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The Hel photoelectron spectrum of gaseous AIF(X'X ") has been recorded and the first three catiomic states have been
assigned with the aid of PNO/CEPA calculations The first band shows vibrauonal structure and analvsis of the component
separations and relative mtensitines leads 1o values of @, =1040+40 cm ™' and 7. =159+001 A 1n the AIF*(X 2 ") state

the corresponding theoretcal values are 960 cm ™!

and 160 A respectively The first adiabatic 10nizstion potential 9 73+0 01

¢V allows a determination of the quantum defect 8 n a number of previously observed Rydberg states of AIF The Hel
photoelectiron spectrum of gaseous AlF; has also been obtaned It is assigned on the basis of ab imitio molecular orbital
calculations and comparison with the corresponding BF; spectrum

1. Introduction

As part of our interest 1n the electronic struc-
ture of small molecules produced 1n the vapour
phase by high-temperature pyrolysis [1-5]. we have
recorded the photoelectron spectra of AIF and
AlF;.

Aluminium fluonde has been the subject of a
number of previous spectroscopic studies [6-11],
probably because 1t can be produced fairly readily
in the vapour phase at only moderately high tem-
peratures ( = 1000 K) [12,13]). However, although a
number of Rydberg states of AIF have been ob-
served [7]. no Rydberg series has yet been 1denti-
fied and hence it has not been possible to de-
termune an accurate first ionization potential (IP)
of this molecule from optical spectroscopic studies.
The only experimental estimates of the first adia-
batic IP of AIF come from electron impact mass
spectrometry and are consistent with a value of
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970+ 050 ¢V [14-16]. In the present work, the
photoelectron spectrum of gaseous AlF has been
mvestigated with the aim of prowiding an im-
proved adiabatic first 10omzation potential of this
molecule. It was also hoped to assign the observed
bands with the aid of ab initio quantum mechani-
cal PNO/CEPA calculations. and to determine
spectroscopic constants (r., «@,, D.) of the corre-
sponding states of AIF™ As AlF was produced in
the vapour phase by heating a stoichiometric mix-
ture of alumunium and alumimum tnfluonde, the
photoelectron spectrum of AlF, has also been re-
corded during the course of this work. It has been
assigned by comparison with the well established
photoelectron spectrum of BF; {17-20] and on the
basis of ab mmtio calculations performed for BF;
and AlF;.

2. Experimental

AlF was produced 1n the vapour phase by heat-
ing a stoichuometric mixture of alummimum powder
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and aluminium trifiuonde which had previously
been inttmately mixed and pressed into pellets
The pellets were loaded inio a graphite furnace
which was heated inductively. as has been de-
scnibed earlier [1.21]. The mixture was then slowly
warmed to = 300 K to remove any traces of water
Once this was achieved. the temperature was slowly
raised to 1050 + 20 K (as measured with a chro-
mel-alumel thermocouple in contact with the fur-
nace) whereupon a photoelectron spectrum was
recorded This was atinbuted to AlF as studies of
the vapour composition above Al/AlF, mivtures
suggest that AlF 1s the predominant vapour phase
specties in this temperature range whereas AlF; 1s a
munor component [12.13]

The Hel photoelectron spectrum of AlF, was
recorded by heauing solid AlF; 1n a graphite fur-
nace at (050 + 20 K. Of the aluminium trihalides.
the fluonde appears to be exceptional n that at
any given temperature its vapour pressure is several
orders of magnitude lower than that of the other
halides [22.23] Also. for AlF; the dimer concentra-
tion 1> much lower than that of the monomer for
all temperatures up to the normal sublimation
point In the cases of the other alumimum tri-
halides. the vapour 1s predonmunantly dimeric at
the sublimation point [22-24].

The photoelectron spectrometer and inductively
heated furnace used n this study have both been
described previously [23.26] For the conditions
under which AIF and AlF; spectra were observed.
the usual resolution was 30-35 meV (fwhm). as
measured for argon ionized by Hel radiation
Spectra were recorded by sweeping the voltage on

Table 1
Computed onizauon potentials (eV) of AIF(X X ™)+

the hemuspheres and calibrated using methyl
iodide. carbon monoxtde. nitrogen and argon.

3. Computational details

The electronic ground state configuration of
AIF(X'S*) may be wntten as lo’2¢3074a>-
'256°6672%%76". and at least bands associated
with the (60) 7!, (2%)~ " and (70) "' 10nizations are
expected 1n the Hel region.

In the present work the potential energy func-
uons of the X =* Al and B>Z" states of
AIF~ and the X'S" siate of AIF have been
calculated from highly correlated PNO/CEPA
electronic wavefunctions In all calculauons on
AlF a GTO basis set with 12s, 9p. 2d functions for
Al and 10s. 6p. 2d functions for F was employed
[27] Only the mnnermost Ss and 4p tunctions for
Al and 4s and 3p functions for F were contracted
7T he electronic wavefunctions have been calculated
by the pseudonatural orbital CI (PNO CI) method
[28] In this method singly and doubly substituted
configurations with respect to the Hartree—Fock
determinant are considered The effect of higher
order substitutions 1s approximately taken nto
account by the coupled electron pair approxima-
tuon (CEPA) [28]. In these calculations all valence
clectrons have been correlated Previous experi-
ence with atomic orbital basis sets of similar size
as used in the present work. suggests that = 75%
of the valence correlation energies have been
accounted for in the electronic states considered
The vertical romzation potentials and spectro-

Orbual fomie state ASCF value APNO CEPA Experimental
1omized vertwal 1P verucal [P vertical IP
7o Xz 853 943 9734001
e ACTH 136-150™ 136-1524
6a B-Xx- 1469 1467 136-152%
- (Cx7) - - 1533 eV

* From the total energies of the parnicular states at the theorenal neutral R (f table 2)
P} Obtained for the classical turming points of #”/ = 0 1n X 'S+ AIF as a verucal cut on the repulsive ATl potential energy functions

(ct fig 5)
' Expenmential range of the second PE band of AIF
U See text for tentauve assignment of this band
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Table 2

Theoretical spectroscopic constants » of AIF and AIF™*

Siates Method E ) (au) R.(A) B.(cm™%) a (em™ ) w, (cm™1) w.x (cm™ )

AIF(X'X7) RHF — 341 47193 1 641 0561 0004 838 5
PNO/CEPA — 341 72686 1663 0546 0004 804 43
exp.* 16543 05524 000498 802 26 477

AIFT(XZ*) RHF —341 15888 1576 0609 0004 1019 42
PNO/CEPA - 341 38047 1601 0590 0004 960 37
exp this work (159+001) - - (1040 + 40) -

AIFT(B2X*) RHF — 34093153 1983 0385 0002 440 1
PNO/CEPA —341.18709 2071 0352 0005 467 1

4} Calculated from polynomual fits
P! Total encrgies at calculated equilibrium distances
“ Refs [8-11]

scopic constants obtained from the PNO CI calcu-
lations are summarised 1n tables 1 and 2
For the AIF*(X 22*) « AIF(X '=*) 1omization,

Table 3
Computed and expernmental vertical iomzation potentials (VIP)
(eV) of BF; and AIF;

BF, ¥
Orbutal Computed VIP Experimental VIP
via Koopmans’ refs {17.18]
theorem

34, 4496 -

2e’ 4382 -

44 2288 2150+005

3e’ 2176 20094002

14 2043 19131002

4e’ 18 66 17144001

le” 18 32 16 67+ 001

la% 17 59 1595+002

AlF, 2

Orbital  Computed VIP  Expenmental Band
via Koopmans® VIP +002eV number 1n
theorem fig 2

42, 4200 - -

3e’ 41 64 - -

S5a 1955 2009 D

4e’ 18 38

2a% 17 73} 1707 c

5e” 1749 16 10 B

le” 1721

1 16 72} 15 45 A

*’ The experimental geometnes used for these calculations are
taken from refs. [30-32]

Franck-—-Condon factors have been calculated from
vibrational wavefunctions obtained as solutions of
the radial Schrodinger equation of nuclear motion
using the PNO CEPA potential energy functions
as mput.

Ab 1mitio SCF calculations have also been per-
formed for AIF; and the expenmental photoelec-
tron spectrum has been assigned on the basis of
Koopmans’ theorem apphed to the orbital energies
obtained for the neutral molecule. The basis set
used 1n these calculations was a double-zeta STO
basis set taken from those of Clement1 and Roetti
[29] with added polanization funcuons [the expo-
nents used were Al 4s(1.00), 4p(1.00), 3d(1 35) and
F 3d(201)]. Similar calculations were also per-
formed for BF; using the basis set of ref. [1] For
both molecules, geometries denved from gas-phase
electron diffraction studies were used [30-32] The
results of these calculations are summarnsed in
table 3.

4. Results and discussion

The Hel photoelectron spectrum obtained on
evaporating a storchiometric mixture of aluminium
and alumimum trifluoride 1s shown 1n fig. 1. It
shows three bands which were in the same inten-
sity ratio on varying the helium carrier gas pres-
sure and furnace temperature as well as a broad
weak feature centred at 16.10 £ 0.05 eV. This spec-
trum has also been reproduced on heating Al/AlF;
mixtures containing excess aluminum, except that
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the band positioned at 16.10 eV was much weaker
in intensity under these conditions The photoelec-
tron spectrum of AiF; has also been recorded (see

fig. 2). By companson of the spectra obtained and
knowledge of the main species present in each case
from vapour pressure measurements, 11 was con-
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Fig 2 The Hel photoelectron spectrum of AlF; Abscissae 1omizauon potential (eV) Ordmate counts s~
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cluded that the spectrum shown in fig. 2 arises
solely from AIF;, the first three bands in fig. 1 are
due to ionization of AIF and the weak feature
centred at 16.10 +0.05 eV in fig. 1 arises from
AlF,. -

The first band of AIF 1s the only one which
shows resolvable vibrational structure (see fig. 3).
The adiabatic and vertical ionization potentials of
this band coincide at 9.73 + 0.01 eV.

This band 1s assigned on the basis of the calcu-
lated ionization energies (see table 1) to the
AIFH(X3Z*)« AIF(X'Z™) ionization. The dif-
ference between the ASCF and the experimental
vertical IP shown in table 1 gives the correlation
correction to the ionization energy. As expected,
as the correlation energy in the X >=* state 1s
lower than that in the X '3* state, the ASCF value
1s lower than the expenimental vertical IP and the

. 2., e
ALF(X 3" «-ALF(X'Z)
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Fig 3. The band assigned to the iomzation process
AIFF(X2Z* )« AIF(X'2*) Abscissac tomzation potential
(eV) Ordnate countss™!

PNO CEPA value is_also lower-than this value (by
= 0.3 eV) as only =.75% of the valence correlation
energy has been accounted for in the PNO CEPA
calculations on the X 2=+ and X 'Z*, states.

As well as the adiabatic vibrational component
at least three other wvibrational peaks were ob-
served to higher iomzation energy and measure-
ment of their separations gave a value of @, = 1040
+ 40 cm ™! 1n the 10nic state, a value which com-
pares with 802 cm™! in the ground state of the
neutral molecule [8-11]. A sumilar increase in
vibrational frequency on ionization occurs in the
BF case [1]. This increase in bond strength has
been rationalised previously in terms of an ionic
bonding scheme, which has been found more ap-
propriate than a covalent approach 1n descnibing
the bonding in the group III monohalides and
their 1ons {1,33-36]. Our ab imtio SCF calcula-
tions indicate that the first ionization process n
AIF corresponds essentially to removal of an Al 3s
electron with a net strengthening of the 1onic bond
in the cation. The relative intensities of the three
main vibrational components shown n fig. 3, cor-
responding to the ionizations ¢'=0, 1 and 2,
AIFH(X 1Z%)«v” =0, AIF(X!=*), were mea-
sured as 1.00:0.82 4+ 0.03:0 35 + 0.05. Using the
method outhned previously [1]} and assuming no
vibrational excitation of the neutral molecule, these
wvibrational relative intensities have been used with
a series of Franck-Condon calculations to esti-
mate the equihbrium bond length in the
AIF*(X 2Z*) state as 1.58 + 0.01 A. However, in
all experimental spectra one vibrational compo-
nent was observed on the low 10nization energy
side of the v’ =0 < v"" = 0 component (see fig 3)
and 1ts position was consistent with that expected
for the “hot band” due to the 10nization process
v'=0, AIFH(X2Z ) p”" =1, AIF(X'E*). The
presence of contributions from vibrationally ex-
cited AIF in the band makes analysis of the expen-
mental vibrational intensities somewhat difficult
because, within the resolution of the experiment,
overlap will occur between the following pairs of
v« v transitions; 0<—0 and 1 <1, 1< 0 and
2« 1, and 2 « 0 and 3 « 1. This obviously means
that the intensities of the three main vibrational
components mn fig. 3 cannot be used directly to
estimate the equilibrium bond length 1n the ion.
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Nevertheless. as the contnbution from the ¢ =1
and ¢” =2 AIF(X!=*) levels in fig. 3 was small.
the following approximate procedure was adopted.
Use of the computed Franck—Condon factors for
thet’=0«v”"=0and v' =0« v’ =1 transitions
(calculated with @, = 1040 cm ™' and , = 1.58 A 1n
the 1on) with the corresponding experimental com-
ponent intensiies (1:0.25 + 0.05) leads to an
estimated AIF(X'S™) vibrational temperature of
950 + 50 K. a value which 1s shightly lower than
the furnace temperature of 1050 + 20 K probably
because of collisional deactivation of the AIF
molecules before romzation This effective vibra-
tional temperature together with the computed
Franck-Condon factors for the iomzations ¢ =0
and v =1 to ¢v"'=0. 1. 2 and 3 allows a small
correction to be made to the experimental band
intensities to yield a more accurate estimate of the
esperimental intensity ratio of the processes ¢ = 0.

|
|
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|
|
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|
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1. 2 « v"” = 0. These modified intensities then led.
via a series of Franck-Condon calculations [1}, to
a new esumate of the equihbrium bond length 1n
the AIF*(X2E*) state which was shghtly in-
creased from the original value to 1.59 + 0.01 A.
The wibrational temperature of AIF(X!Z*) was
also redeterruned using Franck-Condon factors
recalculated at this 1onic bond length together with
the experimental vibrational intensity ratios and
found to be essentially unchanged from the imtial
value of 950 + 50 K.

In order to check the values of @, and r, derived
for AIF*(X Z*) from the experimental spectra.
theoretical vibrational envelopes of the first photo-
electron band have been calculated from the PNO
CEPA potential energy curves for the ¢’ < ¢ =0
and v" < v” =1 progressions and both envelopes
are shown schematically in fig 4 In constructing
these envelopes the calculated Franck-Condon
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Fig 4 (a) Vibrauonal envelope for the X2+ (1 =0, 1.2 3)AIF" « X !T7 (1" = 0)AIF ronization calculated from the PNO CEPA
potenuals The adiabauic IP was taken from expenment (b) PNO CEPA computed vibrauonal envelope for the AIF* (X DTN =
0 1.2.3)«— AIF(X'S* ¢ =1) 1onization The v* =0 «— v"* =1 position was taken from experiment (c) Simulated first band of AIF
obtained by adding (a) and (b) 1n the ratio of 1 025 (a) and (b) have not been plotted with the same scating factors, 1 e the intensities
in (a) and (b) are not directly comparable
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factors have been used with gaussian line shapes
with a width at half height of 80 meV determined
by the experimental resolution. It is immediately
seen from the figure that the v’ < ov” =1 pro-
gression exhibits a rather irregular envelope largely
because of the small overlap between the v =1
and v" =1 vibrational wavefunctions. However, if
both envelopes are added together with a weight-
ing factor of 1:0.25 the resulting theoretical spec-
trum (fig. 4) 1s in very good agreement with the
experimental envelope (fig. 3).

The quality of the PNO CEPA potential energy
functions for both states can also be judged from
the computed spectroscopic constants (r. and &,)
for the AIF(X'S*) state for which very accurate
expenimental values are available [§-11] (see table
2). The theoretical equilibrium bond length, r,, is
too large by 0.009 A and the corresponding vibra-
tional frequency, @,, 1s overestimated by 2 cm™'.
For the AIF*(X 2Z%) state, the computed r, 1s
expected to be accurate to within +0.01 A and @.
is expected to be within 50 cm ™! of the experimen-
tal value. Companson with the corresponding ex-
perimentally dernived parameters shows that values
of r, obtained by both methods are in good agree-
ment. However, the computed value of @, of 960
+ 50 cm™! compares with 1040 + 40 cm™' de-
termined from the experimental vibrational sep-
arations This difference may anse from uncertain-
ties in measurement of vibrational separations in
an envelope which contains contnbutions from
ionization of vibrationally excited AIF. As a result,
we consider that an average of theoretical and
experimental values 1s the most reliable estimate
for @, of AIF*(X2Z*) re. @, = 1000 + 40 cm .

Another parameter which can be determined
from the first band of AIF 1s the dissociation
energy in the ground state of the 1on. Assuming, as
seems likely, that AIF(X '=*) dissociates to Al(2P)
and F(?P) and AIF*(X 2=*) dissociates to Al * (!S)
and F(?P) then the first adiabatic ionization en-
ergy of AlF, 9.73 + 0.01 eV, can be used with the
known dissociation energy, D,, of AIF(X!Z*),
6.89 + 0.13 eV {15], and the first 10nization poten-
tial of alumimum, 5.98 eV [37], to estimate the
dissociation energy, D,, in AIF*(X22*)as 3.14 &+
0.14 eV.

The second band of AIF, shown in fig. 1, is

broad and no vibrational structure was resolved.
The band onset and maxima were measured as
13.65 £ 0.02 eV and 14.75 + 0.02 eV respectively.
As can be seen from fig. 5 two more cationic
states, the A%IT and B2Z* states are expected in
the Hel region. In nine-valence electron cations
such as N, CO*, SiO*, and CS*, the AZIl
states exhibit well resolved vibrational fine struc-
ture whereas for BF* [38] or AICI* [33] it 1s
known that the AZII states are repulsive, the
potential energy functions exhibiting only shallow
polarization minima at large internuclear dis-
tances.

The second band of AIF can, however, be un-
ambiguously assigned on the basis of the PNO
CEPA calculations performed in this work. In fig.
5 the parts of the potential energy functions needed
for this assignment are shown. The B2 state of

B2p*

A'(®P) + F(%P)

-1 10

5 % xept A'('S) + F(°P)
‘ﬁ N
= -1 301
“
= Al(%P) + F(*P)
= -1 50 1
x'gt
-1 70 1

T

24 28 32 36 40 44 48
Internuclear Distance (bohr)

Fig 5 The PNO CEPA calculated potential energy functions
for the X'S* state of AIF and the X 2%, A2[T and B2+
states of AIF* 1n the internuclear distance range 24-3 8 au
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AIF~ dissociates to Al (‘P)+ F(°P) and the
X =~ state dissociates to Al7('S)+ F(*P). Close
to the equihbrium internuclear distance of the
X *Z~ state. the 7o orbital exhibits the approai-
mate occupancy (Al) 3s3po whereas at longer dis-
tances 1t becomes (Al) 3s® The reverse occupancy
change occurs for the 66 molecular orbital There-
fore, there 1s an avoided crossing of the X and B
states of AIF ™ at larger iternuclear distances due
to the changes of the 70 and 6o molecular orbital
characters For this reason the B-X*' potental
curve 1s rather shallow and its equilibnum 1nter-
nuclear distance 1s larger than that of the X °X~
state by 047 A (sce table 2) The AZ[l state 18
calculated to be repulsive and to he below the
B-S- state (see fig 5). From internuclear dis-
tances defined by the classical turning points of
the ¢” =0 level 1n AIF(X'S") 1t 1s posstble to
calculate an energy range for the AIF (AZIT)«
AIF(X ') band as 136-150 eV The
Franch-Condon factors for iomzation to the
polanzauon minimum of the A°II state are verv
small as are the Franch-Condon factors for ioni-
zauon to the B =~ state The adiabatic iomzation
energy to the B X~ state 1s calculated to be 14.67
eV (see table 1). According to these theoretical
results. the second broad band in the photoelec-
tron spectrum of AIF corresponds to 1onization to
both the A=l and B*X~ states of AIF ™. It should
also be noted that 1n view of this assignment the
sharp band observed at 15.33 eV ertical 10mza-
tion energy must be due to 1onization to a higher
state of AIF* As no further formally allowed
bands are expected 1n the Hel region. this sharp
band must be due to a shake-up state ot AIF~
These states have not been exphcitly treated 1n the
present calculations but by analogy with the known
photoelectron spectrum of CS [39-41] this band 1s
tentativelv assigned to a >~ state anising from the
configuration (2)~! (76) " '(3=)~!

It 1s reassuring that the general features of the
AlF spectrum observed in this work are 1n good
agreement with that known for the Hel photoelec-
tron spectra of the thallhum and mdium mono-
halides [33-36] For these molecules, as in the AIF
case, three bands were observed with the first and
third bands being sharp and the second band
being very broad In view of the assignment of the

second band 1in AlIF, 1t seems hkely that the second
band in the spectra of the thallhum and indium
monohalides also anises from 1onization to both
the A°IT and BS "~ states

The assignment of the photoelectron spectrum
of AlF; (summansed 1n table 3) has been achieved
with the aid of SCF calculations performed for
both BF; and AIlF, and by companson with the
known photoelectron spectrum of BF;. In neutral
BF;. the three outermost filled molecular orbitals
are of 1a.. le” and 4e’ symmetry. The 1a’, and
le’” orbitals are composed of hnear combinations
of F(2p) orbitals whereas the 4e” molecular orbital
1s composed mainly of F(2p) svymmetrv combina-
uons with smalli contrnibutions from B(2p) atomic
orbitals The next two molecular orbitals. the 1a7%
and 3d’ levels. are also mawmnly F(2p) in character
A similar situation also anses in AlF, where the
outermost five occupied molecular orbitals are also
mainly F(2p) in character In the Hel photoelec-
tron spectrum of BF,. the first three bands arise
from 1onization of the 1a%,. le” and 4e’ levels (at
experimental vertical i1omization potentials of 15.95.
1667 and 17 14 eV respectively [17.18]) with the
(4¢")"! band being the most ntense and the
(1e”)”! band being the weakest. On this basis and
from the computed 10mzation energies in table 3,
the photoelectron spectrum of AlF,; 1s assigned n
the following way Band B in fig 2 1s attnibuted to
the (5¢’)~! 1omzation whereas band A 1s attrib-
uted to two unresolved bands ansing from the
(1e”)™' and (la,)”! iomizations The other ob-
served bands 1n the AlF; spectrum. bands C and
D. are assigned as shown in table 3.

Perhaps one of the more significant measure-
ments to be forthcoming from this present study 1s
an 1mproved esumate of the first adiabatic IP of
AlF The value obtained. 973 + 0.01 eV, 1s 1n
agreement with the value expected from electron
impact mass spectrometry, $ 70 + 0 50 eV [14-16].
but the error limuts have been considerably re-
duced Although a number of Rydberg states of
AlF have previously been observed by Barrow and
co-workers [7}. detailed analysis of these states was
not possible because an accurate value of the first
i1omization potential of AIF was not available A
preliminary analysis was nevertheless presented [7]
based on a value of the AIF IP (9 92 eV) estimated
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Table 4
Redeterminaton of the quantum defects of a number of singlet Rydberg states of AIF
State Character of the Ty n~-§" n &m

excited electron from ref [7]

from ref [7] (eV)
H'=- 4po 8 405 3 204(2.998) 4 0 79(1 00)
F'I 4pm 8216 2997(2 827) 4 100(1 17)
G's* 3de 8282 3065(2 884) 3 —006(0 12)
E' 3dmw 7.953 2767(2 631) 3 023(037)
DA 348 7 647 2 555(2 447) 3 0 45(0 55)
c'xs+ 4so 7210 2 323(2241) 4 167(1 76)

*' The T, values listed m thus table are taken from table 6 of ref [7] The parameters (n — &) and § are denved assuming

IP(AIF) =9 73 eV, as determined 1 this work

®' The (n — &) and 8 values shown in parentheses are denved on the assumption that 1P(AIF) = 9 92 eV (see ref [7])

by analogy with known Rydberg senies 1n BF
However. the more rehable iomzation potential of
AIlF determined 1n this work allows a redetermina-
tion of the quantum defects of the Rydberg states
observed by Barrow and co-workers [7] assuming
that the atomic character of the observed excited
states (C'E*. DA, E'TI. G'=E*, F'IT and
H'=") 1s unchanged from that given 1n ref. [7].
This latter assumption 1s supported for the D'A
state by recent ab mitio molecular orbital calcula-
tions [42]. The results of the reanalysis are pre-
sented 1n table 4 with the onginal values of Bar-
row et al. [7] given 1n parentheses. Clearly identifi-
cation of other Rydberg states of AIF would be
extremely useful and would lead to a further im-
provement in the first IP of AIF. It 1s therefore
hoped that this present work will siimulate further
interest i this problem and lead to further spec-
troscopic studies on AlF.
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