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Structural Insights into Aluminum Chlorofluoride (ACF)
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The structure of the very strong solid Lewis acid aluminum chlorofluoride (ACF, AICKFs;—y, X = 0.05-0.3) was
studied by IR, ESR, Cl K XANES, *F MAS NMR, and ?’Al SATRAS NMR spectroscopic methods and compared
with amorphous aluminum fluoride conventionally prepared by dehydration of a-AlF3-3H,0. The thermal behavior
of both compounds was investigated by DTA and XRD. In comparison to ACF, amorphous AlF; prepared in a
conventional way is not catalytically active for the isomerization reaction of 1,2-dibromohexafluoropropane, which
requires a very strong Lewis acid. Both compounds are mainly built up of corner-sharing AlFg octahedra forming
a random network. The degree of disorder in ACF is higher than in amorphous AlF;. Terminal fluorine atoms were
detected in ACF by *F NMR. The chlorine in ACF does not exist as a separate, crystalline AlCl; phase. Additionally,
chlorine-containing radicals, remaining from the synthesis, are trapped in cavities of ACF. These radicals are stable
at room temperature but do not take part in the catalytic reaction.

1. Introduction a self-generating atmosphéralthough the overall composi-

Aluminum chlorofluoride (ACF: AICIFs_, X = 0.05— tion of ACF and am-AlR is similar, high Lewis acidity has
0.30) was developed in 1992 by buPém?;Xé\ noncﬂ/stal- not been observed for the latter. Therefore, the study of the
line material which is formed during treatment of A{@lith differences between am-Ajfand ACF is of interest.

chlorofluorocarbons, such as CRCaccording to the equa- Despite known prepa_ration r_outes for ACF qnd 'Fhe testing
tion of ACF for many catalytic reactions, only very little is known

and understood about its physical and chemical nature. It is
AICI; + (3—x)CFCL, — AICI,F,_, + (3 — X)CCl, well-known from heterogeneous catalysis that the physical,

) . o the chemical, and especially the catalytic properties of a
ACF behaves like a very strong Lewis acid; it catalyzes the material are determined by the chemical nature of the

same reactions as antimony pentafluoride, and in some casegomponents, by their inner and outer surface areas, and by
it acts as an even stronger Lewis acid than the lattefdhe.  ihe degree of disorder of the material. These aspects have
Like all strong Lewis acids, it is moisture sensitive and must ot peen considered in connection with ACE until now. It is
be stored under dry inert gas. _ therefore the aim of the present work to show that the
Another noncrystalline phase of AJkam-AlFs) is known combined action of those effects will be regarded as the main
to emerge during heating of-AlF3-3H;0 to 200°C under  ea50n for the outstanding physical and chemical properties
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Structure of Aluminum Chlorofluoride

samples studied are noncrystalline, methods other than X-rayTable 1. Catalytic Activity in the Isomerization of

diffraction had to be used for structural characterization.

1,2-Dibromohexafluoropropane and Molar AlGTontent of the
Investigated Compounds Extracted from the Simulation of2tAé

Hence, the samples were investigated by IR and ESR\as SATRAS NMR Spectra

spectroscopy:F and?’Al MAS NMR, and X-ray absorption
spectra of the ClI K edge for the chlorine-containing species.

The BET surface area of ACF, the average pore sizes, and

the pore volumes were also determined.

There is also special interest in the crystallization behavior
of ACF and am-Allz. The thermal behavior was studied by
DTA followed by X-ray diffraction of the bulk phase. In
addition, organic compounds evolved during heating were
determined by gas-phase IR spectroscopy.

2. Experimental Section

2.1 Methods. X-ray diffraction (XRD) measurements were
performed on a Seiffert RD7 (Freiberg, Germany) with Ca K
radiation. Moisture sensitive samples were prepared in a drybox,
covered with a special X-ray amorphous polystyrene foil, and seale
with Kel-F grease (Roth, Germany). Phases were identified by
comparison with the ICSD powder diffraction fite.

FT-IR spectra of Csl pellets were recorded on a Perkin-Elmer
2000 spectrometer in transmission mode. About 250 mg of Csl
(for optical properties, Fluka, Germany) was pressed with-2.8

catalytic AICl 3 content

compd activity [%] [%]
AICI3 <0.1 100
AICI 2.3&;0.61 0.1 85
AICly 787125 9.3 66
AICI1 257175 20.7 24
AlClo gd2.20 41.6 21
ACF-013 >90.0 0

AlClo.1dF2.87

am-AlR; inactive

diso- Hexafluorobenzer@and an aqueaul M solution of aluminum
nitrate were used as reference for te and?’Al chemical shifts,
respectively, at room temperature and are accuratelt@pm.

The solution'®F NMR spectra were recorded on a Bruker DPX
300 spectrometer in CDgWith an internal standard of¢€s!3 (set

qto 0 ppm) at a resonance frequency of 282.4 MHz.

Measurements of X-ray absorption spectra were carried out at
HASYLAB on the beamline E4 (DESY, Hamburg, Germany) in
transmission mode. The edge energy of the Cl K shell was 2822.0
eV; photon energies are accurate #.2 eV. Samples were
prepared in a drybox.

mg of the sample inside the drybox, and then the samples were 2.2 Sample Preparation. If not mentioned otherwise, all

measured in the regions 406000 and 706-200 cm'®. The gas

preparations were consequently carried out under standard Schlenk

phase Spectra were measured using a 10 cm |ong Teflon Ce”COnditiOns. Solvents were dried before Using and stored over

equipped with KBr windows.

Specific BET surface aredsind pore size distributions were
determined by low temperature nitrogen adsorption using a Micro-

molecular sieves. Abbreviations for the samples used in this study
are given in Table 1.
Aluminum Chlorofluoride (ACF-013). ACF was prepared from

°C before measurement.

The ESR measurements were carried out on a spectrometer ER
300 (X-band (9 GHz), ZWG Berlin-Adlershof, Germany). For the
data acquisition as well as computer control of the spectrometer,
the control unit of the Magnettech Co. (Germany) was used. The
spectra were simulated using the programs COMP/&Rd ESR-
MAKRO.! Spectra were recorded at room temperature, if not
mentioned otherwise.

Solid state NMR experiments were done on a Bruker AVANCE

300 spectrometer using a 2.5 mm double-bearing magic angle

spinning (MAS) probe with a decoupling channel optimized for

19F observation. The samples were characterized at room temper-

ature by measurements 8F (I = Y5, 282.4 MHz) and?’Al (I =
5/,, 78.2 MHz) nucleil®F MAS NMR was performed at a spinning

speed of 35 kHz; the measured parameter was the isotropic chemica‘

shift diso. 2’Al MAS satellite transition spectroscopy (SATRAS)
experiments were performed at two spinning rates, 25 and 3 kHz,

10—-20 g of AICI; was filled into a round-bottomed flask equipped

gvith a dry ice condenser. The flask was cooled with ice. GE&I

equiv, 99.5%, Fluka, Germany) was added slowly over 15 min.
The suspension was stirred at®© for 1 h and then fo3 h atroom
temperature. The heat of the reaction refluxed the solvent (bp 23.8
°C) without further heating. After removing the solvent in a vacuum,
quantitative amounts of the fine yellow powder ACF were obtained
and stored in the glovebox. The sample used for investigation here
correlated with the formula AlGh4#>.g7 and contained 0.44 wt %
carbon. This sample will be referred to as ACF-013.

Samples with a lower fluorine content were synthesized using
less CFC. If less than 1.5 molar equiv was used, AJ@las first
suspended in perfluorohexane to obtain a stirrable liquid. The
composition of each sample was determined by Cl and F analysis
see Table 1).

Noncrystalline AlF; (am-AlF3). o-AlF3:3H,O was annealed at
200 °C in a special platinum Q-crucible under self-generated

as described in ref 12. The measured NMR parameters were thedtmosphere (quasi-isobar conditigfi$or 2 h. This sample is further

quadrupolar frequencyg = 3eQV;/21(21 — 1)h, the asymmetry
parametemq = (Vix — Vi)V, and the isotropic chemical shift

(8) Powder Diffraction File, ICPDS-ICDD 2001, PDF numbers used: 44-
231 (@-AlF3), 84-1672 $-AlF3), 47-1659 @-AlF3), 43-436 (-AlF3
3H,0), 35-827 (-AlF3-3H:0), 76-56 (-NHAIF.), 22-10 (AICE),
44-1473 (AICk-6H,0), 41-380 (AIROH, isomorphous withy-AlF3).

(9) Brunauer, S.; Emmet, P. H.; Teller, E. Am. Chem. S0d.938 60,
309-3109.

(10) Program COMPAR: Software of the Spectrometer ERS-360trum
fur wissenschaftlichen Géebau: Berlin, 1990.

(11) Scholz, G.; Steser, R.; Krossner, M.; Klein, Appl. Magn. Reson.
2001 21, 105-123.

(12) Scholz, G.; Stser, R.; Klein, J.; Silly, G.; Buzard. Y.; Laligant,
Y.; Ziemer, B.J. Phys.: Condens. Matte2002 14, 2101-2117.

named am-Alg (see Table 1).

o-AlF;. a-AlF; was prepared by thermal decomposition of
a-NH,AIF4 in an open corundum crucible in flowing nitrogen by
heating to 700C at 5 K/min and holding this temperature for 4 h.
The phase purity was confirmed by XRD.

P-AlFs. B-AlF; was prepared by thermal decomposition of
a-AlF3-3H,0 under self-generating atmosphere by heating to 400
°C at 5 K/min and holding this temperature for 2 h. The phase
purity was confirmed by XRD.

(13) 0r(CeFe) vs CFChE —162.2 ppm.
(14) Menz, D. H.; Bentrup, UZ. Anorg. Allg. Chem1989 576, 186—
196.

Inorganic Chemistry, Vol. 42, No. 20, 2003 6475



Krahl et al.

I T
1 2826.0 eV
(d)
L
c |(©
o
2
g, (b)
©
'_
(a)
III|III|III|III|III
1200 1000 800 600 400 200

7 [em™]
Figure 1. IR spectra of (a)-AlF3, (b) 5-AlFs, (c) ACF-013, and (d)
am-AlRs.

Normalized transmission [a.u.]

Irradiation of CCI 4. Tetrachloromethane was irradiated at 77
K with ultraviolet light of 254 nm wavelength inside a quartz dewar
and then transferred together with liquid nitrogen into the dewar
of the ESR cavity. This procedure was applied to avoid the spectral
inference ofE’' centers formed in quartz by the short wavelength
of UV radiation.

Test of Catalytic Activity. About 20 mg of the corresponding
sample was filled into a 10 mL V-shaped flask and closed with a
septum inside the glovebox. The 1,2-dibromohexafluoropropane (10
uL per mg sample, 99%, FluoroChem, U.K.) was added, and the
suspension was stirred at room temperature for 2 h. After that the
catalyst was hydrolyzed with water, the organic phase was
investigated by°F NMR 5 When the organic phase solidified during 2810 2820 2830 2840 2850
the reaction (more then 75% conversion), the flask was slightly
heated during hydrolysis of the catalyst. The degree of conversion
to 2,2-dibromohexafluoropropane (mp 32) was determined by Figure 2. X-ray absorption spectra of the Cl K edge of (a) ACF-013, (b)
integration of the signals in the NMR spectrut¥ NMR (282 AlClosd™2.20 (€) AlCl1761.25 (d) AlClz sd0e1 and (€) AICk.

MHz, CDCk): reactantp 28.9 (m, 1F, &Br), 87.9 (m, 3F, €5),

Photon energy [eV]

103.0 (dm, 1F, €FBr, 2Je = 176 Hz), 105.0 (dm, 1F, GFBr, The catalytic activity of ACF-013 for the isomerization

2Jer = 176 Hz), ppm; product 90.1 (s, &) ppm. of 1,2-dibromohexafluoropropane is high (880% conver-
sion), whereas AlGlhas conversion rates below 0.1% under

3. Results the conditions applied here. The samples of fluorinated AICI

3.1 Spectroscopic Investigation of ACF and am-AlE yield Iovyer catalytic activjties than ACF-013 (sge Table 1).
XRD IF\? Catalysipsl ant\j/ BEIgl' ,L\CF-013 and am-AIEdlci After being exposed to air for 1 day, ACF-013 is no longer
not éhO\;V any disiinct reflections in the X-ray powder catalytically active. As expected, am-Alls inactive in this

) : tion.
diffractograms, whereas the samples of fluorinated M€ reac . .
with x = 0.8—2.6 show more or less distinct reflections of The specific BET surface area of ACF-013 is 1031

AIC] 0.6 n¥/g. The total pore volume is 0.081 éfm, and the
Th3é IR spectra of ACF-013 and am-AlFand of the  2Vérage pore size is 31.9 A. The BET surface area of am-

a-AlF; andf-AlF; crystalline phases, are given in Figure 1. A":? could ngt be determined. No equmbrllum could be
Both a-AlF; and 3-AlF; show two strong bands in regions ach|e.v§d during low temperature, hdsorption, due to

of 660 and 350 cmi These crystalline phases have remaining water contenf[. As observed befqre, the surface
additional, weaker bands at 607 and 544 gmespectively. areas of thfé polycrystaliine- and/3-AlFs are in the range
The spectra of ACF-013 and am-AlHiffer somehow from of 40 rr¥g. . .

the spectra of the crystalline phases. They show two very XAdNES' Normalized X—ra?/ absorption spec;ra of t.hﬁ cl
broad signals around 660 and 350 ¢mwithout any further K edge (2822.0 eV) of 'A.‘Ql. ACF-013, and partially
structuring. The spectra of partially fluorinated AlGamples fluorinated AICE are shown in Figure 2. None of the spectra

can be interpreted as a superposition of those of AdGH (15) Kemnitz, E.; Menz, D. HProg. Solid State Cheni.998 26, 97—
ACF-013. 153.
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Figure 3. X-band ESR spectra: (a) experimental spectrum of Al@®)
simulated spectrum for AIGIF€** with the parameterS= 5/,, g = 2.0,D
= —-5670.0 MHz,E = 48.3 MHz,a= —6.6 MHz,F = —62.0 '\/lHZ,l6 (C) T T 17T I T T 17T I T T 17T I T T 17T I T T TT
experimental spectrum of ACF-013, the intensive signad/at- 2 was
discriminated, and (d) experimental spectrum of amsAIF 324 326 328 330 332 334

. . B[mT]
shows a pre-edge absorptlon. AlGixhibits a sharp reso-_ Figure 4. Experimental X-band ESR spectra of (a) ACF-013, 293 K, (b)
nance at 2824.4 eV and a broader one at 2828.2 eV. DUrNgacr-013, 77 K, (c) AlChsdoss 77 K, (d) irradiated CGl 77 K, and (e)

the process of fluorination, the resonance at 2824.4 eV losesrradiated CCJ, 220 K. Asterisk (*) indicates internal standard MgQO*Cr
intensity, and the broader resonance at 2828.2 eV also loses . . . .
intensity and is shifted to higher energy values (2830.0 eV are mvolyed in the synthesis of ACF-013, the .format|on of
in ACF-013). With increasing fluorine content of the sample, such r_adlcals_ can be expected. For comparison, a corre-
a new characteristic and sharp resonance at 2826.0 e\SPonding radical was generated photochemically in a tetra-

appears. Spectra of samples with medium fluorine contentChlorome(;hanFe_ matr2<d(77cl:<, 254 nm), in?] its spectrum i_sh
can be recognized as a superposition of the spectra ofAlCI Presented in Figure 4d,e. Comparison of these spectra wit
and ACFE-013. that of ACF-013 shows the expected similarities between

the systems, keeping in mind that in both cases a superposi-
tion of different chlorine containing radicals appeared.

It should be noted that the radical signal does not undergo
changes while performing the isomerization reaction of 1,2-
dibromohexafluoropropane inside the cavity of the ESR
spectrometer.

19F MAS NMR. The*F MAS NMR spectrum of ACF-
013 is presented in Figure 5. Three types of components are
evidenced corresponding to three different rangesef
"isotropic chemical shifts, values. The main one (type 1)
has ais, Value close to 0 ppm as in the various Affhases.
The second contribution (type 2) is related to unusual
negative diso values of about—40 ppm. The third type
consists of very small and narrow lines in the-3M0 ppm

ESR. Aluminum chloride used in the preparation of ACF-
013 has few signals in the X-band ESR spectrum originating
essentially from F& ions (Figure 3a). This powder spectrum
was simulated using the parameters obtained from single
crystal measurements of #ein an AICl; matrixt® (Figure
3b). In addition, a symmetric signal of unknown origin
appeared atf ~ 2.

The ESR spectra of ACF-013 and am-Alfecorded in
X-band in the whole spectral range are shown in Figure 3c,d
respectively. They exhibit two broad resonances of low
intensity atg’ ~ 4.3 andg’ ~ 2.0. ACF-013 has an additional,
intensive signal agf ~ 2.

The latter, measured at room temperature and 77 K, is
shown magnified in Figure 4a,b, respectively. With increas- . : )
; . . R . .~ range, which corresponds to organic fluorine compounds.
ing fluorine content, the signal gains in intensity, while ; : :

. Figure 5 shows the best reconstruction of the experimental
simultaneously the components are resolved worse (compare

Figure 4b,c). The resulting spectral pattern including the igﬁ](:tgunrzn\tﬂgt?;\gzglr?:ss :)?]r dibnOth et:]:mtgt% ?slarzndivgr??n %he
g-shift to higher values led to the tentative assignment of P ) P gp g

. - . ) Figure 5 caption. The deconvolution was achieved using the
radicals derived from CGl Since CCJ and its precursors DMFIT progrant” assuming anisotropic chemical shifts and

(16) Bang, G.; Sperlich, G.: Becker, W.Bhys. Status Solidl97Q 41, Gauss.ian line shape'SF dipolar coupling was not explicitly
369-374. taken into account.
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Figure 5. Experimental and calculatéddF MAS NMR spectra (35 kHz of AIF3: (a) ACF-013, (b) am-AlE; (c) AICI2 3d0.61, (d) hydrolyzed ACF-

spinning speed). The calculated spectrum is the sum of five components.013, (€)a-AlFs, (f) B-AlFs3, (g) a-AlF3-3H;0, and (h)B-AlF3-3H:0.

Type 1°F: _(1a)6i50 = 3.5 ppm; width, 24 ppm; rel int, 71%; (1B)so =

—f(ljtl;pT‘:l width, 1? Pr:ms: O/rel(lgtt);s 23%. Tigelf':i (2_63t<r3]isc>6= —33 DFIJI_‘ﬂ;t The 25 kHz spectrum is presented in Figure 7. The shape of

Wi y m; rel Int, 0, iso — — m; wi y m; rel Int, e . .

19, Type%ﬂ’g,:: (3) Buo = 44 poy width. 3pgpm; ol ineon, the central transition obtained for the highest speed (see

_ ) o insert) is characteristic of a disordered material with a

Samples of partially fluorinated Algkshow very similar distribution of quadrupolar frequencies.

spectra. The relative intensities of tHE type 2 lines increase We used the same theoretical treatment of the SATRAS

with higher fluorine content. This is sho_wn by comparing NMR spectré®2 as in a previous study of nanostructured

the spectra of ACF-013 and Al&dd o (Figure 6a,c). The  aluminal? Since the solid is amorphous, the spectra cannot

spectrum of am-Alfris shown in Figure 6b. It exhibits only  pe explained using single values for the quadrupolar param-

one line of type 1 with as, value of 2 ppm. . eters, vo and 57o. The broad envelope of the spinning
Experiments were also done on compounds which were sigebands of the satellite transition is reproduced well by

hydrolyzed after exposure to air for 6 h, but which remained sjmylation using a two-dimensional Czjzek distribufot 22
in a powder state afterward (ACF-013, A{G#.20 and P(vo10)
AICl 1 o4 79. Only one intense signal of type 1 was observed

in these spectra. Compared to ACF-013 and crystalling,AlF VQd—l v Q2
the lines are shifted to higher value by about 6 ppm (Figure Py,(vg, 17q) = ﬁ"]Q(l — 7o 19)exy — 72(1 + 1g13)
6d for ACF-13). 2n0 2

RAUOTS .
For comparisoni® NMR spectra recorded for various with d = 3 ando = (440 + 40) kHz (Figure 7). Thede

Erﬂ:a"gﬁ O'A)\Erepizaclsfdseﬁ-ﬁlli?g’;uﬁr (;AEISF?\’Io(tle_?rI;?t:Ss?i% parameter was-13 4 1 ppm. The individual line width was
-AlF5-3Hy _ Lo ; : :

toward higher values (about 20 ppm) from the pure AIF assigned equal to 1.2 kHz. For a fine reconstruction of the
phases to the corresponding hydrated ones. (18) Skibsted, J.; Vosegaard, T.; Bildsoe, H.; Jakobsen, HRhys. Chem.

27Al Solid State NMR. 2’Al SATRAS NMR spectra of 1996 10q 14872-14881. _
ACF-013 were recorded at 25 and 3 kHz spinning speeds.*® g'g;%srﬁi%gi"g';"%gﬂly' C.; Bildsoe, H.; Jakobsen, H. Magn.

(20) Ding, S.; McDowell, C. AChem. Phys. Let2001 333 413-418.

(17) Massiot, D.; Fayon, F.; Capron, M.; King, |.; Le Cah\&; Alonso, (21) Czjzek, G.; Fink, J.; Ga, F.; Schmidt, H.; Coey, J. M. D.; Rebouillat,
B.; Durand, J.-O.; Bujoli, B.; Gan, Z.; Hoatson, Glagn. Reson. J. P.; Lienard, APhys. Re. B 1981, 23, 2513-2530.
Chem.2002 40, 70-76. (22) Czjzek, GPhys. Re. B 1982 25, 4908-4910.
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Figure 7. Experimental and calculatédAl MAS SATRAS NMR spectra

(25 kHz spinning speed). The calculated spectrum is the sum of two
components: (a) contribution calculated with a Czjzek distribution of
guadrupolar parameters & 440 kHz,d = 3); (b) contribution calculated
with vq = 11 kHz. Details of the central line shown in the insert.

central transition, a second contribution evidenced on the 3
kHz spectrum withwg = (11£2) kHz, o = 0.5+0.5, and
Oiso = (—19+1) ppm with the same line width has to be
taken into consideration. It corresponds to 10% of the Al
nuclei.

In Figure 8, the’Al SATRAS NMR spectra of ACF-013
and am-Ali measured at 25 kHz are compared. The latter
exhibits a narrower central line and spinning sideband
envelope. This is in agreement with the smaller Czjzek
parametet = (3604 40) kHz deduced from the simulation
of the spectrum. Both distributions are compared in Figure
9. The corresponding parametersoirAlF; measured here
arevg = (32+4) kHz, g = 0, anddiso = (—19+1) ppm?324

Samples of partially fluorinated Al€lwere also investi-
gated at two spinning speeds. All the spectra recorded at 2
kHz give evidence of two main contributions: a crystalline
one and a disordered one like ACF-013. The reconstruction
of these spectra recorded at 3 kHz spinning speed demon
strated that the crystalline phase corresponds to a superpos
tion of the main component withy = (65 + 5) kHz, 5o =
0.274+ 0.05,0is0 = (—2.5+ 1) ppm, and a line width equal
to 0.3 kHz (crystalline AlGJ phasé®) in addition to a small
one (8%) withvg = (8+2) kHz and the same isotropic

(23) Chupas, P. J.; Ciraolo, M. F.; Hanson, J. C.; Grey, Q. Rm. Chem.
Soc.2001, 123 1694-1702.

(24) Delattre, J. L.; Chupas, P. L.; Grey, C. P.; Stacy, AJMAM. Chem.
Soc.2001, 123 5364-5365.

(25) Ding, S.; McDowell, C. AJ. Magn. Reson. A995 112 36—42.
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Figure 8. Experimental?’Al MAS SATRAS NMR spectra (25 kHz

spinning speed): (a) ACF-013 and (b) am-AlPetails of the central line
shown in the insert.

Quadrupolar coupling constant, Q [MHz]
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Figure 9. 1D Czjzek distribution®R(vq) = f¢'Py(vq, nq) dvg with d =
3 for (a) ACF-013,0 = 440 kHz, and (b) am-Alf; ¢ = 360 kHz. For
comparison, the quadrupolar frequencies including the error bars are shown
for (c) a-AlF; and (d)B-AlF3.22 Note thatcqg = 2/3vql(21 — 1).
chemical shift. The amount of crystalline ACéxtracted
from the simulation of the spectra at 25 kHz is given in Table
1 and Figure 10.

The spectra of the hydrolyzed compounds studied,
AlCl o gd2.20 and AICk >4 75 show that the AIG spectrum

is reduced to a contribution withg = (4 + 2) kHz and
Ois— (—2.5+ 1) ppm, whereas the ACF-013 part seems to
remain almost unaffected.

3.2 Thermal Behavior of ACF and am-AIF3. Thermal
analysis.The thermal behavior of ACF-013 was studied by
DTA measurements in sealed quartz ampules. In order to
distinguish between reversible and irreversible transitions,
a temperature program including multiple heating and cooling
runs and different maximum temperatures was applied.
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100 The X-ray diffractogram of the remaining phase recorded
in an open sample holder show@dh\IF; and a small amount
of AICI;-6H,0. The hydrate was formed by the uptake of
water by AICE during the diffraction measurement.

The thermal behavior of am-Afks completely different
from that of ACF-013. Its DTA curves are shown in Figure
11b. They exhibit a weak, broad endothermic region with a
maximum at about 12CC. It is followed by a sharp
endothermic effect with an onset temperature of 28&nd
a peak temperature of 24&, and a broad exothermic peak
with a maximum at 427C. The first weak, broad endo-

v thermic effect is irreversible, whereas the second, sharp
0914 [T T T T [T T[T 7T endothermic peak is reversible. In contrast to ACF-013, the
phase remaining after thermal analysis here was @uAd-s.

It is noteworthy that the exothermic peak at £27is spread
over a temperature interval of more than 2@ whereas

for ACF-013 a very sharp effect was observed.

XRD and Catalysis. For a better understanding of the
(a) 401 DTA curves obtained for ACF-013, the nature of the phases
occurring during the heating of ACF was investigated by
isochronous annealing of ACF-013 sealed in a quartz ampule
T 0 for 20 min at temperatures of 300, 400, 500, and 800

[e.]
o
1

D
o
1

N
o
1

AICl; content [mol-%]
3
1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Cl atoms per Al, x

Figure 10. Molar AICI; content of AICkF;—x versusx from Table 1. The
straight line corresponds to a linear regressionxfer 0.3.

and recording the X-ray diffraction pattefngt room
592 temperature. After annealing at 30G, the sample did not
show any reflections. After annealing at 400, intensive

reflections ofyy-AlF; and weak ones of AlGloccurred. After

/ annealing at 500C, large reflections of)-AlF; appeared
1 2 H\,/mgI together with a small ones ptAIF3; after annealing at 600

DTA [uV/mg]

2 °C, B-AlF3 was found along with a small amount @fAIF .

3 174 At the latter two temperatures, AlQlvas not seen but could
R R L LR LR ERR not be excluded, since its reflections overlap with either the

7T[°C] 100 200 300 400 500 600 700 B-AlF; or 6-AlF; ones.

Samples of ACF-013 annealed below 400 were as
catalytically active as ACF-013. Samples annealed above 400
°C were inactive.

Evolution of Volatile Compounds. Since the sample for
DTA analysis was sealed in an ampule, the evolved gases
could not be analyzed simultaneously. Therefore, ACF-013
was heated with 10 K/min in flowing argon in a quartz
reactor up to 600C, and the gas stream was analyzed by
FTIR spectroscopy. It shows clearly that carbon containing
species are evolved. Wavenumbers of the vibrations are given
in parentheses.

Up to 250 °C, CCl, (795 cm?) is evolved with a
maximum at 180C; COC}, (1830, 850 cm?) and HCI (2886
cm™Y) are released between 200 and 360A sudden sharp
pulse of these gases and further of Q@350 cn?), CF,
(1282 cm?), and Sik (1032 cm?) is observed at the

Figure 11a shows the heating curves for ACF-013. During crystallization point. COG) CO,, HCI, and HF are produced
the first heating, a sharp and intensive exothermic signal with during pyrohydrolysis of the sample. HF reacts with the
an onset temperature of 40C€ and a peak temperature of quartz reactor and forms SiF
401°C occurs, indicating an irreversible process. Therefore, . _
the second heating shows thermal effects of a new phase4' Discussion
composition characterized by a weak, reversible endothermic FTIR Spectra. All crystalline phases of Ali-known so
effect at 174C and an irreversible exothermic effect at 592 far are built up of corner-sharing Affoctahedra linked to a
°C; the latter exclusively occurred during the second heating. three-dimensional network,JAlF ¢/]).?¢ The strong bands
Consequently, the third heating showed only the weak around 660 and 360 crhin the crystalline phases (Figure
endothermic signal at 1724C. 1) can be assigned to stretching and bending vibrations of

(b) 427

DTA [uV/mg]

267

Figure 11. DTA measurements of (a) ACF-013 and (b) am-Alfrquartz
ampules. 1, 2, and 3 indicate the number of the heating cycle.
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the corner-sharing Alf-octahedra. The AtF bond lengths nuclei shared by two Alfoctahedra (bridging fluorine). The

in both of these phases are almost egtiél.So, the force contribution of type 2 signals withiso around—40 ppm can

constants of the vibrations and the reduced masses carbe explained according to the so-called superposition model

expected to be almost equal. Therefore, the vibrational for the®F chemical shiff! This low value is consistent with

frequencies in both crystalline phases are very similar. An F atoms with only one Al atom as the nearest neighbor

additional weak band originates from an-AF—Al bending (terminal or unshared fluorine) (Figure 5).

vibration?® Since the angles between the octahedra are Hydrolysis results in the disappearance of the signals of

different in both crystalline modifications, both bands have the terminal'% atoms and a shift in the type 1 line to higher

different frequencies. positive values. This shift is also observed going from water-
In the case of ACF-013 and am-AlRwo strong bands  free crystalline Al phases to the corresponding hydrates

are also observed at wavenumbers similar to those ahd (Figure 6). Following that, it may be related to the presence

B-AlF3 (Figure 1c,d). For these noncrystalline samples, the of water molecules.

bands are significantly broader than those of the crystalline  Furthermore, fluorine atoms shared between twogAIF

samples. The bands of ACF-013 are even broader than thosectahedra that are responsible of the type 1 contribution could
of am-AlFs. Therefore, it can be assumed that ACF-013 and pe classified in the following way: The contributiondd,=

am-AlF; are also built up of corne'r—s.haring AlBctahedra. —4.0 ppm (around 25%, see Figure 5) may be related to
The broader bands of ACF-013 indicate that the degree offluorine atoms in a 3D almost regular Alctahedra network
disorder in this compound is higher than in am-AlF as ina-AlF, while the one abis, = +3.5 ppm (around 75%,

The main difference between the crystalline and the see Figure 5) could be assigned to fluorine atoms in a more
amorphous samples is that additional weak bands are nofgisordered network or at the surface.
seen in the latter. This can be explained with the help of a  From the9F measurements, except the lines related to
simplified structure model for am-AjFand ACF-013, in the organic fluoride molecules, the main difference between
which the bond lengths, and especially the bond angles, areacF-013 and am-Alfis the existence of these unusual low
statistically distributed around a mean value. Bond lengths 5. values at about-40 ppm (compare Figure 6a,b). Thus,

are usually very restricted, so their distribution is compara- jn ACF-013, it could be assumed that a small amount (4
tively narrow. Since the distribution of the AF bond 5%) of unshared fluorides is present.

lengths causes a broadening of the bands of thes AIF 277 MAS SATRAS NMR Experiments. The simulation
stretching and bending vibrations, it does not shift the peak 4t ine MAS SATRAS NMR spectra clearly shows that the
maxima significantly. Contrary to this, the AF—Al bond distribution of quadrupolar frequencies is broader in ACF-
angle fo;oco_rner—sharmg octahedra can vary from abo_u‘t 132 913 than in am-Alg (Figure 8). This is related to a larger
to 180°.% Since the frequency of the AF—Al bending  gisorder in the former phase. The 1D distribution functions
vibration st_rongly dep(_er)ds on this angle and thgre IS N0 R(,Q) = [4'Pu(vo, 7o) diyg for both phases are given in
corresponding band visible in the IR spectrum, it can be rigyre 9. The larger distribution widi shows clearly that
concluded that these angles are distributed over a comparas,q degree of disorder in ACF-013 is higher than in am-

tively wide range. The bands of these bending vibrations a|r, The quadrupolar frequencies in the crystalline phases

become very broad and are completely superposed by theyre not distributed but are fixed values AIF s, 35+ 3 kHz;

other two strong bands. B-AlF3, 120+ 15 kHZ2329. For comparative purposes, they
Cl K Edge XANES. The shape of the XANES spectrum .6 gis0 given with their error bars in Figure 9.

of the Cl K edge in AIC} changes significantly during

fluorination with CFC} (Figure 2). The resonance at 2826.0 it was demonstrated that an Al@irystalline phase coexists

eV develops dur.|ng qu_onna'uon. These spectra can be \yith a disordered ACF-013 phase. Linear regression of the
regar_ded a_s a f|.ngerpr|nt for the Iocgl environment of AICI; content versus the chlorine conteatin AICI,Fs
chlorine. It is obvious that the electronic structures of the (Figure 10) shows that fox < 0.3 the sample does not

Cl atoms in AICk and ACF-013 are different from each contain an AIC} phase any more.

other. Looking at the spectra of Al o g1 and AlCh 747125 ESR Spectra.Fe** is easily and doubtlessly detected in
(Figure 2), one can clearly see that these spectra are a

superposition of the spectra of AkCAnd ACF-013. These aluinlnum.chlonde by its fine structure. spllttln.g_ (Figure Sa).
. . ) . . Fe*t substitutes for A" on a regular lattice position. Starting
compounds contain two different chlorine species: a species

9F MAS NMR Experiments. The type 1 signals with P pably ag

_ . spectrum (Figure 3b).
Oiso at around 0 ppm as in the Afphase correspond & Already in the first phase of the reaction with CE@t

(26) Herron, N.; Thorn, D. L.; Harlow, R. L.; Jones, G. A;; Parise, J. B.; about 25°C, the discrete Fe spectrum disappears and

Fernandez-Baca, J. A.; Vogt, Them. Mater1995 7, 75-83. ; : :
(27) Daniel, P.; Bulou, A.; Rousseau, M.; Nouet, J.; Fourquet, J. L.; Leblanc, Changes Into compara‘uvely broad resonances mgthe

M.; Burriel, R.J. Phys.: Condens. Mattei99Q 2, 5663-5677. 4.3 andg’ ~ 2.0 regions and aff > 2 (Figure 3c). The
(28) Le Bail, A.; Jacoboni, C.; Leblanc, M.; De Pape, R.; Duroy, H.; i i ’ v
Fourquet. J. L. Solid State Cherm.988 7, 96-101, simultaneous appearance of signalgat- 4.3 andg
(29) Bondam, JActa Chem. Scand.971, 25, 3271-3276.
(30) Mtiler, U. Anorganische Strukturchemi€eubner-Verlag: Stuttgart, (31) Bureau, B.; Silly, G.; Buzarel. Y.; Emery, JChem. Phys1999

Germany, 1996; Chapter 15. 249 89-104.

From the experiments on the partially fluorinated AICI
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2.0 s typical for F&" in amorphous fluoride matrixes (Figure was heated to a temperature above 20@t least once, and
3c,d)!* From this, it can be concluded that some of the iron hence, AIC} has been formed. This gives further proof that
impurities at this temperature are incorporated into the arising AlCl; does not exist as a separate phase in ACF-013.
amorphous ACF-013 phase. In addition, another part is The nature of the phase transition is evidenced by two
forced to aggregate. Evidence for this is given by the very more facts: (i) The catalytic activity of annealed samples
broad resonances gt > 2: one in the region below 100 of ACF-013 is high, as long as the annealing temperature is
mT and another between 200 and 400 mT. Similar aggrega-below 400°C. (ii) Corresponding with the exothermic signal,
tion phenomena were also observed in fluoride gla¥ses. a bunch of volatile organic compounds (mainly GGIF,,

As shown in Figure 4a,b, the spectra of ACF-013 are and hydrolysis products) are evolved. So at this point, the
characterized by an intensive signal in tiie~ 2 region. It structure completely decomposes and releases all the trapped
has already been mentioned that these signals are essentiallgpecies.
caused by chlorine-containing radicals, which are formed X-ray diffraction of ACF-013 annealed in an ampule up
during the synthesis of ACF-013. At this point, the com- to the transition point of 400C showsy-AlFs. At 500 °C,
paratively large thermal stability of such a radical is the main phase i9-AlF;; at 600 °C, it is f-AlFs. This
surprising. However, these observations are supported by thesequence is in good agreement with the DTA measurements,
fact that a partially amorphous AJlatrix is able to stabilize ~ which show a weak, irreversible exothermic transition at 592
organic radicals and even atomic hydrogen up to the °C. Thus, this peak can be assigned to the readliéiF;
temperature region already mentiorféddence, the occur-  — S-AlFs.
rence of the these radicals is further proof of the amorphicity ~ Up to now, all metastable phases of Alwere reported
of the ACF. The evolution of CGlnd COC} during heating to transform directly intax-AlF;.26 However, these phases
clearly shows that significant amounts of chlorine containing seem to be relatively close to each other from a thermody-
organic species are trapped in ACF-013. The radicals do notnamic point of view. Slight changes in the reaction conditions
take part in the catalytic reaction used here. (type and pressure of the gas phase) cause different phases

The spectrum of the radical appears to be anisotropic, andto emerge. Surprisingly, this is the first time that a consecu-
at lower temperature, it is split into hyperfine components tive cascade of phase transformations is observed. In the
due to coupling with the chlorine nuclei & ¥/, for 35Cl closed ampules, certain partial pressures of AKd AlF;
and3'Cl). Several of these hyperfine components are quite develop on decomposition of ACF-013. Phase transitions as
well resolved in the spectra of the samples with low fluorine observed here seem to be very likely under conditions such
content (Figure 4c), but only poorly resolved in ACF-013 as those used in our case, since, @gAF; can be produced
(Figure 4a,b). This loss of spectral resolution gives direct from a-AlF3 in a chloride flux?®
evidence of the destruction of the crystalline structure during  The thermal behavior of am-AdFstrongly differs from
the synthesis of ACF-013. The samples of partially fluori- that of ACF-013 (Figure 11b). As the first weak endothermic
nated AICE with a low fluorine content are mainly crystal-  effectis irreversible, it is attributed to small amounts of water
line, which leads to comparatively sharp lines. The crystalline evolved by the solid that remained from the synthesis and
regions disappear, and the solid becomes amorphous withcould not be removed in a vacuum. The endothermic process
increasing amount of fluorine. This causes a statistical occurring at about 250C seems to be closely related to the
distribution of the spectral parameters, in this case the subsequent crystallization processes, the nature of which
g-components @ = 2.017) and the components of the remains uncertain. It is noteworthy that the crystallization
hyperfine constants, and results in an effective line broaden-region is spread over a temperature interval of more than
ing in the spectrum. 200°C and deliversx-AlF3, whereas a very sharp effect is

Thermal Behavior. Heating up to about 35%C does not observed for ACF-013 and the productsAlFs. Conse-
change the bulk structure of ACF-013 significantly. The quently, the crystallization process of ACF-013 is completely
sample is still catalytically active and noncrystalline. At 400 different from the one observed for am-AlF
°C, an irreversible, strongly exothermic phase separation

takes place (Figure 11a). Crystalline And gaseous AlGl 5. Conclusions

(i) The method published by DuPont for the synthesis of
AICLF,  — 3;)(AIF3(cryst)+ X AICI 4(g) ACF seems to play.a key_ role in obtaining unique properties
3 3 of the resulting solid. Using low temperatures prevents the
formation of ordered Alg phases. Aluminum chloride and
organic compounds present during synthesis further disturb
the crystallization process. The latter can be detected in the
ACF formed. In contrast to ACF, the am-Allphase does
not exhibit strong Lewis acidity; it is inactive in the
isomerization of 1,2-dibromohexafluoropropane.
(i) Although ACF and am-Algare both X-ray amorphous

(32) Scholz, G.; Stsser, R.; Grande, T.; Aasland,Ber. Bunsen-Ges. Phys. ~ Materials mainly composed of aluminum and fluorine, their
Chem.1997, 101, 1291-1296.

(33) Scholz, G.; Stser, R.Phys. Chem. Chem. Phy2002 4, 5448- (34) Gmelins Handbuch der Anorganischen Chemie, System-Nummer 35,
5457. Aluminium, Teil B Verlag Chemie GmbH: Germany, 1933; p 188.

are formed. After cooling, both solid phases are detected by
X-ray diffraction. Further evidence for the formation of AICI

is given by the observation of a reversible endothermic signal
at 174 °C. It correlates very well with the sublimation
temperature of AlGlat 70 kP& It should be noted that the
sublimation of AIC} can only be observed when the sample
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local structures are different. ACF and am-Alfe built up released. The corresponding exothermic peak found by DTA
of corner-sharing Alfoctahedra. This is made clear by IR s very sharp and narrow; crystallization takes place in a small
and NMR spectroscopy. These methods confirm a higher temperature range of only 20 K. The thermal behavior of
degree of disorder in ACF than in am-AlR’he X-band ESR  am-AlF; is completely different. Crystallization takes place
spectra of both materials are also typical for disordered over a range of more than 200 K. The peak in the DTA is
fluoride systems?’Al SATRAS NMR shows that ACF is  proad resulting in the thermodynamically stafsteAlF;
the most distorted Algsolid known so far. However, small  phase. Furthermore, an endothermic effect of unknown origin
amounts of nearly regular Aifoctahedra are presentinthe gppears at around 25C.
sample. Furthermore, terminal fluorine atoms, which are
bound to only one aluminum atom, are evidenced'¥y
MAS NMR. They are a unique feature of the ACF phase.
The fluorine atoms of am-Alf-bridge two Al octahedra,
no terminal fluorine atoms exist.

(iif) Paramagnetic chlorine-containing species are trapped
in cavities inside the amorphous ACF solid. These radicals
are similar to those generated in GBY UV irradiation and

are the subject of a separate study. The trapped radicals are Acknowledgment. We would like to thank Dr. S

ztib;teraugntg ég?’gt IE;% (;az Zi 'dggg?r?]ir?getgf'r:::g o Schraler (Free University of Berlin) for the help in planning
P . nange upon p 9%and performing the X-ray absorption measurements and Dr.
neous catalytic reactions.

(iv) During heating, ACF forms crystalline metastable A. Zehl (Humboldt University of Berlin) for ESR measure-

phases of Algand gaseous AlGlat 401°C. At crystalliza- ents.
tion, the volatile organic compounds trapped in cavities are 1C034106H

(v) The high catalytic activity of ACF is related to the
absence of a crystalline Algphase. Residual chlorine in
AICIF;5_« cannot be attributed to a separate, crystalline phase
of AICI;, whenx < 0.3. NMR, XANES, ESR, and DTA
clearly prove this. This agrees with the values given by
DuPont ofx = 0.05-0.3 for the catalytically active ACF
phase.
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