
isotopomer contains -704 lines that involve vibrational 
levels only up to v=4, and as a result only 10 of the Dun
ham Yij constants were actually determined by the fit. The 
Dunham constants, Y3j , Y4Q, and YQ4, were not deter
mined in the Al37CI fit but were determined in the Al35CI 
fit. Rather than fixing the values of these parameters to 
zero, estimates of these parameters were obtained by using 
the relation 

y .. -,u-U+2j)12U .. 
1)- I) 

together with the Uij values derived from a fit of all the 
data to Eg. (2). 

Results from fitting the data to Eg' (3) are given in 
Table II under the column labeled "unconstrained fit." A 
total of 13 mass-reduced Dunham Uij constants were de
termined where the i, j indices of the determined constants 
match those of their Yij counterparts from the Al35CI fit. 
In addition, only two of the Born-Oppenheimer break
down constants on the chlorine center, AfJ and A~f, were 
determined. (Since only one naturally occurring isotope of 
aluminum exists, it is impossible to determine A':) directly 

TABLE II. Mass-reduced Dunham constants for AICI in em-I. See text 
for an explanation of unconstrained and constrained fits. 

Unconstrained Constrained 

UIO 1 880.204 33(405) 1 880.202 16(282) 
U20 -32.D1271(111) -32.01210(103) 

1O I U30 3.95499(770) 3.951 86(714) 
103U

40 
- --=-4:861(173) 

--

-4.802061 ) 
UOI 3.715 17423(165) 3.71517408(165) 

102Ull -9.5757548(613) -9.5756544(573) 
103U21 1.088 211 (731) 1.087167(714) 
106U31 -4.786(243) -4.384(244) 
lOs U02 -5.802349(362) -5.80214265 
107 U12 4.010 8(163) 3.872 177 11 
108U22 2.5939(647) 2.84009761 
109U32 ~ 1.377 413 77 

1OIO U03 _ -1.964(101) -1.576868 16 
lO11U13 2.12545554 
1012U23 -1.054 136 05 

_10 14U04 6.208(339) -0.357487 i5 
1016UI4 5.98550331 
1017U24 -3.16634502 
1020Uus 3.85240049 
102O U1S -1.355 155 50 
1024U06 2.99990752 
102s U16 -2.93174963 
1029 U07 5.14820733 
1034U08 5.65735166 

AfJ -1.293(137) -1.223 8(951) 
AC1 

01 -1.4427(287) -1.4432(287) 

by fitting the data.) Perhaps it should come as no surprise 
that afJ and A~I were the only Born-Oppenheimer con
stants determined; with a reduced mass of 15.2 one can 
expect minimal effects resulting from the breakdown of the 
Born-Oppenheimer approximation. The fact that our fit 
was even sensitive to Born-Oppenheimer breakdown is at
tributed mainly to the microwave and millimeter data. 

According to Dunham33 all the coefficients in a power 
series potential are uniquely determined by the set of U iO 
and Uil constants. (In Dunham's original statement Y's 
were used rather than U's; this conclusion remains valid 
for the Y's if Born-Oppenheimer breakdown does not oc
cur.) Consequently, only these two sets of constants are 
the "true" adjustable parameters in a fit. The remaining 
Dunham Uij constants for j;p2 can all be expressed in 
terms of U iO's and Uil's. In other words, the functional 
dependencies of the Ui/s for j;p2 in terms of U iO's and 
Uil's serve as -constraints imposed by the Dunham model. 

Up until now, only a few of the constrained Uij rela
tions exist in the literature,36--38 some of which contain 
errors.38 Recently, using symbolic computer algebra, Ogil
vie39 has managed to compile a complete set of constrained 
Uij relations up to 0<;i<;5 and 2<;j <; 12. These constrained 
Uij relations now make it possible for the first time to carry 
out data reduction using a "true" Dunham model. The 
reason for emphasizing "true" is to draw attention to the 
fact that without these constraints in place, the Uij con
stants determined from a fit lack physical meaning and 
serve merely as coefficients of a polynomial that reproduces 
the data. Dunham's intent was to formulate the (v,J) levels 
of a diatomic in such a way that the coefficients in the 
power series potential could be extracted directly from the 
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Ui/s. A comparison of Ui/s from unconstrainedvs con
strained fits provides more meaningful and reliable infor
mation about the properties of the internuclear potential as 
well as the effects due to perturbing electronic states. 

Results from the fit that incorporated these constraints 
are shown in the second column of Table II (column la
beled "constrained"). A simple comparison between the 
"unconstrained" and "constrained" Uu's seems to indicate 
for the most part very little difference between the two fits. 
In fact the standard deviation 0.793 for the constrained fit 
is just slightly higher than the standard deviation 0.790 for 
the unconstrained fit. However, the fact that the con
strained fit involved 10 adjustable parameters as opposed 
to 15 for the unconstrained fit is a better indication of a 
superior fit with the constrained Dunham model which 
reproduces the data with a lesser number of degrees of 
freedom. With the exception of U04 , the agreement be
tween these two sets of Uu's falls within 3 standard devi
ations; this leads us to conclude that the effects due to 
perturbing states are negligible. The disparity in the U04's 
in both sign and magnitude is more than likely due to a 
distortion in the unconstrained U 04 that results from set
ting U14 and U24 to zero in the fit. 

B. Parametrized potential model 

Recording an IR emission spectrum under high reso
lution enables one to measure rovibrational line positions 
with extreme precision which translates to accurately map
ping out the rovibrational energy level structure of the 
ground electronic state. Thus information derived from the 
data analysis will hopefully allow one to predict with rea
sonable accuracy rovibrational line positions involving 
higher lying (v,J) levels of the electronic ground state 
which lie outside the range of measurements. For instance, 
one reason for recording a "moderate temperature" IR 
spectrum of AlCI was to facilitate the assignment of AICI 
lines observed in the "hot" spectra of rocket exhaust 
plumes and stellar atmospheres. 

Unfortunately, the Dunham model is inadequate when 
it comes to extrapolating far beyond the range of experi
mental measurements. Although incorporation of con
strained Uij relations to the model improves the extrapo
lation capability of predicting the energies for high-J levels 
in a given vibrational state. The fact that the sole means of 
determining values for U iJ's and Uil'S involves fitting the 
data makes it virtually impossible to estimate the magni
tude for higher U iJ's and Uil'S that cannot be determined 
from a fit of the data. 

This inherent failure in the Dunham model has lead in 
recent decades to the development of a more sophisticated 
approach that entails fitting spectroscopic data directly to 
the eigenvalues of the Schrodinger equation containing a 
parametrized potential energy function. In this paper we 
shall refer to this method as the parametrized potential 
model. Kosman and Hinze40 were the first to apply a vari
ation of this method, "inverse perturbation analysis" 
(IP A), to spectroscopic data. Since then the efforts of sev
eral groups, notably Bunker and MOSS41 and more recently 

Coxon and Hajigeorgiou,4.2,43 have lead to significant im
provements in this method. 

What makes the parametrized potential model so rad
ically different from the traditional methods such as Dun
ham's model or Rydberg-Klein-Rees (RKR) inversion is 
thaL the adjustments in the parameters are now directly 
applied to the potential function rather than to a parame
trized analytical expression approximating the eigenvalues 
of the. potential. As a result, calculated eigenvalues are 
obtained by numerically solving the Schrodinger equation, 
and furthermore, the fit of the data to the model is now 
highly nonlinear in that we are now fitting the data in a 
sense to the solutions of a second-order differential equa
tion. 

A detailed description of the numerical methodology 
that is required in the development and implementation of 
this method will be reported in a forthcoming paper.44 For 
now; only a brief outline of the method is given. 

The effective radial Schrodinger equation for a di
atomic 1~+ electronic state40 is 

{: V2_[["ff(R)+E(V,J)-: [1 +q(R)]J(J+1)IR2} 

x ¢(R;v,J) =0. (4) 

[["ff (R) is an effective internuclear potential for vibrational 
motion where 

[["ff(R) = UBo(R) + UA(R)IMA+ U B(R)IM B' (5) 

The first term on the right-hand side of Eq. (5), UBO (R), 
is the Born-Oppenheimer potential while the two remain
ing terms are corrections involving atomic centers A and B 
that effectively take into account Born-Oppenheimer 
breakdown (adiabatic effects) and homogeneous nonadia
batic effects from distant ~ electronic states. The inclusion 
of q(R) in the rotational part of the radial Hamiltonian 
effectively treats J-dependent Born-Oppenheimer break
down and heterogeneous nonadiabatic effects arising from 
distant IT states. 

The Born-Oppenheimer potential UBO (R) is repre
sented by the modified-Morse potential function 

UBo(R) =De{l-exp[ -/3(R) ]}2/{I-exp[ -/3( 00) ]}2, 
(6) 

where 
n 

/3(R) =Z L /3/, (7) 
i=O 

n 

(8) 

and 

(9) 

is one-half the Ogilvie-Tipping parameter.45 For compari
son the modified-Morse potential function used by Coxon 
and Hajigeorgiou42,43 is 

where 

J. Chern. Phys., Vol. 99, No. 11, 1 December 1993 
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TABLE III. Internuclear potential energy parameters. 

Parameter 

D, (em-I) 
R. (A) 

Po 
PI 
P2 
P3 
P4 

MA e7Al) 
Mo ct9p) 

D. (em-I) 
R. (A) 

Po 
PI 
P2 

P3 
P4 
uf (em-I A-I) 
uf (cm- I A -2) 

MA e7Al) 
Mo eSCl) 
Mo e7Cl) 

n 

Value 

AlF 
56000.0 

1.654368 955 081 255 
4.561393094342520 
0.443 623 567 736 696 
0.799452956164073 
0.812682219902913 
li.799 285 785 710 51 

26.9815386 
18.99840322 

AlCI 
41296.0 

2.130143506503515 
4.800 277 614 877 556 
1.085 629 063 448 244 
2.685 111 849 842 501 
13.44574971103898 
3.287456278990 188 

-87.72171031233499 
73.927 232 877 379 11 

26.9815386 
34.968852721 
36.965 902 62 

{3(R) = 2: {3i(R -Re)i. 
i=O 

Uncertainty 

4.16XlO-8 

3.93XlO-7 

3.90xld-S 

2.58X 10-4 

1.22 X 10-2 

9.88XlO-2 

5.21X 10-8 

8.76XlO-7 

3.46XlO-'-S 
5.31XlO-4 

1.01 X 10-2 

1.14X1O- 1 

1.61XlO-1 

1.73 X 10- 1 

(11 ) 

Finally, following Coxon and Hajigeorgiou,42,43 
UA(R), U B(R), and q(R) are represented by the power 
series expansions 

(12) 

(13) 

and 
n n 

q(R)=Mi l L q/(R-Re)i+Mi-1 2: qf(R-Re)i. 
i=O i=O 

(14) 

Results from fitting the data to the parametrized po
tential model are displayed in Table III; only parameters 

TABLE IV. Dunham potential parameters. 

Unconstrained Constrained 
Dunham model Dunham model 

Parameter Value Uncertainty Value Uncertainty 

ao 
al -3.17404457 1.47 X 10-5 -3.174019,44 1.38x 10-5 

a2 6.84870260 2.03 X 10-4 6.848011 86 1.98 X 10-4 

a3 -11. 707 189 00 2.05XIO-3 -11.70940194 1.91 X 10-3 

a4 16.19929098 2.01 X 10-2 16.21747100 2.01XlO-2 

as -18.911 643 56 1.97 X 10-1 -18.900 866 31 1.88XlO- 1 

06 26.79574594 8.48XIO- 1 25.93625751 7.95XlO- 1 

a7 
Os 

TABLE V. Parameters from Coxon's form of f3eR) expansion for AlCI. 

Parameter 

De (em-I) 
Re (A) 
f30 (A-I) 
f31 (A-2) 

f32 (A-3) 

P3 (A -4) 
P4 (A -S) 

UrI (cm- I A-I) 
up (cm- I A- 2) 

Value 

41296.0 
2.130143362766379 
1.126 754 706 096 995 

-0.204688770518025 
0.068413 468 119424 
0.012807450385511 

-0.020060 883 448 781 
-87.657211 608 19641 

74.347402261 88867 

Uncertainty 

4.79X1O-8 

-2.15X1O-7 

2.17X 10-6 

5.92XlO-6 

3.83XlO-5 

8.56X 10-5 

1.49 X 10- 1 

2.21XlO- 1 

that were statistically determined are listed along with 
their quoted 10' uncertainties. An unphysically large num
ber of digits are reported in Table III (and in Tables IV 
and V) as an aid for computer calculations. Our fits have 
highly correlated parameters so that additional digits be
yond those indicated by the statistical uncertainty are nec
essary to reproduce our calculations. Rather than deter
mining the number of digits necessary by trial and error, 
we simply report the complete computer output. 

The standard deviation of the potential fit was 0.832. 
The thermochemical value for the dissociation energy De 
and the quoted atomic masses were obtained from Refs. 46 
and 47, respectively. A plot of the isotopically invariant 
Born-Oppenheimer potential curve, Eq. (6), is displayed 
in Fig. 2. 

IV. DISCUSSION 

As alluded to earlier, the aim of developing a param
etrized potential model is to provide the means of extrap
olating the energies of levels from an existing data set to 
predict with reasonably good accuracy the energies of 
higher lying (v,J) levels. Are the constants of Table III 
suitable for this purpose? Unfortunately, high-quality IR 
data for the high v's of the AICI 1 ~ + state does not cur
rently exist and, therefore, a definitive answer must await 
the results from future experiments. Nevertheless, results 
from a fairly recent complete active space self-consistent 
field/multireference configuration interaction (CASSCF I 

Parametrized 
potential model 

Value Uncertainty 

237 892.475 3 8.68XlO-2 

-3.17397917 7.31XlO-6 

6.84960564 7.25 X 10-5 

-11.74197716 4.59XlO-4 

16.35874321 5.02XlO-3 

-17.85205656 2.63XlO-2 

12.289 85521 8.77X 10-2 

4.47818469 2.23XlO-1 

-35.19856965 4.70XlO- 1 
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FIG. 2. Direct comparison of our AICI Born-Oppenheimer potential 
(smooth curve) to the theoretical CASSCFIMRCI potential (discrete 
points) reported by Langhoff et al. (Ref. 20). 

MRCI) calculation by Langhoff et al. 2o together with a 
comparison involving the constrained Dunham model per
mit us to answer this question partially. 

The points from the I}; + theoretical potential that are 
listed in Table II of Ref. 20 are reported as total energy. In 
order to add these points to the plot of our Born
Oppenheimer potential in Fig. 2 we subtracted the mini
mum total energy at r:::::4.10 a.u. (2.17 A.) from-each entry 
in the table followed by scaling these values to the total 
energy at r= 00. (The authors in Ref. 20 did not report 
values of the potential past r= 10 a.u.; however, using their 
calculated value of Do, we managed to obtain an approx
imate estimate of the total energy at r= 00 .) The fact that 
these two potentials are in accord is one encouraging sign 
that the accuracy of the predictions by this model may 
extend well beyond the range of the measured data set. 

Also included in Table III is a fit of our previously 
published AIF data48 so that a similar comparison can be 
made between the potential derived by this model to the 
CASSCF IMRCI potential reported by Langhoff et aZ. 20 

This comparison is illustrated in Fig. 3. The same proce
dure described above was used to scale the points of the 
theoretical potential in Table I_of Ref. 20 to our potential 
with the exception that the entry at r=50 a.u. was arbi-

1.2 
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0.6 

Oil) 

'" 
0.6 

> 
0.4 

0.2 

0.0 
1.0 2.0 3.0 4.0 5.0 6.0 7.0 6.0 

R / Angstroms 

FIG. 3. Direct comparison of our effective AIFinternuc1ear potenfial 
(smooth curve) to the theoretical CASSCFIMRCI potential (discrete 
pOfnts) reported by Langhoff et al. (Ref. 20). 

Perhaps the most compelling evidence that demon
strates the predictive capability of the parametrized poten
tial model is obtained from a comparison with the con
strained Dunham model. With the aid of Eg. (15) from 
Ref. 33 the two sets of mass-reduced Dunham Uu con
stants for j =0 and 1 in Table II were reduced to Dunham 
ai potential parameters; a set of a's for each set of Ui/S is 
listed in Table IV. The Born-Oppenheimer potential given 
byEg. (6) is converted into a Dunham form_thl"QUgh a 
power series expansion of UBo(R) about R=Re. Equating 
like (R-Re)k temis from the Dunham and UBo(R) ex-
pansions gives 

for k=O and 

ak=aolR;+2[dk+2UBO(R)ldRk+2]R=R l(k+2)! 
. e 

(15) 

(16) 

for k> O. The first few relations between the a's and /3's are 

_ Def36 
ao 2{I-exp[ -/3( 00) ]}2 , (17) 

trally chosen to represent the total energy at infinite inter- /36+2/30-2/31 
(18) nuclear separation. Once again, we see that the agreement al = 2/30 

is exceptionally good. However, it should be noted that our 
AlF potential in the strict sense is not a true Born- - - -~7f36+36fi~+36(1-/31)f36+24(f32-3/3d/30+12/3i 
Oppenheimer potential. Since only one natural isotope ex- a2 48/36 
ists for both Al and F, the parameters that are associated 
with the Born-Oppenheimer breakdown could not be de
termined from the fit of spectral data involving the lone 
isotopomer 27 A119F. But then again, with a reduced mass of 
11.1 (as compared to 15.2 for AlCI), we can anticipate 
marginal effects arising from Born-Oppenheimer break
down; therefore, in a realistic sense, the effective AIF po
tential derived from the fit is a reasonably good approxi
mation to a Born-Oppenheimer potential. A similar 
argument can also be given for the effective AICI potential 
as well. 

(19) 

Values of the a k'S determined from Egs. (15) and (16) 
are listed for k<8 in Table IV. Quoted uncertainties for all 
three sets of a's were obtained by taking the square-root of 
the diagonal matrix elements of 

(20) 

where C is the covariance matrix obtained from either a 
Dunham or parametrized potential fit, J is the Jacobian 
matrix with elements 
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(21) 

where PI denotes either Uij ' f3ii or re , and JT is the trans
pose of J. 

What makes the comparison in Table IV striking is 
that although the same data set were fitted to all three 
models, only the parametrized potential model is capable 
of estimating the a!s at least to i = 8 with statistical uncer
tainties that are in some instances an order of magnitude 
better than those determined from the constrained Dun
ham model. Table IV also indicates that the a's determined 
from the constrained Dunham model are only marginally 
better than those determined from the unconstrained 
model. Another way of viewing these results is to appreci
ate the fact that with all the a!s determined up to i=8, this 
allows one to obtain good estimates of the adjustable U's 
up to Usa and perhaps as the trend in the uncertainties 
indicates, as high as U60 • In order to determine U60 from a 
conventional Dunham fit requires accessing levels that 
span - 50% of the potential well depth whereas the levels 
accessed by our measured data set span only a mere 13% 
of the well depth. 

It is worth reemphasizing a point made earlier, that is, 
the parametrized potential model applies the adjustments 
directly to the parameters of the potential function. From 
a quantum mechanical perspective, by selecting a func
tional form for the Bom-Oppenheimer potential that is 
qualitatively consistent with theory constrains the model to 
be physically reasonable beyond the range of the experi
mental data. Furthermore, using physical constraints to 
control the adjustment process, i.e., the Schr6dinger equa
tion in this case, rather than mathematically contrived con
straints such as the constrained Uij relations of the Dun
ham model, the results derived from this type of model 
reflect a highly refined physical representation of the mo
lecular energy level structure. 

There is no doubt that the variable-f3 Morse potential 
function introduced by Coxon to represent the isotopically 
invariant Bom-Oppenheimer potential has led to a signif
icant improvement in the parametrized potential model. 
However, there appears to be one particular aspect that 
may have been overlooked by Coxon, that is, the form of 
the f3(R) expansion must be carefully chosen in order to 
prevent the potential function from \!xhibiting nonphysical 
behavior at long range. The consequence of failing to pre
vent the potential function for exhibiting nonphysical be
havior would negate the advantages afforded by the param
etrized potential model; in particular, this would 
jeopardize the predictive capability of the model by impart
ing nonphysical effects to the solutions involving the higher 
lying vibrational-rotational levels. 

The data set of AICI is a prime example where UBo(R) 
exhibits nonphysical behavior at long range when the 
Coxon-Hajigeorgiou form of the f3(R) expansion, given by 
Eq. (11), is used. A fit of the data using Eqs. (10) and 
( 11) yielded the results given in Table V. 

A plot of the Coxon-Hajigeorgiou form of UBo(R) 
using the constants in Table V is displayed in Fig. 4; this 

1.2..,..---,----...:.....--'--~--------, 

1.0 

0.8 

0.4 

02 

O.o+-----j>-..L..---,..-__ .....,. ___ ~ 
W M MUM 

R / Angstroms 

FIG. 4. The Coxon form of the Born-Oppenheimer potential for AlCl. 
This potential curve was generated using Eqs. (10) and (11) along with 
the parameter values listed in Table V. 

figure clearly demonstrates that this form of UBo(R) is 
unacceptable for R;;;;,4.0 A. The failure of UBo(R) to ex
hibit the proper asymptotic form as R -> 00 is traced to the 
f3(R) expansion [Eq. (11)] in which the last statistically 
determined parameter, f34 , is negative. As a consequence, 
f3(R) is a monotonically decreasing function of R that 
changes sign at R = 5.03 A. Had f34 been positive, this 
would have made f3(R) a monotonically increasing func
tion of R with UBo(R) then having the qualitatively cor
rect asymptotic form for large R. 

Although the form of UBo(R) given by Eq. (6) may 
appear as being somewhat awkward, it nevertheless has 
two built-in safeguards which prevent the possibility of 
nonphysical behavior from occurring at long range. By 
using an Ogilvie-Tipping variable as an alternative to the 
expansion variable R - R e , f3(R) remains finite as R -> 00. 

Therefore, the risk of premature numerical "blowup" of 
f3(R) is avoided. Second, if for some unforeseen circum
stance f3(R) should become negative past some large 
value of R, the fact that we added the factor 
{l-exp[ -f3( oo)]} -2 eI1sures that 

lim UBo(R)=De 
R-oo 

is strictly maintained. 

V. CONCLUSION 

Detection of infrared emission with a Fourier trans
form spectrometer is a very useful technique for recording 
high resolution rotation-vibration spectra of high temper
ature molecules. Advantages of this technique are wide 
spectral coverage (> WOO em -I), superb signal to noise 
spectra (SIN -100), and high precision measurements of 
spectral line positions (0.001-0.0001 cm- I ). 

Data reduction of our IR data together with existing 
microwave and millimeter wave data to spectroscopic con
stants was accomplished in two ways. The first approach 
entailed fitting the spectral data to the energy levels of the 
Dunham model. The "conventional" Dunham fits yielded 
Yij's for each isotopomer (AesCI and Ae7CI) as well as a 
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set of isotopically invariant Dunham Uij constants. A sec
ond set of Ui/S was obtained from a fit where only the U iO'S 

and Uil's were treated as adjustable parameters while the 
remaining D's were fixed to constraints imposed by the 
Dunham model. 

The second approach employed a radically different 
model, the parametrized potential model, where data re
duction is implemented by fitting spectral line frequencies 
directly to the eigenvalues of an effective radial Schro
dinger equation containing a parametrized internuclear po
tential energy function. The motivation behind the second 
approach was to strive for accurate prediction of energies 
for higher lying rovibrational levels of the ground elec
tronic state. 
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