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Abstract
The irreversible adsorption of boron trifluoride on calcined g-alumina and amorphous chromia, in both cases at room temperature, has been

studied using [18F]-labelled BF3. Although the resulting g-alumina surface has some catalytic activity for the room temperature fluorination by

anhydrous HF of CH3CCl3 under static conditions, its activity is far lower than that of g-alumina, which has been fluorinated with SF4, nominally at

room temperature. A possible explanation for the observed behaviour is given.
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1. Introduction

Boron trifluoride is a moderately strong Lewis acid [1] that

has been used widely as an acid catalyst in both small- and

large-scale reactions [2]. When added to a reaction mixture as

a complex, BF3,L, where L = Et2O or H2O for example,

particularly in a protic medium, it functions also as a

Brönsted acid [3]. Exposure of high surface area oxides to

BF3 at room temperature results in irreversible adsorption [4–

7]. IR spectroscopic examinations of the resulting surfaces

have suggested that surface species such as Al–OBF2, from

the reaction with surface Al–OH [4], Si–OBF2, from the

reaction with surface Si–O–Si groups [5], or the ion pair, Al–

OBF3
�H+ [7] can be formed. Alumina treated with BF3

behaves as a hydrocarbon alkylation catalyst [6] and it has

been claimed that this material is a solid super acid [7]. On the

basis of a very recent DFT computational study, it has been

concluded that the favoured species when BF3 is adsorbed on
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perfect NiO (0 0 1) is –OBF3 but adsorption at a Ni-site is

favoured on an O-deficient surface [8].

Supporting a complex such as BF3,OEt2 on alumina results

in a milder catalyst than is the case when the complex is used in

solution and this has been exploited for a variety of syntheses

[9]. Subtle effects are possible, for example if the complex

BF3,2H2O in EtOH is used to prepare a silica-supported BF3

catalyst, a higher coverage of stronger Brönsted surface sites is

obtained than is the case when BF3,OEt2 is used as the precursor

[10].

Our interest in BF3 supported on g-alumina arose from

studying the behaviour of g-alumina which had been

fluorinated with sulfur tetrafluoride as a Lewis/Brönsted acid

catalyst for room temperature halogen exchange involving

chlorohydrocarbons [11], isomerization of 1,1,2-trichlorotri-

fluoroethane [12] and dismutation of 1,1,1-trichlorotrifluor-

oethane [13]. The acidity of SF4-fluorinated g-alumina can be

fine tuned by modification of the conditions used for the

fluorination [14]. Boron trifluoride might therefore be an

alternative to SF4 in these applications.

Here the behaviour of g-alumina treated with BF3 is

compared with those of g-alumina and amorphous chromia,

mailto:johnwin@chem.gla.ac.uk
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Scheme 1. Possible surface species (M = Al or Si) [4,5,7,10].
which in each case have been fluorinated with SF4. The basis of

the comparison is their behaviour with respect to fluorine-18

isotopic exchange reactions and their behaviour towards 1,1,1-

trichloroethane, the reagent used previously to prepare

supported organic layer catalysts [11]. An additional insight

into the behaviour of BF3 compared with SF4 is provided by a

computational study at the MP2 and MP4 levels of theory.

Although such computations involving molecular AlIII-contain-

ing species do not represent the real situation for the solids

studied here, they are helpful in comparing the fluorination

abilities of the two molecular fluorides used.

2. Results and discussion

2.1. Uptake of [18F]-labelled boron trifluoride by g-

alumina and amorphous chromia at room temperature

The use of [18F]-labelled BF3, whose specific count rate has

been experimentally determined, is a convenient way of

establishing the stoichiometry of the interaction of BF3 with

solid oxides. The results of sequential BF2
18F additions to g-

alumina and to amorphous chromia, prepared by the ‘volcano’

thermal decomposition of ammonium dichromate, are shown in

Table 1. The uptakes of fluorine so determined, after four

additions of BF2
18F in each case, were 2.05 and 1.45 mg atom F

(g solid)�1, respectively, equivalent to 3.9 and 2.75 wt.% F. The

corresponding figure obtained previously for the uptake of

fluorine by g-alumina after exposure to SF3
18F under comparable

conditions is 15 mg atom F (g solid)�1 (28.5 wt.%) [15].

A key difference between the two fluorides is that SF4 when it

functions as a fluorinating agent, has the ability to replace surface

oxygen atoms by fluorine (O�2F). This will lead to surface AlIII

atoms in a disordered O/F environment that can function as very

strong Lewis sites [14]. From a recent surface science study of g-

alumina fluorination by CHClF2, it has been concluded that sub-

surface insertion of F is required also in order to promote the

Lewis acidity required for Cl/F halogen exchange [16].

Some of the species that, on the basis of previous studies

[4,5,7,10], could be formed on the surface of alumina after

exposure to BF3 are shown in Scheme 1.
Table 1

Uptake of [18F] by g-alumina (0.505 g) and amorphous chromia (0.535 g) on expo

Aliquot no. BF2
18F count rate (count min�1)b Solid

Initial

g-Alumina

1 5614 3836

2 5848 10210

3 5202 10431

4 6931 11080

Chromia

1 5829 6920

2 4948 7628

3 5310 6083

4 5465 7731

a BF2
18F specific count rates, 10,923 count min�1 (mg atom F)�1.

b Relative error <2%.
c Relative error <1%.
Although the promotion of Brönsted acidity on g-alumina is

easily envisaged, particularly when L in Scheme 1 is H2O (cf.

Ref. [10]), the promotion of Lewis acidity at a coordinatively

unsaturated surface AlIII will be dependent on the inductive

effect of a neighbouring –OBF2 group. This is likely to be

smaller than in the SF4-fluorinated case where more than one F

is bound directly to a surface AlIII [14]. Interestingly, although

DRIFTS of adsorbed pyridine on BF3-treated g-alumina

indicated that both Lewis and Brönsted sites were present,

there were no marked differences from the spectra of pyridine

adsorbed on SF4-treated g-alumina.

2.2. Reactions of BF3- and SF4-treated g-alumina and SF4-

treated chromia with 1,1,1-trichloroethane

The reaction used to compare the catalytic properties of g-

alumina and amorphous chromia after exposure to BF3 or SF4

involved exposure of the fluoride-treated solids to 1,1,1-

trichloroethane vapour at room temperature. The chemistry of

chlorocarbons in the presence of acidic solids is complex and
sure to BF2
18F aliquots (ca. 1 mmol)a at room temperature for 1 h

count rate (count min�1) BF2
18F recovered (%)

b After BF2
18F removalc

9992 40.1

10872 66.5

10872 82.8

11305 92.4

6448 71.6

6232 106.5

6762 96.0

7017 97.3
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Scheme 2. Behaviour of CH3CCl3 on SF4-fluorinated g-alumina [19,20].
much of it is imperfectly understood [17]. However, it is well

established that CH3CCl3 in the presence of solid aluminium(III)

chloride undergoes rapid dehydrochlorination at room tempera-

ture with concurrent formation on the inorganic surface of a

purple organic layer which contains partially dehydrochlorinated

oligomers, derived from the primary dehydrochlorinated

product, 1,1-dichloroethene [17,18]. Similar behaviour has been

observed also on the Brönsted and Lewis acid, g-alumina that had

been chlorinated using carbon tetrachloride [19]. On SF4-

fluorinated g-alumina, these reactions are accompanied by the

fluorination of CH3CCl3 to give the HCFC, CH3CCl2F, an

observation that was crucial in the use of the material as a catalyst

for room temperature halogen exchange [11,20]. The reactions

involved are summarised in Scheme 2.

In the present comparative study, reactions were carried out in

both Monel and Pyrex vessels. The former resulted in greater

conversions to CH3CCl2F over the SF4-fluorinated solids,

probably because the in situ fluorinations resulted in more active

surfaces. Reactions in Pyrex enabled colour changes, an indicator

of laydown of organic material (reaction ii in Scheme 2), to be

observed. Exposure of SF4-fluorinated g-alumina to CH3CCl3
resulted in the formation of a purple layer, though less intense

than thatproduced froma reaction inMonel; thecolour developed

on BF3-treated g-alumina was blue but the green colour of SF4-

fluorinated chromia was unchanged by the exposure to CH3CCl3.
Table 2

Volatile product analyses from the reactions of CH3CCl3 (3 mmol) with fluorinate

Reaction no. Oxide Fluoride Vesse

1 g-Alumina SF4 Mone

2 g-Alumina SF4 Pyrex

3 Chromia SF4 Mone

4 Chromia SF4 Pyrex

5 g-Alumina BF3 Mone

6 g-Alumina BF3 Pyrex

Reaction conditions were room temperature for 3 h.
a In situ fluorination in Monel; samples for Pyrex reactions were prefluorinated
In situ FTIR monitoring of the vapours above the solids showed

the disappearance of CH3CCl3 and the appearance of CH2 CCl2
and CH3CCl2F had attained apparent equilibrium after 2 h

exposure. GC and mass balance data for these reactions on the

three materials studied are given in Tables 2 and 3.

The behaviour of g-alumina treated with BF3 differed from

that of the SF4-fluorinated materials in that little or no

CH3CCl2F was produced and laydown of organic material

occurred to a smaller extent. The production of the primary

dehydrochlorination product, CH2 CCl2, was, however, sub-

stantial and there was some evidence that the surface was not

‘saturated’ by the deposition of the organic layer after the first

addition of CH3CCl3 (Table 3). It appears that the ‘pool’ of

labile fluorine, potentially available for the fluorination of

CH3CCl3 or the hydrofluorination of CH2 CCl2, on BF3-

treated g-alumina is considerably smaller than on the SF4-

fluorinated oxides. Examining the catalytic behaviour of the

materials in the fluorination of CH3CCl3 by anhydrous HF at

room temperature substantiated this, Table 4. The behaviour of

g-alumina, fluorinated using SF4 then conditioned with

CH3CCl3, was as expected by comparison with previous work

[11]. The chromia analogue showed similar behaviour,

although the utilisation of the available fluorine was lower.

However, g-alumina, treated with BF3 then CH3CCl3 exhibited

little or no catalytic ability with respect to fluorination.
da oxide samples (0.5 g)

l GC analysis of product mixture (mol%)

CH3CCl3 CH2 CCl2 CH3CCl2F

l 71.0 5.3 22.9

68.8 17.5 13.5

89.4 8.3 2.2

l 43.1 18.4 36.5

60.7 21.6 17.3

80.6 13.8 5.1

l 53.9 42.0 4.1

63.7 32.7 2.3

88.5 13.5 0

and transferred in a glove box.
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Table 3

Mass balance data for reactions between fluorinated oxides and CH3CCl3
a

Oxide Fluoride Mass of CH3CCl3 (g) Mass of solid (g) Change in mass (%)

Before reaction After reaction

g-Alumina SF4 0.3822 0.5355 0.7756 44.8

0.3409 0.7756 0.7885 1.7

Chromia SF4 0.3463 0.4490 0.7285 62.2

0.4094 0.7285 0.7379 1.3

g-Alumina BF3 0.3700 0.4555 0.5343 17.3

0.3369 0.5343 0.7025 31.5

a Two additions in each case. In Pyrex.

Table 4

Products from room temperature reactions under static conditions of anhydrous HF (1.0 mmol) with CH3CCl3 (3.0 mmol) over supported organic layer catalystsa

Run no. Products identified by GC analysis (mol%)

CH3CCl3 CH2 CCl2 CH3CCl2F CH3CClF2 CH3CF3

Catalyst g-alumina/SF4/CH3CCl3
1 88.8 0.1 7.5 – 2.0

2 92.0 0.4 6.2 0.4 –

3 78.8 0.2 19.6 – 0.5

4 84.2 – 4.4 11.4 –

5 95.0 – 4.8 – 0.1

Catalyst chromia/SF4/CH3CCl3
1 93.4 0.5 5.3 0.3 0.2

2 81.9 2.7 14.3 0.6 –

3 97.5 0.4 2.1 – –

4 95.0 1.5 3.5 – –

5 97.3 0.8 1.7 0.1 –

Catalyst g-alumina/BF3/CH3CCl3
1 98.6 0.9 0.4 – 0.4

a Catalysts prepared in situ. Reaction time 2 h in each case.
On the basis of our previous model for supported organic layer

catalysts [20], it isconcluded thatbothfluorinatedprecursorshave

the ability to oligomerise CH2 CCl2 (reaction ii in Scheme 2)

hence forming an organic layer supported on the partially

fluorinated surface that is able to trap CH3CCl3 at the surface.

Both fluorinated oxides therefore are capable of behaving as

Lewis acids; in the case of the SF4-fluorinated oxide the active site

has been proposed to involve AlIII in a disordered oxide/fluoride

environment [14], while the active site in the BF3-alumina is

likely to be identical or related to one of the species shown in

Scheme 1. More important however, is the finding that the degree

of fluorination is substantially less in the latter material (Table 1).
Table 5

Room temperature [18F]-exchange after 1 h between BF2
18F and fluorinated or flu

[18F]-BF3 (mmol) Oxide Fluorinating a

1.03–3.00 (five expts.) g-Alumina SF4

1.03–3.00 (five expts.) g-Alumina SF4

0.35–3.00 (five expts.) Chromia SF4

0.35–3.00 (five expts.) Chromia SF4

1.0–1.50 (two expts.) g-Alumina BF3

1.0–1.50 (two expts.) Chromia BF3

a Samples 0.5 g in each case.
b Defined as S0 � St/S0 � S1, errors � �0.06.
c Ref [20].
As a result, the pool of labile fluoride that can be replenished by

HF in a catalytic situation will be correspondingly less.

2.3. [18F] Exchange and uptake involving BF3

We have shown previously [20] that fluorine-18 exchange

between [18F]-labelled HF, SF4 or BF3 and SF4-fluorinated g-

alumina occurs at room temperature. [18F] Exchange between

these fluorides and SF4-fluorinated g-alumina, subsequently

conditioned with CH3CCl3 as described above, was also

observed, indicating that deposition of the organic layer did not

inhibit the interactions [20]. [18F] Exchange behaviour between
orinated-plus-conditioned oxidesa

gent Conditioning agent Exchange factor, fb

None 0.88–0.26c

CH3CCl3 0.77–0.25c

None 0.54–0.38

CH3CCl3 0.54–0.26

None >0.90

None �1
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BF2
18F and the solids described here is compared in Table 5

using exchange factors, f , derived from determination of the

specific count rates of BF2
18F before and after exposure.

Although some variation was observed from replicate experi-

ments, as has been noted previously [20], the exchange factors,

f , derived from chromia which has been fluorinated using SF4,

appear to be rather similar to those from SF4-fluorinated

materials, if it is assumed that the fluorine content is

15 mg atom F (g chromia)�1. Because of the smaller F content

of the oxides that have been fluorinated using BF3, the f values

are less precise than in the SF4 cases but it appeared that [18F]

exchange was essentially complete (Table 5).

Further information relating to the interactions of BF3 with

these materials was obtained by monitoring the interaction with

time in a closed double-limb counting vessel. The [18F] growth

curve obtained on exposure of BF2
18F (0.35 mmol) to SF4-

fluorinated g-alumina (0.528 g) at room temperature for 80 min

is shown in Fig. 1. The rapid increase in [18F] activity detected

from the solid over the first 20 min after admission of BF2
18F

can be attributed most obviously to an exchange process, with

an apparent f value of 0.8. However, the remainder of the curve,

particularly the decrease in activity observed after 70 min,

indicates that another process also occurs.

It is suggested that BF2
18F is also adsorbed weakly on the

solid, despite its acidic nature and that the reduction in [18F]

activity is the result of its partial desorption. Consistent with

this is the observation that a further small decrease in the count

rate from the solid was observed on the removal of volatile

material by condensation. Addition of unlabeled BF3 to the

vessel resulted in a further decrease in the [18F] activity from

the solid and the observation of a vapour [18F] count, indicating

that exchange is observable in both directions. Similar

behaviour was observed when g-alumina that had been treated

with SF4 then CH3CCl3 was exposed to BF2
18F and also using

the analogous chromia materials.

2.4. Computations

In order to explore the differences in the fluorination

behaviour of SF4 and BF3 towards g-alumina from a different

standpoint, the reactivities of both fluorides towards H2AlOH
Fig. 1. [18F] Growth curve on SF4 fluorinated g-alumina after addition of

BF2
18F.
(as a model for surface –OH groups) and H2Al–O–AlH2 (as a

model for bridging Al–O–Al groups) were calculated ab initio

using Møller–Plesset perturbation theory. The species OSF2

(formed by Eqs. (1) and (2)) and trimeric BOF, a six-membered

B–O heterocycle, Fig. 2 (formed by Eqs. (3) and (4)) were

assumed to be reasonable reaction products from the fluorides

formed from these molecular fluorination reactions (as opposed

to the experimentally observed, gas–solid reactions).
SF4 ðgÞ þ H2AlOH ðgÞ ! OSF2 ðgÞ þ HF ðgÞ þ H2AlF ðgÞ
(1)

SF4 ðgÞ þ H2Al�O�AlH2 ðgÞ ! OSF2 ðgÞ þ 2H2AlF ðgÞ
(2)

BF3 ðgÞ þ H2AlOH ðgÞ
! ð1=3ÞðBOFÞ3 ðgÞ þ HF ðgÞ þ H2AlF ðgÞ (3)

BF3 ðgÞ þ H2Al�O�AlH2 ðgÞ
! ð1=3ÞðBOFÞ3 ðgÞ þ 2H2AlF ðgÞ (4)

The computational results are summarised in Table 6 and

Table 7 summarizes the reaction energies and enthalpy values

for reactions (1)–(4). The electronic energies (DEel) were

computed ab initio (Table 7), which, after zero point energy

(zpe, see Table 6) correction and correction for the translational

(DU(1)tr = (3/2) RT, DU(2)tr = (3/2) RT, DU(3)tr = (1/2) RT,

DU(4)tr = (1/2) RT) and rotational term (DU(1)rot = RT,

DU(2)rot = (3/2) RT, DU(3)rot = 0 RT, DU(4)rot = (1/2) RT)

and for the work term ( pDV(1) = RT, pDV(2) = RT,

pDV(3) = (1/3) RT, pDV(4) = (1/3) RT), were converted into

the reaction enthalpy (DH) at 298 K (Table 7) [21].

The reaction enthalpy values (Table 7) indicate clearly that

for the reaction of SF4 with H2AlOH (as a model for surface –

OH groups) and H2Al–O–AlH2 (as a model for bridging Al–O–

Al groups) the fluorination is thermodynamically highly

favourable in both cases. In contrast to the fluorination with

SF4, the reaction of BF3 with H2AlOH (as a model for surface –
Fig. 2. MP2(FU)/6-31G(2d,p) computed structure for (BOF)3.
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Table 6

Computed total energies (E) and zero point energies (zpe)

Molecule pg �E (a.u.) NIMAG zpe (kcal mol�1)

MP2/cc-pVDZ HF C1v 100.221047 0 6.0

MP2(FU)/6-31G(2d,p) 100.236447 0 6.0

MP4(FU,SDQ)/6-31G(2d,p)//MP2(FU)/6-31G(2d,p) 100.241135 a

MP2/cc-pVDZ SF4 C2v 796.068720 0 7.3

MP2(FU)/6-31G(2d,p) 796.192710 0 7.3

MP4(FU,SDQ)/6-31G(2d,p)//MP2(FU)/6-31G(2d,p) 796.201612 a

MP2/cc-pVDZ H2AlOH Cs 318.825853 0 16.9

MP2(FU)/6-31G(2d,p) 318.862416 0 17.3

MP4(FU,SDQ)/6-31G(2d,p)//MP2(FU)/6-31G(2d,p) 318.879895 a

MP2/cc-pVDZ OSF2 Cs 671.904781 0 5.8

MP2(FU)/6-31G(2d,p) 672.009930 0 5.9

MP4(FU,SDQ)/6-31G(2d,p)//MP2(FU)/6-31G(2d,p) 672.014862 a

MP2/cc-pVDZ H2AlF C2v 342.836072 0 9.8

MP2(FU)/6-31G(2d,p) 342.868103 0 10.0

MP4(FU,SDQ)/6-31G(2d,p)//MP2(FU)/6-31G(2d,p) 342.883264 a

MP2/cc-pVDZ H2AlOAlH2 D2d 561.431557 0 19.7

MP2(FU)/6-31G(2d,p) 561.476079 0 20.2

MP4(FU,SDQ)/6-31G(2d,p)//MP2(FU)/6-31G(2d,p) 561.502945 a

MP2/cc-pVDZ BF3 D3h 323.839020 0 7.8

MP2(FU)/6-31G(2d,p) 323.912181 0 8.0

MP4(FU,SDQ)/6-31G(2d,p)//MP2(FU)/6-31G(2d,p) 323.919524 a

MP2/cc-pVDZ (BOF)3 D3h 598.828152 0 23.4

MP2(FU)/6-31G(2d,p) 599.004757 0 23.9

MP4(FU,SDQ)/6-31G(2d,p)//MP2(FU)/6-31G(2d,p) 599.020339 a

pg = point group; NIMAG = number of imaginary frequencies.
a For the MP4 single point calculation the zpe values were taken from the MP2(FU) calculation.
OH groups) is thermodynamically neutral (DH � 0) whereas

the reaction of BF3 with H2Al–O–AlH2 (as a model for bridging

Al–O–Al groups) is thermodynamically slightly favourable

with DH � �9 kcal mol�1.

Although our comparison of molecular computations with a

study of the behaviour of different fluorinated surfaces is not

entirely logical, we feel it is informative and therefore justified.

The situation is not unlike the current situation for solid Lewis

acid binary fluorides. Values of F� ion affinities computed for

isolated molecular fluorides [1] have not only featured in
Table 7

Calculated reaction energies and enthalpies for reactions (1)–(4)

Reaction Level of theory DEelectronic

(kcal mol�1)

DH8
(kcal mol�1)

1 MP2/cc-pVDZ �42.2 �42.7

MP2(FU)/6-31G(2d,p) �37.2 �37.8

MP4//MP2 �36.2 �36.8

2 MP2/cc-pVDZ �48.1 �47.4

MP2(FU)/6-31G(2d,p) �48.5 �47.7

MP4//MP2 �48.2 �47.4

3 MP2/cc-pVDZ �1.0 �1.6

MP2(FU)/6-31G(2d,p) �1.0 �1.9

MP4//MP2 +1.0 +0.2

4 MP2/cc-pVDZ �6.9 �6.2

MP2(FU)/6-31G(2d,p) �10.2 �9.6

MP4//MP2 �10.9 �10.3
discussions of acidity in molecular fluorides [22] but have also

acted as a spur for the development of new forms of highly

acidic solid fluorides having extended structures [23].

3. Conclusions

Consistent with previous studies, promotion of surface

acidity, both Lewis and Brönsted, on g-alumina results from its

treatment with BF3 at room temperature. The surface fluorine-

containing species formed are labile with respect to exchange

but the pool of labile fluorine is significantly smaller than when

SF4 is used as the fluorinating agent. As a result, BF3-supported

g-alumina is an effective catalyst for the dehydrochlorination of

CH3CCl3 but, unlike SF4-fluorinated g-alumina, it is an

ineffective catalyst for halogen exchange involving CH3CCl3.

Although the basis for the theoretical findings is very different

from the experimental reaction conditions, the findings

themselves are in good accord with the experimental

observation that BF3 and SF4 are very different in their

fluorination behaviour towards g-alumina.

4. Experimental

4.1. General reagents, methods and instrumentation

Vacuum, Pyrex and Monel metal systems, and glove box

techniques were used throughout. Sulfur tetrafluoride and boron
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trifluoride were commercial products and were purified before

use by trap to trap distillation in vacuo over dried NaF. The

chlorohydrocrbons, CH3CCl3 and CH2 CCl2, both 99% pure,

Aldrich, were degassed, vacuum distilled to remove the

stabilisers, 1,4-dioxane and hydroquinone monomethyl ether,

respectively; the purified reagents were stored in vacuo under

subdued light over activated 3A molecular sieves. Samples were

degassed again before use to remove any volatile decomposition

products that might have been formed during storage.

g-Alumina (Degussa C) was a fine powder that was caked

(500 g with deionised water, 350 cm3) heated, then sieved to

give a particle size range of 400–1680 mm. Chromia was

prepared as a fine green powder by the ammonium dichromate

volcano reaction [24]. A sample of each oxide (typically 10 g)

was heated under dynamic vacuum in a Monel metal pressure

vessel for 6 h at 23 K. Treatment with SF4 was according to a

published procedure [11] and consisted of sequential exposure

of an oxide sample (0.5 g), contained in a Monel metal vessel,

to three aliquots (3 mmol) of SF4 for 3 h, nominally at room

temperature. After each addition the volatile product, a mixture

of OSF2 and SO2, was examined by FTIR spectroscopy; some

reactions were followed also by observing pressure changes

(Heise Bourdon gauge) during the additions. Conditioning of

the SF4-fluorinated oxides (0.5 g) with CH3CCl3 or CH2 CCl2
(3 mmol in each case) and the investigation of catalytic halogen

exchange reactions between CH3CCl3 and anhydrous HF (3:1

mole ratio at room temperature using a Monel metal vessel) in

the presence of fluorinated then conditioned oxides (0.5 g) both

used published procedures [11]. In addition, some experiments

were carried out in Pyrex in order to be able to carry out mass

balance measurements and to be able to observe colour

changes. B.E.T areas, determined using Micromeritics 2400

equipment, were as follows: heat treated g-alumina, 110; after

fluorination with SF4, 90; after fluorination then conditioning

with CH3CCl3, 94 m2 g�1. Corresponding values for chromia

were 52, 44 and 47 m2 g�1, respectively.

A parallel investigation of BF3-fluorinated oxides was

performed in a manner similar to that described above, the

difference being the stoichiometry of BF3 used at the

fluorination step. In view of the results of the [18F]-BF3

fluorination study, sequential addition of four aliquots of BF3

(1 mmol) was adopted.

Vapour phase samples for FTIR spectroscopy were

contained in a Pyrex cell fitted with AgCl windows. The cell

had a depression below the light path to enable the spectra of

volatile components directly above fluorinated oxides to be

obtained. Investigations of hydrochlorocarbon loss from the

vapour phase during conditioning of fluorinated oxides were

made; kinetics were complex and did not follow any simple

reaction order. Diffuse reflectance infrared Fourier transform

spectra (DRIFTS) were made using a Nicolet Auxiliary

Experiment Module attached to a Nicolet 5DXC FTIR

spectrometer. Handling and scan times were kept as short as

possible to minimise hydrolysis. Volatile product mixtures from

conditioning or catalytic reactions were analysed by off line GC

(Varian 3400 instrument, FID, 50 m capillary column, He

carrier gas).
4.2. Fluorine-18 tracer experiments

The procedures and methods for preparation of the isotope

[18F], labelling of inorganic fluorides and counting equipment

and procedures have been described elsewhere [25–27].

Experiments that involved the interactions of [18F]-labelled

BF3 with g-alumina or with fluorinated g-alumina samples were

carried out in calibrated Pyrex double limbed counting vessels,

each limb being fitted with a PTFE/Pyrex vacuum stop cock; the

latter enabled the individual limbs to be isolated one from the

other. The dimensions of each limb were identical and were such

that the lower portion of a limb was a snug fit with the scintillation

well counter. At the beginning of an experiment a sample

(normally 0.5 g) of the solid to be investigated was loaded into

one limb in the glove box. The vessel was connected to a vacuum

line, evacuated and a measured quantity of [18F]-BF3, whose

specific count rate had been determined previously, condensed

into the other limb. The gas was allowed to warm to room

temperature and to contact the solid. Each limb was counted

alternately as the interaction proceeded to an apparent

equilibrium. Counts due to the solid were obtained by subtraction

of the vapour-only count (obtained from one limb) from the

vapour-plus-solid count (obtained from the other). The efficiency

of vapour phase counting was far smaller than that from the solid,

justifying the simple subtraction method used. At the end of each

experiment, any gas that remained was removed by vacuum

distillation and the final solid count determined. In some cases an

inactive aliquot of BF3 was added to determine the transfer of

radioactivity from solid to vapour phase.

4.3. Computational methods

All calculations were performed with the program package

Gaussian 98 [28]. All structures, energies, zero point energies

(zpe) and vibrational data were calculated at the electron

correlated MP2 level of theory [29] using either a polarized

standard double-zeta 6-31G(2d,p) basis set or Dunning’s

correlation consistent cc-pVDZ double-zeta basis set [30]. In

order to account for contribution of the core orbitals to the

binding energy, which is structure-dependent [31], the more

expensive MP2(FULL)/6-31G(2d,p) method, where all elec-

trons are included in a correlation calculation for the

computation of the structures and energies, was applied. The

zero point energies for the MP4 single point calculation

(MP4(FULL,SDQ/6-31G(2d,p)//MP2(FULL)/6-31G(2d,p))

were taken from the MP2(FULL)/6-31G(2d,p) calculations.

The usually very poor agreement between experiment and

uncorrelated Hartree–Fock calculation for fluorine containing

non-metal molecules clearly shows the great importance of

electron correlation for accurate predictions for fluorine

containing non-metal compounds [32]. Note that the F2

molecule is unbound if electron correlation is not taken into

account [33,34]. Whereas the CCSD(T) method has generally

been shown to be reliable for covalently bound non-metal

compounds [32,35] often the less expensive MP2 method in

combination with a double-zeta basis set gives very good

structural results and vibrational frequencies[21,35].
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