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ABSTRACT

The use of ab iniiio molecular orbital calculations to aid in the
characterization, Z.e., structures and energies, of metal halide com-
plexes present in high temperature salt vapors has been investigated.
Standard LCAQ-SCF methods were used and calculations were carried out
using the minimal STO0-3G basis set. The complexes included in this

study were A12F6, Alzcl AlF.*NH,, AlCl -NHB, and AlF The Al X

g° AlF3"NH3, AICL, 3'Nye 26
complexes are found to have D2h symretry in agreement with most experi-

mental results. A planar form was found to be considerably higher in

energy. The Alx?‘-l‘lﬂ3 complexes are found to have t:3v

small barrier to rotation about the Al-N axis. The A1F3-N2 complex is

found to be weakly bound together with a binding energy of -8.2 kcal/mole

symmetry with a

at the ST0-3G level.




INTRODUCTION

There has been considerable interest in the complexes formed in

the high temperature vapors (300-500°C) of metal halide compounds having

low vola.l_:.:l.i:l.l:y.]"'3 Vapor density, molecular beam, and mass épectromei:r_’ic

meth'ods have been among the techniques used to help ideﬁt‘ify the polymeric
species present in the high temperature vapors. Infotmation on the |
structures of these complexes has been obtaingd using electron diffraction
with help from raman, infrared, and microwave spectroscopy. Still, there
are many unanswered questions concerning the nature of the complexes.

In order to investigate some of these questioms, we have undertaicen
a study of the use of ab initio molecular orbital theory as an aid :I.n :
the characterization of metal halide complexes present in high tempera-
ture molten salt vapors. The complexes considered in this étudy are:
(a) the aluminum halide dimers, A1_F, and Al CJ'G; (b) the complexes

26 2

between an aluminum halide molecule and ammonia, A1F3-NH and A1Cl1_-NH

3 3’ hrgs

and (c) the complex between aluminum trifluoride and nitrogen, A1F3°N2.

The atzuctures. and energies» of these complexes are determined using a
ninimal basis set. In add'ition, force constants and electroh distribu-
tions of several of these cdmpiexés are ,caiculat{e&. |
Theoretical calcl.iiations' on these. complexes may help to answer
questions raised by some of the experimental re.s{xlts such as whether

A12Cl is distorted from DZh symmetry by rotation about a2 torsion axis as

suggested by a recent electron diffraction study and whether AIC1,-NH,

is eclipsed or staggered. Also, these calculations can give information

on such things as the structure of the planar form of Al_.Cl, and on the

276

strength of the bond between A1F3and Nz.



CALCULATIONAL METHODS
. In the following study standard molecular orbital methods"’s. are
employed. The type of calculation carried out here is ab tnitio in the

sense that it does not use any experimental information (except 'for the

values of fundamental constants). Abzmtz-a theorigs are-generally divided

into single determinant methods which use a single molecular orbital con-
figuration and more complicated c.onfiguration interaction methods in which
the wave function is written as the sum of several determinants.

In all the calculations carried out here a spin restricted single
determinant method for closed shell molecules (singlets) has been used,
In this method pairs of electrons are assigned to spatial molecular .

orbitals, V¥ i which are in turn approximated as linear combinations of

a set of Abas:l.s functions ¢u’

by =§°u:l. ¢, (1)

" The coefficients ¢, are then chosen by a variational procedure in

ui
whickh the total energy of the molecule is minimized.

There are various different t:jri:es of basis sets that are used in
ab initio single determinant methods. The simplest is the minimal
which cons:lst's of just. énough» atomic-orbital type funct:l,bns» to deécribe
the ground state of the corresponding étsm: (1s for hydroge.n; 1s, 2s,
2p.» ZPy’ .sz for fluoi:ine.). Improvements can be made on the minimal
basis set by adding more s and p functions. These are generally called
extended basis sét‘s. 'Also these basis sets can be augmented by the
addition of d or polarization functions. Im all the calculations re-

ported in this paper the minimal STO-3G basis set5 has been used.
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The STO-3G basis set uses a set of Slater type functions that are re-
placed by a least sqﬁéréé-fitted combination of three gaussian functions.
; In a study of molecules containing second row atoms Collins ef alms
noted that although the ST0-3G basis is small and lacks d functions, it
does quite well in determining the geometries of molecules containing
aluminum atoms. The optimized ST0-3G geometries for Alle‘3 and AlCl3 in
Table I are in Very good agreément with the obsefved geometries: Hence,
it is feasonable to expect that the ST0-3G basis should do well for the
structures of fhe complexes considered in this paper: A12F6’ AlgCIG&
ALF NH,, AICl,-NH, and AlFé-.nNz.,

The structures of these complexes can be described in terms of a
set of geometrical parameters which are discussed in the next section.
In the geometry optimization procedure used here these parameters are
optimized with respect to the total emergy. The resulting bondlengths

and bond angles are believed to have computational uncertainties of

. [-]
+ 0.01 A.and + 1°, respectively.




RESULTS AND DISCUSSION

2°6 26
structures illustrated in Fig. 1. Structure I is formed when two tet-

' Ale6 and A12C16' For Al,F, and Al,Cl,. we have considered the two

rahedra share a comon edge. The aluminum atoms are located at the
cetitér of the tel;rahedron and the halide atoms are at the apexes of
the tetrahedra. Structure II is similar to I except that it is com-
pletely planar.

..... v 2 -
was imposed and the two tetrahedra were allowed to distort with the

In the geometry optimization of A1,C 6 (strugture I) D2h. symmetry

exception that the terminal Al-Cl bondlengths were kept fixed at the
° -
STO0-3G optimized value for AlCl3 of 2.05 A. This should be a good

approximation since, as is shown later, the terminal Al-F bondlengths

in A]'ZFG do not change significantly upon optimization. The parameters

optimized are listed in Table II along with the resulting values. The
bridged Al-Cl bondlengths (2.24 R) in Alz(I].6 lengthen by 0.19 Z over
their value in the monomer. The terminal C1AICl bond angles increase
only slightly from 120.0° in the monomer to 122.8 in the dimer while

the bridged ‘C1A1C1 angle decreases to 94.7°.

The DZh symmetry of structure I was tested by rotating the terminal

AlClz groups about axes (¢1 and ¢2 in Fig. 1) containing the bisectors

of the terminal ClAICl angles and the two aluminum atoms. Rotation of
the two M.Cl2 groups by 5° in the same direction (+ ¢1, + ¢2) and in
opposite directions (+ ¢1, - -¢2) both led to increases in energy. Hence,

the D2h symmetry of structure I appears to be a definite minimum in the

energy surface.



The geometry optimization of the Planar structure of A12016(II)
léd to the results given in Table II. The emergy of structure II is
84.2 kcal/mole above that of structure I indicating considerable un-
favoréble interaction between the terminal chlorines and the bridged
chlorines in the planar configuration. This ié also indicated by the
decrease in the terminal C1lA1Cl bond angle from 120.0° in mongmer
to 103.3 in the dimer.

Experimentally, the structure of A12016 has been studied us;ng
electron diffraction by Palmer and Elliot’ in 1938 and by Akishin,

Rambidi and Zasorin8 in 1959. Both groups concluded that it has D211

.

gyumetry corresponding to structure I in Fig. 1 and the geometries

that they determined are in good agreement with the ST0-3G.results

(see Table II). The electron diffraction results for Alzcl6 indicate
that the bridge Al-Cl distances increase by 0.15 - 0.18 a compared to
the STO-3G prediction of 0.19 R. Both theory and experimenf indicate
that the terminal C1A1Cl bond angle in the complex changes very little
from the ClAlCl angle of 120° in the monomer. The experimental results
indicate thnat the bridge ClAlCl angle in the compiex decreases consider-
ably from what it is in the monomer to a value of 80-87°. The STO-3G
calculation gives aﬁ angle of 94.7°.

Some exﬁerimental resulﬁs have indicated that there may be some
distortion éf the D2h symmetry of A12C16 by a rotation of ong of the AlCl2 ‘
groﬁps about an axis (x in Fig. 1) passing through the two bridged chlorines,
To check out this possibility we carried out a ST0-3G calculation on
structure I with one of the.A1C12 groups rotated by 5° about the y axis
and found that the energy increased. This seems to indicate. that the.

equilibrium structure of A12Cl6 does not have a tendency to distort from

its D2h symmetry.




An estimate of the riglidity of twist:lng about the x axis in com-

parison to the other motions may be made by calculating the second deriva-
tives of the Alzt.'l6 energy with respect to coordinates c_:or:esponding to
these motions. These derivatives ﬁay be -approkimated by _c’hanging each

angle by + 5° and using the formula

a2e/9z2 = [e(x + 8) + e(x-b) - 2e(x)]1/8° (2)

where x is the coordinate, A is the size of the variation in the coordi--
- - - - .. - - - - - :

nate, and ¢ is the energy. For ¥, ¢, and @ =Z£ClA1C1 the following re-

sulta (with energy in atomic units and angles in radians) are obtained:

azelaxz

0.03228 Y
2’c/ag) = 0.16770

a2e/20% = 0.15744

They indicate that the ¥ coordinate corresponds to a loose motion when
compared to the @ and ¢ coordinates which are more rigid.

Turning now to the Al2 6 complex, the geometry of structure I (Fig. 1)

was optimized in a similar manner as for structure I of Al Cl except

6
that the Al-F bond lengths were included in the optimization procedure.

The parameters optimized and their résulting x}alues are given in Table II.

The D211 symmetry of this structure was tested in the same manner as in

the case of Al (!16 by twisting the terminal FALF groups about the Al-Al

axis (¢1 and ¢2) and about the Fb Fbr axis (x). The results indicated

that 1)2h synnnetry was again preferred.

The planar Al2  Structure (IT in Fig. 1) was also optimized in a

gimilar manmer to the Alz('.l6 structure. The results are given in Table II.

The energy is again considerably higher (69.6 kcal/mole) than structure I.



In other work9 structures were considered for A12F6 complexes in which

the bridge was composed of 0, .1, and 3 fluorines. All of these structures
were also found to be less stable tham structure I.

. The A12F6 geometry has noé been measured experimentally, but has heen

10’11

eatimated by comparing the geometries of AlF_, Al1Cl,, and Al Clﬁo. (See

3’ 3 2
Table II) The only major discrepancy between the ST0-3G and the estimated
geometries is for the bridge FALF angle. The ST0-3G results indicate that

the angle in AJ.2F6 is 80.0°, a decrease from 94.7° ip.A12C16. In contrast,

the estimated angle for A12F6 is 90-98°, an increase from 80-87° in A12C16-.

Since fluorine has a smaller van der Waals radius than chlorine it wduld be
expected that the fluorines should be closer together in the bridge. Hence,
the ST0-3G prediction for the bridge angle in A12]?'6 is probably more reason-

able than the estimated value.

Table III gives complexation energies for A12F6 and AlZCJ'6 (i.e., the

difference between the energy of the complex and the energy of two monomers).

The AlI-‘3 dimer (structure I) has a complexation emergy of -112.9 kcal/mole.

Correc:i:ion]'2 for differences in vibrational, rotational and tramslational

energies between the complex and two AlF, molecules gives an enthalpy of

3
complexation of -109.9 kcal/mole. The AlCl3 dimer (struccure I) has a
complexation energy of -46.7 kcal/mole and an enthalpy of complex formation
of -45.1. Experimentallylo the enthalpies of complex formation have been
measured to be =-49.0 kcal/mole for A12F6 and =30.2 kcal/mole for A12C16.
Hencé, the ST0-3G basis set overestimates by a considerable amount the in-
teraction energy of these compléxes-. A larger basis set is prbbably-
necessary to obtain reasonable complexation energies.g‘ However, the ST0-3G

basis appears to do adequately when it comes to the geometries of these

complexes.
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A].F3-‘NH3 and AlC_J.3~NH3. We initially considered ethane-like

structures with C, symetry for AlF,.NH, and AICl,.NH, as illustrated
in Fig. 2. STO0-3G. optimized geometries for AlF (Table I), Al(':l3
(Table I), and NH (r(N—H) = 1. 033A [,HNH = 104.2°, E = -55.45542 a.u.)
were used as initial guesses for the structures. The geometry and ro-
tational conformation of each complex was determined.

Both staggered and eclipsed forms of -A1F3"NH3 were optimized. The
geometry of the eclipsed form is 1isted in Table IV. . The optimized Al-N

bondlength is l 99A while the optimized values of the Al-F and N~H bond-

lengths in the complex remain nearly the same as in the monomers. The

optimized geometry of the staggered form is nearly the same as the eclipsed
form and is only 0.33 kcal/mole higher in emergy. Hence, the barrier to

rotation about the Al-N axis is very small.

The possibility that the A1F3'1\Il-l3 complex does not have C, symmetry

was investigated by relaxing its symmetry to Cs’ Z.e.. a plane of symmetry
passing through the Al1-N axis, one of the hydrogens and one of the fluorines.
It was found that any changes in the geometry away from C3v symmetry led to
a higher energy. Hence, the minimum energy structure for AlF :iNH appears

373

to have (.':3v symmetry.

In the case of the A1(.':13'~1\1H3 complex the same parameters as for the

'A]'FQ'NH3 complex were optimized with the exception that the Al-F and N-H

bondlengths were held fixed. This should be a good approximation since

they do not change significantly upon optimization for A1F3'-NH3. Both

staggered and eclipsed forms were optimized. In contrast to A1F3~.NH3, the
staggered rotational conformation is lower in energy than the eclipsed
form. Again, the difference in energy between the two forms is very small

(0.13 kcal/mole). The resulting geometry for the staggered conformation

is given in Table IV.
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Thé ST0-3G results for A1013'NH3 are in very good agreement with the
electron diffraction study of Hargittal et aZ.14 as indicated in Table 1IV.
The theoretical results for the similar complex, A1F3'-»NH3, indicate that
the .ass'ftnption of (:3‘r symmetry in the intexjpretation of the experimental
results is valid, The STO-3G results also indicates that there is almost
free rotation about the Al-N axis. This may be due to the fact that the

interaction between the chlorines and the hydrogens is quite small.

The energies for AlFS'NHS and AlCl3'-NH3 are given in Table III. The

" AIF,*NH, complex'has’a binding‘energy of -41.3 kcal/mole and that of the

1\1(!13!-1‘&13 is -«62.1 kcal/mole. Correction for differences in vibrational,
rotational and translational energies between the complex and the Al:xj and
NH3 molecules is difficult to calculate because many of the vibrational

frequencies of the complex have not been reported. However, the correction

should be small (v2~4 Kcal/mole) as it was for A12F6 and AlZClﬁ. Experi-

1mam::«.111y,]'5 the enthalpy of complex formation of AlClS -NH3 has been measured

to be -39.9 kcal/mole. Again, as in the case of the AICl, dimer, the STO-3G

3
basis set overestimates the interation energy by a considerable amount. How~

ever, it does find that A1013-.NH3 is more strongly bound together than A12016

in agreement with the experimental results.
It is interesting to compare the strengths of the various complexes

congidered so far. In the case of the AJ.2X6 complexes the largest binding

energy occurs when X = F, whereas, in the case of the A1x3-uN'H3 complexes

the largest binding energy occurs when X = Cl. One explanation for this result
can be found in the ST0-3G Mulliken population analysis.]'6 in Table V. The

aluminum atom has more of a positive charge on it in A1Cl, than in AlF,.

3 3




o
'slightly by 0.002A in the complex. A complex in which the N

- 10 =

Hence, on the basis of a simple electrcstatic interaction picture the
AIC1 'NH3 complex is indeed expected to have a more negative binding
energy than AlF3 N'El3 On the other hand Al2 6 has a more negative binding
energy than Al2 6 because there is probably more repulsion between the
two bridged chlorines than between the two bridged fluorines due to the

fact that the chicrines are larger in size and have more negative charge

than the fluorines.

AlF3 2 The possibility that complexes may be formed between AlCl3

and nonpolar gases such as argon and nitrogen is quite intriguing, but

no evidence for complexes of that type has yet been found.17 To investi-

gate this possibility we carried out calculations on the complex beéween

AlF3 and NZ' The structure considered is illustrated in Fig. 2. STO0-3G

optimized geometries for AlF3 (Table I) and N213 (r(N-N) = 1.1343,

E = ~107.50065 a.u.) were used as initial guesses for the structure.
Optimization of the geometry of AlF3 N2 indicates that N lies on

the C3 axis of the AlF3 molecule and is pointed towards the aluminum.

The resulting geometry is

° — -}

r(Al-N') = 2.942A L FAIN' = 94.5
(-]

r(Al-F) = 1.605A Z.AIN'N = 180.0°
(-]

=(N'-N) = 1.136A

The AJF3 becomes pyramidal in the complex. The N-N bondlength increases

2 molecule

wvas situated perpendicular to the C3 axis was also investigated. It

was found to be considerably higher in energy than the complex in which N2

coincided with the 03 axis.



:techniﬁues as electron diffraction or infrared spectroscopy, the AlF -N

-11 -

' The birnding energy of the AlF, N, complex is -8.2 kcal/mole which

-2

is on the order of the Binding_ energy of some hydrogen bonded c:mnplexes,]'8

but conéiderably smaller than that of most alkali halide complexes. Hence,
since most 'hydrogen bonded complexes are difficult to "see" with such

. _ 372
camplex probably would also be difficult to detect with such techaiques.

This would also apply to complexes of the other aluminum halides with Nz

such as A1613--1\l2 -
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N

CONCLUSIONS

'The following conclusions from this theoretical study of high tem-
perafure salt vapor species can be drawm:

(1) Theoretical calculations can provide useful information con-
cerning the structures and energies of metal halide complexes and may
be helpful in the future as an aid in their characterization.

(2) Both A12E6 and A12Cl6 are found to have D2h bridged structures.
The energies of both are overestimated by the ST0-3G basis while the
ST0-3G optimized geometries are in good agreement with experimental .and
estimated geometries. |

(3) The STO-3G basis set results indicate that the experimental
agsumption of C3V symmetry for complexes of the type A].Xs°NE13 is valid.
The barrier to rotation about the Al-N axis is found to be very small.

(4) The 1&1‘5‘3'1\12 complex is found to have a binding energy of -8.2
kcal/mole. This is on the order of the typical hydrogen bonded complex

and not nearly as strong as the other metal halide complexes considered

in this study.

(]
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Table 1. STO0-3G optimized geometriesa’ for AIF and AlCla (experimental

3
values in parentheses).

o
r(Al-X), A XAlX, degrees Energy, a.u.
AlF‘;,.b 1.60 (1.63 + 0.01) 120. (120) -533.24983
A1013° 2.05 (2.06 + 0.01) 120. (118 + 1.5) -1603.02719

-
-

a

C3v symmetry assumed.

b Theory: reference 6 {note that the optimized bondlength is incorrectly

-}
reported as 1.56 A in this reference).

Experiment: reference 8.

¢ Théory: this work.

Eiperiment: E. Z. Zasorin and N. G. Rambidi, Zh. Strukt. Khim, 8, 391 (1967).




Table II. STO0-3G optimized geometries for A]'ZFﬁ and Al2 (experimental

resultsb‘ in parentheses).
St 't:m:e"'l Paraxnm:er"'1 Al F Al _Cl
truc 26 26
b e c
I r(Al-X) 1.60 (1.63, 1.63) 2.05° (2.06, 2.04)
L xA1X 124.6° (120°, 116°) 122.8° (118°, 122°)
y o o oy o ° ]
bermxbr 80.0° (90°, 98°) | 94.7° (80°, 87 ):
I r(AL-X) 1.61 2.05%
r(Al-xhr) 1.75 231 »
£ XAIX 104.2° 103,3¢

berAler 73.0° | 775.‘,59

. . .
The parameters r(Al-X.b ) and be‘ A].Xb are given for comparison with
experiment. The parameters actually optim:.zed were r()(b -}(h ) and
r(Al-Al). Bondlengths are in A.

b For Alzl?6 the experimental geometries were estimated from the geometries

of ‘A1F3, A1(.‘.13, and A12(:16 The first set of values is from reference 10.

and the second set is- from reference 11.

For Alzcl6 the first set of values is from reference 7 and the. second set

is from reference 8.

4 T11ustrated in Figure 1.

e --Not 'qptil‘hil_iz_edi.
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Table III. STO-3G energies.

Complexation
Complex Energy, a.u. Energy, a.u.
AlLF. () -1066.67961 -112.9
A12F6(II) ~1066.56863 - 43.3
AlzCIS(I) =3206.12874 - 46.7
A12C16(II) -~3205.99466 + 37.5
AlI"3 'NH3 - 588.77113 - 41.3
A1C13 *NH, -1658.58159 - 62.1
AlF3 ‘N, - 640.76356 - 8.2
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Table IV. STO-3G opt:lmized.geometrieaa for AlF,:NH, and Al1Cl ~NH‘3

3" 3
(experimental 1':esultsb in pareﬁthesea) .

Geometrical

Parameter® A1F3 -rl‘lﬂ3 A1013-.NH3
r(Al=N) 1.99 -  1.94 (1.996)
r(A1-X) 1.62 2,059 (2.10)
T(N-H) 1.03 1.03d
LXAIN ~100.1° ’ 101.2° (101.0°)
£HNAL 112.2° 112.4°

¢ | 0.0° 180.0°

aA:I.Fg *NH3 1s eclipsed and Al1Cl3-NH3 is staggered. Bondlength in A.

bRef. 14

®pefined in fig. 2.

dHeld fixed at the monomer values.




Table V. Atomic Populations of AlF3,Al1Cl3,AlF; *NH3, and AlCl3°NH3.

AlXy -A1X3~-NH,
Al X Al xa N H®
X=F 11.825 9.392 11.838 9.449  7.494 0.773

X=Cl 11.730 17.423 11.731 17.510 7.503 0.746

qhe population of ali three atoms in each group are egquivalent to

the accui:acy shown.
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Figure Captions

Figure 1.  AL,X, structures with X = F or Cl.

Figire 2.  Structure of AX,*NH, (in the figure ¢ = 180°).

Figure 3. Structure of A1x3~N2.
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