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From new measurements of vibration-rotational spectra of "Gat 'F and 71 Gat 'F in absorption with laser diodes 
in the wavenumber region 54800 < F/m-' < 63800, we evaluated radial coefficients that serve to reproduce the 
wavenumbers of 229 IR lines and published frequencies of 27 microwave lines within small uncertainties. The 
maximum range of validity of radial functions is 1.57 < R/10-" m < 2.10, and Re = (1.774341 O+ 0.000001 5) 
x 10-" m, after corrections for non-adiabatic effects. For comparison with results of GaF and of TIF previously 
reported, we analysed published microwave and IR spectra of BF, AIF and InF; maximum ranges of validity of 
pertinent radial functions and a table of parameters are presented. For BF we find experimental evidence for the 
sense -BF+ of electric polarity. 

Discrete diatomic molecules containing fluorine as one 
atomic centre have diverse chemical properties because the 
electronic binding can vary from strongly covalent to essen- 
tially ionic. These chemical properties reflect the physical 
properties that one deduces from analyses of various spectra 
of these diatomic molecules in the gaseous phase. The chemi- 
cal and physical significance of spectral parameters depends 
on the extent of the spectra. An early analysis of many bands 
of the same molecular species was provided in work on HF  
by Thrush and co-workers.' Just as instruments to measure 
IR spectra under conditions of increasingly high resolution 
and precision became available during the past several 
decades, theoretical formalisms have been concurrently deve- 
loped to match a need to reproduce spectral data by means 
of few chemically and physically meaningful parameters for 
the numerous spectral data;2 the latter comprise frequencies 
of lines in the microwave region and wavenumbers of lines in 
the IR region that characterise transitions between vibration- 
rotational states within a single electronic state. 

In the present work we measured absorption spectra of 
GaF molecules in the gaseous phase near 730 K and under- 
took a global analysis of all available data of suitable preci- 
sion, combining our new vibration-rotational measurements 
in the IR region with published frequencies of pure rotational 
transitions in the microwave region. Thereby we evaluated 
coefficients of radial functions that pertain to potential 
energy and related properties according to a conventional 
treatment of separate electronic and nuclear  motion^.^,^ In 
this analysis we included auxiliary information about electric 
and magnetic properties so as to ensure that all parameters 
possess maximum chemical and physical significance. From 
analysis of similar spectral data of other diatomic fluorides of 
elements of Group 13 of the periodic table, we present a com- 
parison of parameters of GaF with those of BF, AlF, InF and 
TlF, all evaluated according to the same protocol. 

Experimental 
We measured spectra of GaF in absorption using a spectro- 
meter (Spectra-Physics, Laser Photonics, SP5000) having a 
laser diode as source and a high-temperature White cell with 
a resonator of length 1 m.' The White cell contained multiply 
reflecting mirrors plated with gold and mounted at both ends 
of a stainless-steel pipe of external diameter 80 mm. The 

central portion of the pipe was heated with an electric 
furnace; the mirror mounts were thermally insulated from the 
heated zone by water cooling the body of the cell near the 
ends of the heated zone of the pipe. The inner wall of the pipe 
was lined with a stainless-steel mesh wick. For 20 traversals 
within the cell the length of the optical path was 20 m. The 
mirrors and their mounts of this White cell were those 
detached from a commercial cell with a long absorbing path 
(Spectra-Physics, LO-3-2). As these mirrors had dovetailing 
chevrons ground into their backs, their removal to clean 
deteriorated surfaces and replacement in their mounts was 
easily done without altering the alignment. 

We charged the White cell with a mixture of GaF, (10 g) 
and metallic Ga  (15 g) and generated gaseous GaF in the 
presence of other species by heating the cell to ca. 730 K. A 
buffer gas, argon at a pressure 1070 Pa, suppressed migration 
of sample gas from the heated zone of the cell. 

Optical reflections within the cell unavoidably produced 
fringes. As processing with Fourier transformations elimi- 
nated simultaneously both these fringes and high-frequency 
noise,'-' large time coeficients were not required for phase- 
sensitive detection to observe  signal^.^ The full sweep, of 
width typically 70 m-', required 23 s with a time coefficient 
10 ms, the smallest practicable in our spectrometer. 

This spectrometer was equipped with two photoconductive 
detectors of germanium doped with copper and cooled with 
liquid helium. We calibrated the wavenumbers of spectral 
lines of GaF with reference spectra of COz ,8 N,O and SO, 
(J. W. C .  Johns, personal communication to H.U., 1987); we 
measured the differences between the wavelength of a stan- 
dard line and a line of GaF with a newly constructed confo- 
cal etalon of path 45 cm in air, with a free spectral range 1.11 
m-'. The spacer that forms the structure to support the 
etalon was a silica tube of outer diameter 30 mm, both ends 
of which were fitted with windows of thallium bromoiodide 
(KRS-5) of thickness 3 mm; their inner surfaces were coated 
with gold in a thin layer to provide a finesse about six. For 
measurements of each set within a particular spectral range, 
the procedure consisted of four successive scans of reference 
gas, GaF, GaF plus reference gas, and etalon. Thereby the 
speed of scanning in these experiments, much greater than 
formerly, both enabled efficient measurements and eliminated 
uncertainty that temporal variation of the starting point of a 
sweep in each of four successive scans might introduce. 
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Fig. 1 Portion of the IR spectrum of gaseous GaF in the region 
58200 c ?/m-' c 58245; characters above the signals indicate the 
isotopic variant (69 for 69Ga19F and 71 for 'lGa19F), the quantum 
number u of the vibrational state of smaller energy (in the sequence 
with Av = l), and the quantum number J of the rotational state in 
vibrational state v from which the transition occurred in the P 
branch. Fringes of period 0.25 m-' appear in the range 58 215 < ?/ 
m-l c 58242. The response is the second derivative of the absorp- 
tion; relative intensities are inaccurate because the intensity of light 
from a laser diode varied with wavenumber and because absorption 
was not normalised. 

The length of absorbing path of sample enabled signals to 
be observed with GaF at a small partial pressure and a tem- 
perature 730 K. Within overlapping bands of GaF with 
Au = 1, spectral lines with narrow widths, because of this 
small partial pressure of the sample, were measured with a 
satisfactory ratio of signal to noise in the range of wavenum- 
ber 54 800 < 3/m-' < 63 800. A portion of the observed spec- 
trum of GaF in Fig. 1, with assignments, illustrates the 
quality of our spectra. 

Processing of Measured Spectra by Fourier Transformation 

We transferred the digitised spectra to a microcomputer 
(NEC PC-H98 model 100) with which we processed all 
spectra by Fourier transformation with programs in 
FORTRAN and Dominant parts of fringes were 
those spaced at 0.25 m-I indicating the effect of an etalon of 
length 2 m. A typical example of fringes, much weaker than 
most signals of GaF, is discernible in Fig. 1. 

The fringes and noise of large frequency were eliminated 
on multiplying by the weighting function the array in Fourier 
space that was obtained on Fourier transformation of the 
observed spectrum; this spectrum in each full sweep consisted 
of an array of length 2048 data. We used generally rectangu- 
lar (occasionally trapezoidal) functions for t r~nca t ion .~  The 
period of fringes spaced at 0.25 m-' was equivalent to six 
points in the original data array; the spectral resolution of 
GaF was equivalent to eight points, which correspond to the 
width at zero crossings of a line having the shape of a second 
derivative. According to a criterion5 to truncate a Fourier 
space array we thus selected a boundary larger than 256 
( = 2048/8), thus significantly smaller than 341 ( = 2048/6) 
points corresponding to the signal in the Fourier domain of 
fringes spaced at 0.25 m-I. 

To determine the wavenumbers of spectral lines, we fitted, 
according to the criterion of least squares, a quadratic curve 
to data points about each line at the position obtained on 
Fourier transformation. 

Assignment of Spectral Lines 
First we predicted vibration-rotational transitions in pro- 
gressions of 69Ga'9F and 71Ga19F with Au = 1 and 

0 < u < 2 by means of rotational parameters from microwave 
spectrag and vibrational parameters from vibration- 
rotational spectra in emission recorded at a resolution 10 
m-'. lo As these parameters were accurate, we located 
intense lines at wavenumbers near predicted values. Then we 
began the analysis of combined microwave and IR spectral 
data with a computer program RADIATOM2 and extended 
predictions as far as necessary. According to this method 
most lines of significant intensity within ranges in which the 
laser diode operated were assigned satisfactorily. Thus in the 
IR region 115 lines of 69Ga'7F in the range up to v = 8 and 
J = 83 and 114 lines of 71Gaf9F in the range up to u = 8 and 
J = 74 and in the microwave regiong 13 lines of 69Ga19F and 
14 lines of 71Ga19F comprised our final input data; the set 
numbers 256 transitions. Multiple spectral scans of some 
lines indicated that the reproducibility of IR measurements 
was within k0.05 m-l relative to standard lines. Based on 
assessment of various experimental factors, the uncertainty of 
most lines we set to be 0.05 m- '. The eventual standard devi- 
ation of the fit of IR lines was about 0.05 m-'; magnitudes of 
residuals of microwave lines in the combined fit were gener- 
ally smaller than their nominal uncertainties specified by the 
original authors.' A list of assigned lines in our IR absorp- 
tion spectrum of 69Ga1gF appears in Table 1 with their 
residuals in the final fit, and of lines of 71Ga19F similarly in 
Table 2. 

Reduction of Assigned Spectra to Radial Coefficients 
As the basis of a common quantitative treatment of spectra of 
all diatomic fluorides of elements of Group 13, we adopted an 
effective Hamiltonian for nuclear motion of the form4 

Seff = B[1 + /?(R)-JP/2p + V(R) + V ( R )  

+ hcBe[l + ct(R)](J2 + J)R:/R2 (1) 
Here R denotes the internuclear separation and Re its value 
at the minimum of internuclear potential energy V(R),  p the 
reduced mass, B,. = h/(8z2cpR:) the equilibrium rotational 
parameter, and P the operator for linear momentum of the 
nuclei. To apply this Hamiltonian we transformed to the 
variable for reduced displacement 

z = 2(R - Re)/(R + Re) (2) 
that remains finite throughout the range of molecular exis- 
tence: for 0 < R < co, -2 < z < 2 . ' l ~ ' ~  Henceforth with SI 
units of wa~enumber '~ for appropriate quantities, we rep- 
resent the potential energy V(R) formally independent of 
nuclear mass in the form' ' 

j =  1 
(3) 

For an assumed diatomic molecule AB having nuclei a and b 
with protons of unequal number, further functions dependent 
on individual nuclear masses Ma and Mb include those for 
non-adiabatic vibrational  effect^,'^ whereby electrons follow 
nuclei imperfectly during oscillations of the latter with respect 
to the centre of mass, 

B(R) = p(R) f pb(R) * me( c s;zj/Ma + c s?Zj/Mb) (4) 
j =  0 j = O  

for non-adiabatic rotational effects,14 whereby electrons 
follow nuclei imperfectly during rotation of the latter about 
the centre of mass, 

a(R) = aa(R) + ccb(R) -+ me( c t;zj/Ma + c t?zj/Mb) (5 )  
j = O  j = O  
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Table 1 Assignments of vibration-rotational transitions of 
69Ga19F measured with a diode lasef 

Table 2 Assignments of vibration-rotational transitions of 71Ga19F 
measured with a diode laser" 

69Ga'9F t)' = 1 t t)" = 0 
56 214.55 0.01 R(0) 61 650.12 

57 906.62 0.03 R(6) 62064.52 
57 227.55 -0.01 R(5) 61 996.82 

58 560.34 - 0.01 R( 15) 62 646.84 
60604.11 -0.02 R(16) 62708.52 

61 362.51 -0.03 R(34) 63 719.29 
60 990.39 0.06 R(28) 63404.03 

69Ga'9F 0' = 2 t t)" - 1 
54 874.17 -0.05 P(4) 60641.93 
56215.94 -0.04 R(5) 61 343.84 
56903.63* -0.21 R(9) 61 608.65 
58 204.61 -0.03 R(10) 61 673.47 

58 902.03 -0.02 R(17) 62 110.68 
58 557.59 0.01 R(15) 61988.65 

59 237.99 0.01 R(27) 62685.38 
59 565.28 0 R(41) 63 389.69 
59 645.88 0.12 R(49) 63738.59 
60345.29 -0.04 

e9GaI9F t)' T= 3 t t)" = 2 
54 904.14 0 R(20f 61 636.09 

56 858.64 0.02 R(26) 61974.71 

57 583.89 0.04 R(28) 62082.77 
59 249.93 0.01 R(40) 62681.38 
59 557.31 0 R(48) 63 032.33 
59 632.83 0.04 R(58) 63415.43 
59 929.2 1 0.02 R(67) 63706.97 
60631.22 0.05 R(68) 63736.17 
60961.00 0.01 R(69) 63764.68 
61 337.96 0.06 

55 209.87 -0.04 R(21) 61 693.97 

57 225.34 -0.02 R(27) 62 029.03 

69Ga 19F t)' = 4 t t)" = 3 
54 9 13.94 0.01 R(9) 60320.65 

55 879.79 0.06 R(26) 61 326.11 

57 231.66 0.07 R(33) 61691.10 
57 572.79 0.02 R(39) 61980.90 
57 905.58 0.03 R(40) 62027.06 
58 229.87 0.01 R(41) 62072.68 

55 208.53 -0.02 R( 14) 60 633.62 

56 882.02 -0.07 R(32) 61 640.76 

58 545.54 -0.08 R(42) 62 117.62 
59 224.36 -0.06 R(56) 62 683.59 

59 926.37 -0.01 R(82) 63 41 1.49 
59 582.34 0 R(66) 63 013.93 

69Ga19F t)' = 5 t v" =: 4 
54 903.76 0 R( 8) 59 624.03 
56 877.68 0.03 R(13) 59937.26 
57 209.92 0.01 R(25) 60630.81 
57 533.82 0.04 R(39) 61 334.28 
58 231.41 0.01 R(46) 61642.28 
58 885.27 -0.01 R(55) 61 994.87 
59 229.29 - 0.05 R( 56) 62 03 1.06 
59 559.53 0.02 R(78) 62668.76 

56 845.47 0 R(37) 60602.05 
57 542.40 0.05 R(45) 60958.43 
57 910.83 -0.01 R(55) 61 349.77 
58 870.33 0.07 R(77) 61 995.33 
59 248.24 0 

56 244.24 -0.03 R(0) 57 858.29 
56 556.75 -0.05 R( 11) 58 566.80 
56 860.91 -0.03 R(45) 60 323.91 

e9Ga 19F t)' = 6 t t)" = 5 

69Ga19F t)' T= 7 t 0'' = 6 

6gGa19F t)' = 8 t t)" = 7 
55 883.19 -0.05 R(28) 58 907.95 
57 892.86 0.05 R(42) 59569.68 

- 0.03 
0 
0.10 

-0.01 
-0.11 
0.05 

-0.01 

0.07 
0.02 

- 0.02 
0.03 
0.02 
0.05 

-0.01 
0.01 
0.02 

0 
-0.01 

0.09 
0.04 
0.02 

- 0.05 
0.10 
0.03 
0.05 
0.01 

- 0.09 

- 0.04 
- 0.06 

0.01 
0.02 

- 0.02 
0.05 
0.03 
0.05 
0 

- 0.04 
- 0.02 
- 0.01 

0.17 
0.10 

- 0.03 
0.08 
0.03 
0.05 
0.11 
0.01 

-0.18 
0.01 

-0.01 
- 0.02 

0.13 
- 0.02 
- 0.08 

- 0.04 
- 0.03 

In Tables 1 and 2, for each designated line in the P or R branch of 
the specified band of the named isotopic variant, ? is the measured 
wavenumber and 6; is the difference between the wavenumber mea- 
sured and wavenumber calculated with parameters of GaF in Table 
3. An asterisk marks the wavenumber of a line that was precluded 
from influencing the fit. 

71Ga19F v' = 1 t v" = 0 
54901.09 -0.02 P(1) 61322.07 
55 224.07 -0.01 R(3) 61 672.36 
55 542.77 0.02 R(8) 62008.38 
55 857.08 0.01 R(9) 62073.99 
56 872.98 - 0.01 R( 19) 62 696.99 
57 554.45 - 0.01 R(25) 63 042.96 
58211.00 -0.02 R(32) 63419.57 

60957.74 -0.03 R(39) 63 766.39 
60 346.00 0.04 R(38) 63718.68 

71Ga'9F t)' = 2 c t)" = 1 
55 865.31 0 P(6) 60315.36 
56 555.41 0.01 P(2) 60605.71 
56 843.71 0.02 R(2) 60956.00 
57 221.03 0.01 R(8) 61 357.74 
57 590.26 0.04 R(12) 61 614.25 

58 216.49 0 R(18) 61 981.72 
57861.70 -0.02 R(13) 61 676.93 

58 562.87 -0.03 R(30) 62 653.57 
58900.85 -0.04 R(31) 62705.69 
59 230.31 -0.06 R(46) 63 416.33 
59 630.15 0.01 R(54) 63739.21 

'lGai9F v' =: 3 t t)" = 2 
54863.16 -0.01 R(12) 60968.93 

56235.80 -0.10 R(23) 61 621.31 
55 853.53 0.01 R(18) 61 333.46 

56 885.79 0.01 R(30) 61999.87 
57 598.02 0.04 R(44) 62670.00 
57 856.52 -0.03 R(53) 63 038.55 
59 232.06 -0.03 R(75) 63 728.54 
60 3 15.76 - 0.02 

71Ga19F t)' = 4 t on = 3 
54 868.53 -0.01 R( 17) 60 633.62 
55 541.02 -0.03 R(23) 60978.06 
56 548.74 -0.01 R(30) 61 353.48 
56 899.83* -0.22 R(36) 61 652.49 
57 904.37 0 R(37) 61 700.23 
58 222.41 0.04 R(44) 62018.05 
58 531.82 -0.04 R(61) 62 666.59 
58 906.61 -0.03 R(62) 62 699.21 
60 330.94 -0.01 R(73) 63017.28 

71Ga19F 0' = 5 t 0'' = 4 
55 226.58 -0.05 R(28) 60610.84 
55 859.41 -0.01 R(35) 60962.98 
56 209.95 -0.04 R(43) 61 330.20 
56 552.39 -0.03 R(44) 61 373.28 

57 212.60 -0.02 R(51) 61 659.18 
57915.33 -0.04 R(52) 61 697.67 

59 576.10 -0.01 R(61) 62016.36 

60341.93 -0.10 R(88) 62671.81 

56 886.68 0.02 R(50) 61620.23 

58 213.89 0 R(60) 61 983.37 

59 638.48 0.06 R(64) 62111.70 

''GaI9F 0' = 6 t t)" = 5 
55 527.69 0 R(27) 59 927.65 
55 869.49 0.02 R(35) 60329.00 
56 845.82 0.04 R(50) 60980.70 
57 889.71 0.02 R(60) 61340.68 
58 89 1.02 - 0.06 

71Ga'9F t)' =T: 7 t v" = 6 
55 527.30 0.07 P(11) 56851.25 

56 553.34 0.11 R(19) 58869.60 
55 852.17 -0.01 P(6) 57 211.87 

71Ga19F 0' = 8 t 0'' = 7 
56 541.62 -0.04 R(7) 57 543.32 
57222.77 -0.06 R(13) 57909.90 

- 0.02 
0.01 

- 0.03 
0.09 

- 0.06 
0.06 
0.16 

- 0.07 
-0.13 

-0.11 
- 0.02 
- 0.03 
- 0.03 

0.02 
0.01 
0.04 

- 0.04 
- 0.08 

0.08 
- 0.03 

- 0.01 
0.04 
0 
0 
0 
0.10 
0.03 

- 0.04 
0.01 

- 0.04 
- 0.03 
- 0.06 

0.01 
- 0.04 
- 0.07 
-0.11 

- 0.07 
- 0.02 

0.04 
-0.12 
-0.01 
- 0.09 
- 0.04 
- 0.01 

0.02 
0.14 
0.10 

- 0.01 
- 0.02 

0 
0.02 

- 0.02 
- 0.09 

0.04 

0.05 
0.10 

See footnote of Table 1. 
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and for the contribution to the internuclear potential energy 
dependent on nuclear mass, i.e. generally adiabatic effects l4  

whereby the potential energy depends not only on the dis- 
tance between the nuclei but also slightly on their relative 
momenta, 

V ( R )  = v'(R) + vb(R) -+ me u;zj/Ma + C ujbzj/Mb 
j =  1 

(6) 

As nuclear masses are generally known less accurately than 
atomic masses and as discrepancies between masses of these 
kinds have immaterial effects on the ultimate parameters and 
their interpretation, we employed atomic masses. ' 

Discrete molecular energies I?, within a particular elec- 
tronic state, or vibration-rotational terms, we express in the 
form2 

E o J  = 1 ( y k l  + z21a + Zzb + Gia + zib) 
k = O  I = O  

x (u + 4)"J2 + J)' (7) 

Differences between these eigenvalues are measured wave- 
numbers of transitions, 5 = EupJc - EUzeJr9.  Dependences of 
term coefficients ykl and Z,, on equilibrium internuclear 
separation R e ,  equilibrium force coefficient k, and coefficients 
in radial functions [eqn. (3)-(611 are explained elsewhere.2 In 
eqn. (7), that defines energies according to the Hamiltonian in 
eqn. (l), explicit dependences of EuJ,  ykl and various Z,, on a 
particular isotopic variant are suppressed. To treat adiabatic 
and non-adiabatic effects, which imply the coupling of elec- 
tronic and nuclear motions, by means of radial functions of 
R, which imply the separate treatment of these motions, may. 
appear incongruous; for the electronic ground state and in 
particular for its vibration-rotational states far from the dis- 
sociation limit, the formal interactions with energetically 
distant, electronically excited states may be sufficiently weak 
that they can be considered to act as small and homogeneous 
 perturbation^.^ 

Even though these adiabatic and non-adiabatic effects are 
mathematical artifacts, for the reason just stated, experimen- 
tal information is associated with non-adiabatic effects. The 
rotation of an otherwise non-magnetic diatomic molecule (in 
an electronic state 'Z' or 0') induces a small magnetic 
dipolar moment;16 the interaction of this molecular moment 
with an externally applied magnetic field produces splitting of 
spectral lines according to the Zeeman effect. Proportional to 
the magnetogyric ratio that is the quotient of induced rota- 
tional magnetic dipolar moment and rotational angular 
momentum, the rotational g factor, or g J ,  is a measure of the 
extent of the splitting, according to Mj, of the energy of a 
particulqr vibration-rotational state (for J > 0). gJ  is thus an 
expectation value, (uJ I a(R) I u J )  or (uJ I gJ(R) I uJ) ,  of a par- 
ticular state denoted by vibrational quantum number u and 
rotational quantum number J. For a net electrically neutral 
diatomic molecule of relative polarity 'AB-, we suppose two 
contributions to the g factor, g? attributed to interaction 
between electronic and nuclear motions, and the other from a 
rotating electric dipole of moment pe (at distance Re): 

g J  = sf;" + mp(Mi M, ')Fe/'(eRe) (8) 

in which mp is the mass of the proton and e its electric charge. 
The equations to partition the g factor between contributions 
of the separate atomic centres thus become17 

We postulate radial functions of three kinds beyond 
mechanical effects within the potential energy V ( Z ) , ~ , ' ~  
namely functions for adiabatic, non-adiabatic rotational and 
non-adiabatic vibrational effects of atomic centres of each 
type; in practice information of at most two kinds can be 
generally deduced from spectra recorded for samples without 
externally applied fields, namely the dependence on individ- 
ual atomic (or nuclear) masses and the extra rotational 
effects. Measurements of the rotational g factor in varied 
vibration-rotational states by means of the Zeeman effect 
provide information that enables in principle separate evalu- 
ation of non-adiabatic rotational  effect^.^.'^ 

In the computer program RADIATOM analytic expres- 
sions of term coefficients Y,, and various 2,' that appear in 
eqn. (7) in terms of their various radial coefficients in eqn. 
(3)-(6), and expressions also of derivatives of residuals with 
respect to these radial coefficients, are combined with a pro- 
cedure for non-linear regression according to a criterion of 
minimum sum of squares of residuals; hence we undertake to 
fit wavenumbers of assigned transitions to pertinent radial 
coefficients in a selected set.2 The criterion of the best model 
is the F statistic,2 and a criterion of a successful fit of that 
model is a satisfactory value of the normalised standard devi- 
ation of the fit. Each wavenumber in the data set has an indi- 
vidually assigned uncertainty of measurement; the weight of 
an item during a fit is the reciprocal square of that uncer- 
tainty. Thereby we generate not only estimated standard 
deviations of adjusted parameters and a matrix of correlation 
coefficients between those parameters but also values of coef- 
ficients Ukl in the empirical relation" 

8, = 1 Ukl/.fC1((k'2'1)(U + 4)'(J2 + J)' 
k = O  t = O  

c1 + me(Ail/Ma + A:l/Mb)l (1 1) 
in which coefficients U,, are related only to the parameters Re 
and coefficients cj, j 2 0, whereas coefficients AEi are related 
to coefficients in all radial functions (3)-(6); coefficients U,, 
and A;ib are formally independent of mass. This equation 
serves to define auxiliary parameters Ul,  and Uo, that 
appear in Table 3. 

When we applied RADIATOM to vibration-rotational 
transitions of GaF in Tables 1 and 2, and to complementary 
microwave data,' the model that produced the maximum 
value of the F statistic comprised only eight fitted para- 
meters: U1, o ,  Uo, ' and cj  with 1 < k < 6, presented in Table 
3. The only other non-zero parameters, tp = -0.4382 
& 0.0077 and tg = - 1.0131 & 0.0030 constrained during fits, 
we calculated with eqn. (9) and (10) according to known 
values of the electric dipolar moment'' and rotational g 
factor20 for 69Ga'9F in the state u = 0, J = 1. By means of 
these only ten parameters, eight adjusted and two con- 
strained, 256 transitions of 69Ga'9F and 71Ga'9F up to u = 8 
were fitted collectively; the normalised standard deviation 
was 0.986 and the F statistic was 9.06 x The maximum 
range of validity of radial functions of GaF in Table 3 is 
1.57 d R/10-'' m < 2.10. 

We treated similarly pure rotational and vibration- 
rotational data of the other four diatomic fluorides of ele- 
ments in Group 13. Data of BF comprise six pure rotational 
transitions up to u = 1 and 100 vibration-rotational tran- 
sitions up to u = 3 and J = 53 for 1°B19F, 11  pure rotational 
transitions up to u = 2 and 365 vibration-rotational tran- 
sitions up to u = 5 and J = 62 for ''B19F.21 Uncertainties of 
many IR lines were set to be 0.03 m-';21 for a significant 
fraction of vibration-rotational transitions the uncertainties 
set larger by the original authors" we re-evaluated during 
our fitting. In the best model the normalised standard devi- 
ation of the fit was 1.086 and the F statistic was 4.73 x 
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To fit 482 data, that model included 11 adjusted parameters; 
Ul,  o, Uo, ', cj with 1 Q j < 6, s t ,  < and uy; we constrained 
values of t t  and t: to be consistent with calculated values of 
electric dipolar moment and rotational g factor ( S .  P. A. 
Sauer and J. F. Ogilvie, to be published), in lieu of experimen- 
tal values. The maximum range of validity of radial functions 
of BF in Table 3 is 1.10 Q R/10-" m < 1.52. 

Data of AlF comprise 30 microwave transitions,"*22 
employed in our previous analysis,23 and 1076 vibration- 
rotational lines in the range up to J = 102 and u = 9;21 of 
the latter transitions, most had uncertainties set at 0.05 m- ' 
by the original authors.21 To fit these 1106 transitions 
required only eight independently adjustable parameters : 
U1,o ,  Uo, and cj with 1 Q j  < 6, the same set previously 
fitted to fewer data;23 we constrained values of t$' and t: to 
conform with experimental values of electric dipolar 
momentz4 and rotational g factor" according to eqn. (9) and 
(10). Of the best fit, the normalised standard deviation is 1.00; 
the F statistic is 2.98 x The maximum range of validity 
of radial functions of 27A19F in Table 3 is 1.43 < R/lO-'O 
m Q 2.03. 

Data of InF include the same rotationalz6 (19 in total, 16 
for 1151n'9F up to u = 3 and J = 19 and three for 1131nfgF 
with u = 0 and up to J = 18) and vibration-rotational 
 transition^^^ (475 lines of 1'51n'9F up to u = 9 and J = 102 
and 161 lines of 1131n'9F up to u = 4 and J = 93) treated in 
our previous analysis28 supplemented by vibration- 
rotational transitions2' of InF (2664 lines of 1'sIn'9F up to 
u = 12 and J = 160 and 179 lines of '131n "F up to u = 3 
and J = 106); some lines were duplicated in the two sets of 
independent IR measurements. For vibration-rotational data 
in both s e t ~ , ~ ~ * ~ '  we fitted each band separately to band 
parameters to evaluate objectively the uncertainties and to 
identify outliers due to blended and overlapping spectral 
lines ; for lines measured in emission2' uncertainties were set 
in the ranges 0.063-0.097 m- ' for ' "In ''F and 0.058-0.095 
m-' for '131n "F, whereas for lines measured in 
absorption27 uncertainties were set in the range 0.05-0.07 
m - for "In "F and at 0.07 m- for ' ' 31n "F, except out- 
liers of which the uncertainty was set sufficiently large that 
residuals failed to influence the quality of the fit. During our 
analysis we reassigned several lines near band heads that had 
been incorrectly a~signed.~' We reproduced these 3498 mea- 
surements with only eight independently adjusted param- 
eters: Ul,  o, Uo, and cj with 1 Q j Q 6, and with t: and t: 
constrained to the same values as in our previous analysis.28 
The normalised standard deviation of the best fit is 1.32; the 
F statistic is 2.33 x The maximum range of validity of 
radial functions of InF in Table 3 is 1.75 6 R/10-" 
m < 2.38. 

In Table 3 we provide a summary of results of all these 
new analyses of spectra of BF, AlF, GaF and InF for com- 
parison with our previous results for TlF,'* for which the 
maximum range of validity of radial functions is 1.85 < R/ 
lo-'' m d 2.45. 

Discussion 
In Table 3 we present the first comparison of radial coeffi- 
cients and other properties of diatomic molecules that consti- 
tute a complete family within the periodic table of chemical 
elements, namely all known diatomic fluorides of elements of 
Group 13. Although the extent of spectra vary, from a 
maximum value of vibrational quantum number only u = 5 
for BF to u = 12 for InF, our treatment of these spectra is as 
uniform as is practicable. In particular, we apply in all cases 
information on the electric dipolar moment and the 
rotational g factor (whether derived experimentally or 

computationally). Of InF a value of gJ is available from 
neither source,28 but the consistency of t: within the series 
AlF, GaF and TlF leaves little doubt that t: of InF differs 
insignificantly from 1.00; then the reported electric dipolar 
moment enabled an estimate of t t .  Values of equilibrium 
internuclear distances Re [calculated from the directly evalu- 
ated parameter Uo, = h/(87c2cR,2) with h, Planck's constant 
and c the velocity of light in uacuo] of members of this family 
thus assume maximum physical significance, because in a sys- 
tematic manner all known dependence on isotopic mass is 
eliminated as far as terms of the order of K ~ :  defined conven- 
tionally as the fourth root of the ratio of electronic and a 
nuclear mass, K is the expansion parameter in the develop- 
ment of adiabatic and non-adiabatic terms relative to adja- 
cent terms in the Hamiltonian [eqn. (l)].3*4 These distances, 
R e ,  increase monotonically with increasing atomic number of 
the partner of the fluorine atomic centre. Likewise monotoni- 
cally in the same order, co [calculated as U;, 0/(4U0, and 
k, [from Ul,o = k,"2/(27c~)] decrease, but c4 increases. As 
data of GaF and TlF are relatively few (limited by spectral 
ranges of available laser diodes), c5 and c6 are poorly defined 
for these molecules; trends of these parameters are obscure. 
In contrast the magnitudes of el, c2 and c3 increase mono- 
tonically from BF to InF but revert slightly for TlF; as these 
values are in all cases significantly evaluated, this effect seems 
to be no artifact. 

Comparison of our results with those of other workers is 
appropriate. For GaF and TlF, no other authors analysed 
extensive IR spectra at the great resolution of our experi- 
ments. For AlF we include microwave data, specifically seven 
rotational transitions," omitted from a previous analysis." 
The accuracy of some dataz2 included in that analysis" was 
questioned,' ' but we found no extraordinarily large residuals 
from the suspect data. In our analysis of InF we included 
data of '''In''F for u > 3 that were omitted from a separate 
analy~is.~' Although Tiemann et al. originated this approach 
in their analysis of only pure rotational transitions that 
omitted non-adiabatic vibrational effects,30 other workers 
routinely neglect information about the rotational g factor 
and electric dipolar moment that we apply to form t r  and t t ;  
thus we ensure maximum significance of values of Re by 
taking into account all these non-adiabatic effects. Our 
parameters in Table 3, that have mostly the form of radial 
coefficients, are an economical means (only 10-13 parameters 
in total, two constrained in each case) to reproduce 256-3498 
precisely measured frequencies and wavenumbers of multiple 
isotopic variants (except AlF) essentially within their uncer- 
tainties. To regenerate these wavenumbers requires only 
simple analytic  relation^^.^^ between radial coefficients and 
term coefficients ykl and various Z,, that appear in an expres- 
sion [eqn. (711 of a type commonly used to form vibration- 
rotational terms,2 of which the differences correspond to 
wavenumbers of transitions. According to our approach no 
repetitive and protracted numerical solution of a Schrodinger 
equation is needed to reproduce these wavenumbers, or 
(cautiously) to predict further transitions beyond the range of 
measurements included in our treatment. That such predic- 
tions served satisfactorily to assign lines of GaF beyond u = 2 
demonstrates our approach to be efficient for that purpose. 

Extra parameters, not uniformly required of molecules in 
this series, are uT' of TlF and s t ,  t: and uy of BF. As 
explained previously,28 uT' represents not truly adiabatic 
effects, which pertain to the finite mass of nuclides '03Tl and 
205Tl, but an effect of their finite and isotopically varying 
volumes.32 When, during fits of spectra of BF, we constrained 
values of t; and t: as specified in Table 3, a marginally sig- 
nificant value of u: was evaluated when that parameter was 
left freely adjustable; the quality of the fit improved when s; 
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rather than us was adjusted, and this value of s! was highly 
significant. ty proved only marginally significant, but the F 
statistic was enhanced when this parameter was added to the 
model. Thus we conclude that truly adiabatic effects are 
undetectable with respect to the precision of existing mea- 
surements of frequencies and wavenumbers of transitions for 
molecules here other than BF. 

In constraining according to eqn. (9) and (10) our values of 
t t  and t: to use in the program RADIATOM,' we must dis- 
tinguish which atomic centre is the negative pole of the elec- 
tric dipole. Since for no fluoride species in this family is this 
information directly available from experiment, in the con- 
ventional sense that the rotational g factor is measured for 
more than one isotopic variant, we assumed the fluorine 
atomic centre of AlF, GaF, InF and TlF to constitute the 
negative pole of each dipole. Although the electric dipolar 
moment of AlF has only a moderate magnitude, the ratio 
I pe/(eRe) I increases monotonically from 0.19 to 0.42 within 
the series from AlF to TlF. Not only would chemists tend to 
assume such a sense of polarity 'MF- for these four mol- 
ecules, but also for AIF a rigorous calculation of electronic 
structure yielded that result.33 Chemists might naively expect 
the sense of the polarity of BF (at the equilibrium inter- 
nuclear distance Re) to be analogously 'BF-, although many 
calculations indicate the opposite result. A measurement of 
electric dipolar moment of BF yielded only a moderate mag- 
nitude of poor precision, (1.7 & 0.7) x C m.34 Most 
calculations indicate a magnitude generally about 
2.7 x C m or larger,33 although the sense of polarity 
can depend on both the quality of the basis set and the extent 
to which electronic correlation is taken into account. Such 
calculations under the most refined conditions generally indi- 
cate the polarity -BF'. For two other diatomic molecules 
GeS (J. F. Ogilvie, to be published) and BrC135 that have 
sufficient isotopic variants, analyses of vibration-rotational 
spectra yielded not only magnitudes of both the electric 
dipolar moment and the rotational g factor but also their 
signs with respect to the nuclear framework; we achieved 
these results by freely fitting t: and t! from spectra (only 
wavenumbers of transitions, neither intensities nor shifts of 
frequencies from the Stark and Zeeman effects) and reverting 
eqn. (9) and (10) to deduce the corresponding values of p e  and 
gJ.17 This approach is formally inapplicable to molecules in 
the present family because spectra are available for only 
variants containing "F. To test whether a direct estimate of 
t! is practicable, we fitted data of BF with a model consisting 
of parameters U1, o ,  Uo, cj with 1 < j  < 6, s!, t! and ty, 
with t t  constrained to either zero or -1.3; in each case the 
converged value of t! was - 1.7 f 0.04, thus highly signifi- 
cant. That this magnitude exceeds that of the constrained 
value in Table 3 likely indicates neglect of adiabatic effects in 
the model, but inclusion of uy in this fitting model hindered 
convergence. For electric polarity in the sense 'BF- the 
value of t! is expected to be about -1.3 if gJ has a value 
about -0.20; t; is insensitive to moderate variation of pe  as 
thereby the first term within parentheses in eqn. (9) or (10) 
dominates. We may thus have discovered the first experimen- 
tal evidence of the sense -BF' of electric polarity of this 
diatomic species, in agreement with results of accurate calcu- 
l a t i o n ~ . ~ ~  

Conclusion 
In a consistent and systematic manner we analysed all avail- 
able data of frequencies of pure rotational transitions and 
wavenumbers of vibration-rotational transitions of all 
diatomic fluorides of elements in Group 13 of the periodic 
table: BF, AlF, GaF, InF and TlF in their electronic ground 

states X'C' or XO'. On imposing information about the 
electric dipolar moment and the rotational g factor, we gener- 
ated values of coefficients of radial functions, defined with 
respect to the Hamiltonian in eqn. (1); these coefficients con- 
stitute both the most compact and most chemically and 
physically meaningful  parameter^^^ that enable wavenumbers 
of spectral lines to be reproduced within essentially the great 
precision of their measurements: IS?/?I of most lines is less 
than loe6. Characteristic parameters in Table 3 of molecules 
within this family exhibit regular trends. 

J.F.O. thanks Professor P. F. Bernath for providing data of 
BF, AlF and InF and the National Science Council of the 
Republic of China for support. H.U. thanks Dr. J. W. C. 
Johns for providing spectral data of SO, for purposes of cali- 
bration. 
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