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Radial Functions of AIH X "=+ from Vibration-Rotational Spectra ana
Spectral Properties of the Group 13 Hydrides

J. F. Ogilvie
Academia Sinica, Institute of Atomic and Molecular Sciences, P O. Box 23-166, Taipei 10764, Taiwan

The coefficients ¢, j < 9, defining the potential-energy V(z) and coefficients of two other radial func-
tions related to adiabatic and nonadiabatic effects have been determined for AIH in the electronic ground
state X 'Z* by a direct fit to the published frequencies and wavenumbers of vibration-rotational transitions
of YAI'H and APH. The functions are valid in the range of internuclear distance/10"® m [1.24, 2.60].
Some trends in the spectral properties of the group 13 hydrides AIH, GaH, InH and TIH are discussed.
The possibility of determining the rotational magnetogyric factor g; from the available data of only
wavenumbers of vibration-rotational transitions is considered; an approximate value g; ~ -2.25 is deduced

for PAI'H.

INTRODUCTION

Experimental measurements have been made of the
vibration-rotational transitions of ¥ AI'H and 27Ale, but no
pure rotational transitions of either isotopic variant, The
measured transitions of AIH in emission consist of lines in
the P and R branches of the bands containing the first over-
tone and others in the sequence Av = 2up to v' = 8;' as
these spectra were measured by means of an inter-
ferometer having effectively a broad spectral range, to
measure concurrently at a spectral resolution 1.8 m™' all
transitions of significant intensity within the range 2400 <
»10° m™ < 3300 proved practicable. The reported transi-
tions of AID in absorption include lines in the P and R
branches of the fundamental band and others in the se-
quence Av =luptov' = 7; although the effective resolu-
tion of the laser diodes operated as sources for these ab-
sorption transitions was less than 0.1 m™, the characteristic
performance of these diodes leaves spectral gaps in the
wavenumber range within which relatively intense lines arc
not detectable. For the latter reason only 114 transitions
were observed for AID compared to 333 of AIH despite the
fact that the spectral density of lines of AID exceeds that of
AlH,

For few diatomic molecules have vibration-rotational
transitions been measured to such large values of the vibra-
tional quantum number as v = 8; furthermore the data of
the deuteride AID extend to almost the same value of v as
those of the hydride AIH. For these reasons this molecular
species provides an opportunity for a useful application of
the theory that we have developed to extract the fundamen-
tal radial functions directly from the wavenumbers of the
spectral transitions. As we have successfully applied this

approach to available spectral data of LiH,* $iS," LiCl and
LiBr’ and to four other metal hydrides AgH, GaH, InH and
TIH,® among several other molecules (unpublished), we are
able to make generalisations about chemical trends of the
values of the coefficients in the pertinent radial functions
that are supposed to represent fundamental molecular
properties.” In particular, the molecules AlH, GaH, InH
and TIH constitute four of the five possible diatomic
hydrides of the group 13 elements; of the remaining
hydride BH (and BD), infrared spectra of sufficient quality
and quantity are not yet available. Of these elements only
Al consists of a single stable isotopic variant “Al; for this
reason no effect of the finite mass of this nuclide is directly
detectable. Even for the elements Ga, In and T, each of
which has at least two stable nuclides in sufficient natural
abundance, no cocfficient g™ or h* related to any mass ef-
fect of the metallic atom M was determined.® Therefore a
comparison of the other sets of corresponding cocthicients
of these diatomic hydrides MH may provide insight in rela-
tion to this family of chemical elements of group 13.

Since the work® of van Vleck and others who extended
his treatment, it is known that account of several factors is
required to encompass fully the isotopic effects. Else-
where we have discussed the basis of the application of
these theories;” on that basis the sets of wavenumbers of
spectral transitions of isotopic variants to available values
of quantum number J for rotational angular momentum (in
the abscnce of other contributions to total angular momen-
tum except nuclear spin) may be used to determine ac-
curately not only the potential-energy function but also ad-
ditional radial functions which describe the other effects,
specifically the collective adiabatic and rotational and
vibrational nonadiabatic effects that appear to take into ac-
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count the approximation inherent in the Born-Oppen-
heimer separation of electronic and nuclear motions. Such
radial functions, having as argument the internuclear dis-
tance R or equivalent variable, achieve both the most com-
pact and the most physically meaningful representation of
the spectral data.” Here we report the application of this
theary to the analysis of the specified spectral data of AIH,
with the objective to determine the maximum information
about the molecular properties that the data can yield.

PRINCIPLES OF THE METHOD

The salient features of the pracedure we recall here
as a basis 10 understand the results of our calculations on
AlH. The effective potential cnergy governing the inter-
nuclear vibration and rotation (about the centre of
molecular mass) of a diatomic molecule within a particular
electronic state of type ‘T contains at most five deter-
minable radial functions and is expressed

Ve = coz(1 + El ciz) +.21 m.h;*7/M,
1= 1=
+_Elmehj"zibe + BJUJI+ 1)1 + EO m,g /M,
J= j:

+ 3 mug'Z/MJR/RY, (M
ji=

in which m, is the electronic rest mass, M, and M, are the
masses of the separate atoms of types a and b distingunished
by their atomic numbers, and the reduced variable z for dis-
placement of internuclear scparation R from the equi-
librium distance R. is defined™"

z= 2R -R/(R + R,) (2)

The functions involving the coefficients h*” take empirical-
ly into account collectively the adiabatic effects, that the
potential energy depends on not only the relative separa-
tion of the nuclei but also their momenta, and the non-
adiabatic effects related to the vibrational inertia of the
electrons, because other elfects have different depen-
dences on atomic mass which make them currently negli-
gible with respect to the experimental error of frequency
measurements. The functions involving the coefficients
g"" take empirically into account the nonadiabatic effects
of the rotational inertia of the electrons, and to some extent
also the nonadiabatic effects of the vibrational inertia of the
electrons. The two nonadiabatic effects may be considered
to arise from interactions between electronic states in-
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duced by the vibrational and rotational motions of the
nuclei respectively. Defined according to Eq. 1, all coeffi-
cienls g, g{"* and h*" are formally independent of mass, and
dimensionless (except ¢o and h*"). In the case of AlH, be-
cause data of Al of only one nuclidic type are available, we
nced consider no further the effects of variation of its
nuclear mass; consequently we specify hereafter g and h”
as the only parameters to treat the features of the spectra of
AIH and AID that depend on mass. As a consequence of
the various contributions to the effective potential energy,
the vibration-rotational terms consist also of several con-
tributions; the expression for these terms is an extension of
Dunham’s systematic form,'

E. =k§ 0

(v + 2% + ). (3)

!_2_0 (Ykl + Zklh'H + Zkl&H)

In this equation in which the explicit isotopic dependence
of E,; and the coefficients Y, and Z,, has been suppressed
to simplify the notation, the coefficients Yy are supposed to
result from purely the internuclear potential encrgy V(2)
and the centrifugal motion of the nuclel and associated
electrons; the remaining coeflicients, the two components
of Zy, reflect respectively the obviously corresponding
terms considered as perturbations separately additive in
the effective potential energy according to Eq. 1. Analytic
expressions of the coefficients Yy as functions of the har-
monic vibrational coefficient k, (implicitly contained within
Uy or @), the equilibrium separation R, (implicitly con-
tained within Uy, or B,), the reduced mass ¢ and the poten-
tial-encrgy cocfficients ¢; have been published in machine-
readable form complete up toj = 10;" further expressions
containing coefficients up to j = 22 have been generated
according to hypervirial perturbation theory. The coeffi-
cient ¢gin Eq. 1 is defined in terms either of Uyg and Uqgy, ¢
= Uy /(4Uy;), or equivalently of k. and R,, ¢, =
k.R./(2ch); the fundamental physical constants ¢ and h
enter these relationships because for spectral applications
E., Yo and Zy are ail expressed in wavenumber units.
Hence of the {ive parameters U, g, Uy, <o, ke and R, all for-
mally independent of mass, only two are independent; in
the actual analysis U,y and Uy, are determined directly and
the others arc subsequently derived therefrom. Each term
cocfficicnt Y, and Z, consists of contributions in series,

Yk!

"

YHN) 3 Yk[(z) + YHH) + ooy (4)

Zy = 24" + Z® + ., (5
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independently of the method of generation of the actual ex-
pressions of the coefficients (or of the notation used to dis-
tinguish the coatributions). Because the leading contibu-
tions Y are expresscd as a product with the reduced
(atomic) mass # = M Mp/(M, + M,),

YkI(O) - Uki ﬂ(lfi k+l)’ (6)

the cocfficients Uy become formally independent of mass.
Each auxiliary sct of coefficients Z,, is a function of both the
potential-encrgy cocfficients ¢; and the respective coelti-
cients either g/* or h". The coefficients Y, depend on the
parameters ¢; in a highly nonlinear manner, whereas the
coeflicients Z;, depend on the parameters g or b linearly
but ¢; nonlinearly. A few expressions of Z,," in terms of ¢
and h; have becen already published in a different but
cquivalent form,” which are however readily converted to
be consistent with the present definition according 1o Eq. 1;
a larger collection of expressions containing the coeffi-
cients hyup toj = 10 will be published with the extended set
of expressions of Yy. Likewise a few expressions equi-
valent to Zyf in terms of ¢; and g; have been rf:porlcd;9 a
larger collection containing gjup toj = 10 will also be pub-
lished in machine-readable form,

The method of estimation of nonlinear parameters we
apply to determine the applicable coefficients ¢;, g and h;”
directly from the wavenumbers ¥ of only the vibration-rota-
tional transitions because for neither AIH nor AID has a
pure rotational transition been measured. The wavenum-
bers v of the transitions arc the difference of the two terms
E.; of the combining siates; the criterion of convergence of
a fit to a particular model is that the sum of the squares of
the weighted residuals between the measured and calcu-
lated values, Vops — Vear, 15 @ minimum, hopefully the global
minimum (apart from possibly the united alom). The algo-
rithm of the fitting process employs the analytic expres-
sions of not only the term coefficients Yu and the various
components of Zy, but also the first (partial) derivatives of
Y and the Ziy with respect to the paramcters, for instance
aYw/dc;, dYu/dUry and 0Zi/ag;. The analytic expressions
of the former derivatives up to j = 10 have becen already
publishcd in machinc-readable form;” expressions of fur-
ther derivatives of Y and of the derivatives 9Zf/dg; and
9Z:"/o%; will form part of the large collection to be publish-
ed subsequently. The various dependences of the residuals
on the masses My and J make possible the determinatlon of
the coefficients g and by’ Among various models tested
during the fitting procedure, involving varicd numbers of
coeflicients in the prospective five functions, we employ the
F-value as the criterion of sclection; this statistic takes into
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account both the number of degrees of frecdom {number of
data minus the number of fitting parameters) and the
standard deviation of the fit. All uncertainties in the tables
represent one estimated standard error, and the uncertain-
ties in k. and R. take into account also the error in the per-
tinent fundamental constants.'® The atomic masses of Al,
H and D are from the latest consistent set.”

RESULTS

The combined data of the vibration-rotational transi-
tions comprised 333 lines of AlI'H and 114 lincs of AI'H.
To cach line was attached an uncertainty, 0.3 m™ for most
lincs of AIH and 0.08 m™ for most lines of AID; other lines
not used in the fit of the data of AIH by the original authors'
(because of relatively small intensity or overlapping of tran-
sitions) were assigned uncertainties 3.0 or 30.0 m ™' such that
their presence in the data set had practically no effect on
the values of the resulting parameters. Although all
reported lines’ of AID werc initially assigned an uncertain-
ty 0.08 m”, comparable with the standard deviation of fits of
analogous data mcasured in the same laboratory,” attempts
to fit the data under these conditions revealed that seven
lines had anomalously large residuals; moreover almost all
these lines had also relatively large residuals in the spectral
reduction by the original authors.” For this reason these
seven lines, presumed to constitute errors of measurement,
assignment or transcription, were accorded uncertainties
increased to 0.8 or 8.0 m™, such that again these lines ex-
certed no influence on the final values of the parameters.
The statistical weight of each data set was set equal 1o the
reciprocal square ol the uncertainty of the measured
wavenumber. The set of parameters that appear in Table 1
reproduce the observed wavenumbers according to a
reduced standard deviation 1.065; this vaiue means (hat on
average the data of AlH werc reproduced within 0.32 m™
and the data of AID within 0.085 m™, with the expection of
thosc cases of which the uncertainties were set much larger
than these values. The numbers compare well with the ab-
solute accuracies claimed by the original authors, "a few"
times 0.1 m™ "for the stronger lines" of AIH' and 0.1 m™ for
AlID’ respectively.

DISCUSSION
Urban and Jones [litted® the combined data of AlH

and AlD by mcans of twenty parameters of the type Uy and
A with a claimed standard deviation 0.80 m™. The latter
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Table 1. Coefficients of the Radial Functions and Other
Molecular Properties of AIH X s+, all Independent of

Mass®
j o gt h10°m
0 (110581393
+211) m?

1 - 1280246 4,600 -49.269
£0.000025 *0.115 +0.108

2 0.805224 -9.025 111.36
+0.000100 £0.26 +0.31

3 -0.29014 - 12596
£0.00057 £0.71

4 0.03935 8L1
+0.0031 *3.1

5 0.00011
*0.0065

6 -03017
*0.033

7 0.2106

. :3‘;21;’ Utp = (165961.0550.111) m™! u'?
+026 Up1 = (622.687740.00202) m™ u

0 L7 ke = (162.27922+0.00024) N m™
o6 Re = (1.645368320.0000030) x 10" m

2 Each stated uncertainty represents one estimated standard error;
the F-value of the fit was 3.75 x 1012,

statistic would be meaningful only if all (or almost all) the
data had the same uncertainty, but in the actual case in
which the two sets of data of Al and AID have distinctly
different uncertaintics the reduced standard deviation is a
much more reliable measure of the goodness of fit. These
values of standard deviation or relative (or ‘normalized’)
standard deviation are sensitive to the valucs of the relative
uncertainties assigned to the data to be fitted; for this
reason quantitative comparison of these values between
different fits is difficult, but the general magnitudes may
still be meaningful. In any case we have used fewer
parameters, seventeen instead of twenty, and obtained a
betier fit; moreover our parameters ¢j, g and b have in
principle the significance of fundamental molecular
properties in terms of the radial functions that describe the
dependence of the potential energy and other quantities in
the context of the Born-Oppenheimer treatment.

Having determined roughly comparable sets of
parameters for four hydrides MH of the family of group 13,
for which M = Al, Ga, In and Tl, we compare the cor-
responding values of the more important parameters, ac-
cording to Table 2. There clearly exist monotonic trends of
regular increase or decrease of ¢, ¢, bt b and g, Al
though ¢, varies irregularly for the four compounds, the
constituent parameters k. and R, follow definite trends.
The rotational coefficicnt g7 varies irregularly, within a
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Table 2. Comparison of Molecular Parameters of Group 13

Hydrides
Parameter AlH GaH InH TIH
cofm! 11058140 10463438 10888492 10095913
-c1 128025 134754 142967 142715
@ 0.8052 1.0334 1.1315 12378
3 0.2901 {.5215 0.5801 0.5948
ot m? 4927 392 38.43 13.17
P m? 1114 100.1 917 76.5
gt 460 436 383 0.35
g 9.03 9.88 875 759
ke/Nm’ 1623 150.8 128.3 1146
Ro/100m 164537 1.66018 1.83598 1.87089

relatively small range, even among the compounds AlH,
GaH and InH; the values of both g" and g:" of TIH seem
anomalous, but unexpectedly large magnitudes of the
parameters Ay were correspondingly derived in a previous
analysis of the spectral data.® As these data of TIH ex-
tended” to only v = 3 perhaps the parameters may not be
defined so meaningfully as for other compounds for which
the data extended tov = 5 at least.

In all these fils 1o the coefficients c;, g™ and h™! for
the metallic hydrides MH with M = Al, Ga, In and Tl, the
values of the coefficients go™™" were constrained to zero, be-
cause an attempted fit of thesc quantities for LiH pre-
viously indicated that they were practically indeterminate
from the available data of pure rotational and vibration-
rotational transitions, despite the quality and quantity of
these dala available for the various isotopic variants of
LiH.? When we endeavoured to leave go' of AMH as 2 float-
ing parameter, i.c. free to assume a value during the fit of
the available spectral data, we found that a value g =22
appeared to be well determined, i.e. having the relatively
small estimated standard error ~0.08. If we identily this
value entirely with the contribution to the rotational mag-
netogyric ratio gy from the H moiety of the molecule AlH,
then the equations of Tiemann et al.” indicate the cor-
responding value of g¢*' to be slightly smailer in magnitude;
the estimate of the latter quantity requires a value® of the
electric dipolar moment g ~ 6.7 x 10 C m at the equi-
librium separation R., taken from a theoretical calculation
because no experimental value is known. When we take all
this information into account, we propose that according to
the available data and theoretical formulation the best es-
timates of the various pertinent parameters are go* ~ -2.15
+0.10, go*1 ~ -2.10 * 0.10 and for 7AI'H g; ~ -2.25 + 0.25;
the relatively large uncertainty attached to the latter quan-
ity takes into account the fact that, although the cstimated
standard deviation of go'" was found relatively small in the
fitting procedure according to which its valuc was deduced,
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the magnitudes of the correlation coefficients connecting
g0 with other parameters were relatively large. Moreover
there remains at present some uncestainty whether the only
or dominant contribution to g*" is the molecular mag-
netogyric ratio g1 As the latter quantity reflects rotational
nonadiabatic effects, its theoretical computation is dif-
ficult, and no estimates are known for comparison with the
proposed value here deduced. Because no stable isotopic
variant of Al is available, the spectral data are completely
insensitive to the value of go*. When the coefficient g was
admitted into the parameter set, i.e. when it was permitted
to assume a value other than zero either constrained near
-2.2 or freely floated, some other parameters in Table 1 al-
tered appreciably; specifically, not only the magnitudes of
the coefficients h' increased significantly but also the
values of their estimated standard errors increased, al-
though the relative standard deviation of the fit that in-
cluded only eighteen floated parameters increased only
marginally to 1.11. Such an effect on the coefficients ;" we
expect because of the close relationships within the equa-
tions describing the adiabatic and nonadiabatic effects.
These circumstances indicate that the inclusion of the
parameters g is probably physically meaningful. When
the theory of these adiabatic and nonadiabatic effects is cx-
tended, a reexamination of the spectral data of AIH and
AlD is warranted. Because the set of parameters lacking
go™" vielded a slightly better fit of the spectra than any set
including the latter cocfficicients, the values in Table 1 are
at present preferred to yicld the best reproduction of the
spectral data.

CONCLUSION

Directly from the wavenumbers of the vibration-rota-
tional transitions of AIH and AID in the clectronic ground
state X 'T*, we have determined the coefficients {Table 1)
of three radial functions which are independent of mass
and compared them (Table 2) with corresponding coeffi-
cients of other diatomic hydrides of the group 13 melals.
The range/10™ m, approximatcly [1.24, 2.60], of validity of
these functions of AIH corresponds to roughly the classical
turning points of the state v = 8 of “Al'H, the vibrational
state of greatest energy in the available transitions. These
functions may serve as tests of the accuracy of quantum
computations on this relatively simple molecular species.
We have estimated a value g1 = -2.2 of the rotational mag-
netogyric factor of AI'H from the wavenumber data of
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vibration-rotational transitions.
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