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Pulsed nuclear magnetic resonance (NMR) techniques have been used as direct spectroscopic
probes of the local chemical environments of the hydroxyl groups and fluorine atoms of fluorinated
aluminas and aluminosilicates. Analysis of the fluorine spectra of fluorinated alumina indicates that
fluoride ions bond to the aluminum atoms of the oxide. Fluorination of aluminosilicates containing
11 wt% alumina results in fluoride ions bound only to silicon atoms. Fluorination of aluminosili-
cates containing 48 wt% alumina results in the formation of both SiF and AlF bonds. Data obtained
from Carr-Purcell-Meiboom-Gill experiments show that the hydroxyl groups and fluorine atoms
are isolated from like nuclei for aluminosilicates having fluorine concentrations up to 5 wt%.
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INTRODUCTION

In an earlier paper (1), fluorinated silicas
were investigated using hydrogen and fluo-
rine nuclear magnetic resonance (NMR)
spectroscopy. Although silica serves as a
useful model for an initial study of fluori-
nated catalytic oxides, fluorinated aluminas
and aluminosilicates are more important in-
dustrial catalysts. Their catalytic activity
has been investigated extensively (2, 3).
Patents describing the activation of inor-
ganic oxides using fluoride reagents have
been issued as recently as 1984 (4). Fluori-
nation of alumina and aluminosilicates in-
fluences the activity of these oxide cata-
lysts for polymerization (5-7), dehydration
(4), isomerization (5, 8—/1), and cracking
(12-17) reactions. A maximum in catalytic
activity is usually observed for catalysts
with fluorine concentrations between [ and
10 wi%. Fluorination can cause changes in
the selectivity of the catalysts for a given
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product (5, 14, 17, 19). Fluorinated alumi-
nas have been used as catalyst supports for
MoO; - NiO (/8) and Re (19). A significant
reduction in coke formation during crack-
ing reactions has been reported also (/4,
17).

The acid sites of fluorinated oxide cata-
lysts have been studied extensively (5, 12,
13, 20-24). The results from these investi-
gations have been complex and are very
dependent on sample preparation. In addi-
tion, the data describe the interactions be-
tween adsorbed molecules and surface sites
and do not describe the surface sites di-
rectly.

Infrared spectroscopy has been the most
widely used spectroscopic technique for
studying these catalysts (0, 22, 25-28).
However, SiF, SiOF, AlIF, and AIOF vibra-
tions have not been identified in the infra-
red spectra which have been reported since
their bands are superimposed on the lattice
vibrations of the unmodified oxides. In ad-
dition, the identification of surface sites
from infrared data often is based on the
spectra of adsorbed molecules, and not
upon direct observation of the surface sites



FLUORINATED ALUMINA AND ALUMINOSILICATES

themselves. X-ray photoelectron spectros-
copy (XPS) has been used to investigate flu-
orine on the surface of fluorinated aluminas
(25, 29, 30). By combining the results from
XPS and X-ray diffraction studies, the pres-
ence of aluminum trifluoride, aluminum hy-
droxyfluorides, and isolated surface fluo-
rine atoms have been reported, depending
upon the particular sample preparation.

Hydrogen and fluorine NMR spectrosco-
pies probe specifically the environments of
the hydrogen and fluorine atoms on the ox-
ide. O’Reilly (31) used fluorine NMR to
study fluorinated alumina with fluorine con-
centrations ranging from 0.3 to 12.5 wt%.
He concluded that a bulk aluminum fluoride
phase forms at fluorine concentrations
greater than 5 wt%. Golovanova and co-
workers (32) obtained hydrogen and fluo-
rine wide line NMR spectra of fluorinated
aluminas. Spectra obtained at 80 K and at
300 K showed that the linewidth of the fluo-
rine atoms did not increase as the tempera-
ture was lowered, which suggests that the
fluorine atoms are immobile. Hydrogen was
present even on aluminas containing 11
wt% fluorine.

Techniques and equipment developed for
high resolution NMR in solids have ex-
tended the capacity of NMR techniques to
provide chemical information on catalyst
systems. In this investigation, the ability of
Fourier transform NMR spectroscopic
techniques to probe directly the chemical
environment of the hydroxyl groups and
fluorine atoms on fluorinated alumina and
aluminosilicates was demonstrated.

EXPERIMENTAL DETAILS
Sample Preparation

The alumina samples were prepared from
a commercial alumina catalyst, Alcoa F-20.
The reported surface area was 210 m%g.
The alumina was calcined at 773 K under
flowing oxygen for 3 h. Fluorinated alumina
was prepared by impregnation using an
aqueous 5.4 mM ammonium fluoride solu-
tion. After soaking the catalyst in this solu-
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tion for 3 h, the excess solution was evapo-
rated without boiling. Two samples were
prepared from this material, one calcined at
573 K and the other at 873 K. All other
aspects of the sample preparation were
identical. An unmodified alumina was pre-
pared by placing it in water containing no
fluoride ion and calcining at 773 K.

The fluorinated aluminosilicates were
prepared by the same procedure used for
the fluorinated aluminas. The unmodified
aluminosilicates were prepared by Chevron
Research Company. They were xerogel
aluminosilicate catalysts coprecipitated
with ammonia from sodium silicate and hy-
droxy aluminum chloride-acetic acid solu-
tions. One aluminosilicate contained 48
wt% alumina and the other contained 11
wt% alumina. Two fluorinated oxides were
prepared from each aluminosilicate. The
more heavily fluorinated samples were pre-
pared by placing the aluminosilicates in an
aqueous ammonium fluoride solution that
was 5.5 wt% fluoride for 70 h. These sam-
ples were calcined at 773 K. The lightly flu-
orinated samples were prepared using an
aqueous 5.4 mM ammonium fluoride solu-
tion and were calcined at 873 K.

All of the unmodified and fluorinated
samples were calcined in flowing oxygen for
3 h. Each sample was placed in a quartz
tube and sealed following evacuation to a
pressure of 1.33 Pa.

NMR Techniques and Apparatus

The room-temperature spin-lattice relax-
ation times (7,’s) were measured using the
90°-7-90° sequence since T > T, for these
materials. Hydrogen 7,’s varied from 5 to
33 s while fluorine T,’s varied from 3 to
23 s.

Quantitative determinations of the hy-
drogen and fluorine atom concentrations
were obtained by measuring the initial mag-
nitude of the free induction decay (FID) ob-
served after a 90° pulse. The total magneti-
zation is directly proportional to the
number of resonant nuclei present (33).
Probable errors of 10% or less were ob-
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tained routinely. Corrections for differ-
ences in the bulk magnetic susceptibility
between the alumina and aluminosilicate
samples and the reference samples were
found to be negligible in this investigation.

The nature of the chemical bonding of hy-
drogen and fluorine to alumina and alumi-
nosilicates was characterized using the cen-
ter of mass or isotropic chemical shift of the
Fourier transform of the free induction de-
cay and the fluorine chemical shift aniso-
tropy. The centers of mass and second mo-
ments of the spectra were calculated
numerically from the digitized data. The
chemical shift (o) i1s calculated using the
convention below.

(Vref — Vob)
g ="

Vrer

X 10° (n

vreg = resonance frequency of the chemical
shift reference

vob = observed resonance frequency.

The centers of mass and chemical shift pa-
rameters for the spectra reported here are
not corrected for the effects of the bulk
magnetic susceptibility because estimates
of these corrections were smaller than the
error in the measurement of the chemical
shifts. The spectra of the unmodified and
fluorinated aluminas were obtained at tem-
peratures as low as 110 K to provide mo-
tional information concerning the hydroxyl
groups and fluorine atoms.

Only room-temperature NMR relaxation
data® were obtained. The local arrange-
ments of the atoms and the possibility of
molecular motion were investigated using
the 90°-7-180° (spin echo) and the Carr—Pur-
cell-Meiboom-Gill (CPMG) pulse se-
quences. During the spin echo experiment,
the echo is formed from contributions due
to the heteronuclear dipolar interactions
and due to the chemical shift interaction.
Molecular motion (or other phenomena

3 The following conventions for the relaxation times
will be used throughout this discussion: 75, obtained
from free induction decay; 7,, obtained from 90°-7-180°
experiment; 75, obtained from CPMG experiment.
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which cause fluctuations in those interac-
tions having the same symmetry as the spin
operator I;) can cause differences between
the relaxation times observed from the spin
echo and the CPMG experiments.

The Fourier transform NMR spectrome-
ters used in this investigation were the
same as those used in the previous study of
fluorinated silica (/). The spectrometers
had field strengths of 1.3 and 2.4 T. The
sample probes and the low-temperature
equipment were the same as described in
the study of fluorinated silica (7). The low
signal-to-noise ratio of these samples re-
quired accumulating the signal from as
many as 4096 experiments in order to ob-
tain the data reported.

RESULTS
1. Fluorinated Aluminas

Quantitative analysis. The hydrogen and
fluorine atom concentrations of the unmod-
ified and fluorinated aluminas are given in
Table 1. The unmodified alumina has a sur-
face hydrogen concentration of 14 hydro-
gen atoms per square nanometer. The sum
of the hydrogen and fluorine concentrations
for the sample calcined at 573 K is equal to
the hydrogen concentration of unmodified
alumina. The hydrogen and fluorine con-
centration of fluorinated alumina calcined
at 873 K are equal. Volatile products were
not apparent during calcination of the sam-
ples.

Room-temperature free induction decay
(FID) data. The hydrogen spectra of alu-
mina and fluorinated alumina are broad
with second moments ranging from 0.8 to
2.5 G? (see Table 2). The hydrogen spectra
of these materials are shown in Fig. 1.
When the field strength is increased from
1.31 to 2.34 T, the linewidth of the sample
calcined at 873 K remains constant. The
second moment of the hydrogen spectrum
of fluorinated alumina calcined at 573 K is
reduced by a factor of 2 when the sample is
calcined at 873 K. The center of mass and
the lineshape of the spectra are the same
regardless of the calcining temperature.
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BLE 1|

Hydrogen and Fluorine Concentrations

Oxide Fluoride Calcining Specific Surface Fluorine
treatment temperature surface hydrogen concentration

(K) area concentration surface

(m?/g) (10%/m?) _
10%/m> Wi

Alumina None 773 156 14 +20 — —
5S4 mM 573 207 6.7 0.2 7.0 =1 4.6
873 173 4.4+ 0.6 44+02 24
Aluminosilicate 5.4 mM 873 379 1.1 0.1 0902 1.1
(1l wt% alumina) 5.5 wt% 773 0.9 = 0.1 + 2 8.0

156 16.0

“ Relative error of 10%.

These data imply that the dominant contri-
butions to the linewidths are effects due to
dipolar interactions.

The centers of mass and second moments
for the fluorine spectra are given in Table 2.
The fluorine spectra are shown in Fig. 2.
The lineshapes of the room-temperature
spectra are neither Lorentzian nor Gaus-
sian, The fluorine spectra are much broader
than the hydroxyl group spectra. The sec-
ond moments of the fluorine spectra for
these two fluorinated aluminas are the same
regardless of the calcining temperature.

TA

Since the hydrogen and fluorine concentra-
tions decrease as the calcining temperature
increases, the second moments of the fluo-
rine spectra are dominated both by the
chemical shift anisotropy and by the alu-
minum—fluorine dipolar interaction.

The fluorine isotropic chemical shift ob-
served for fluorinated alumina is typical of
aluminum-fluorine bonds. The observed
centers of mass are too far upfield to be
explained by an oxyfluoride species (—OF)
since —454 ppm < oo < —210 ppm. Chem-
ical shift data available for fluoride ion

BLE 2

Centers of Mass and Second Moments of the Hydrogen and
Fluorine Free Induction Decay Spectra

Fluorine data

Oxide Fluoride Calcining External Hydrogen data
treatment temperature ficld —_— - —ee
(K) (T) Center of  Second Center of  Sccond
mass” moment” mass' moment?
(ppm) (G*) (ppm) (GY)
Alumina None 773 1.32 40 +3 0.82 —_ —
2.34 -1.0 1.1 — —
5.4 mM 573 2.34 -4.0 2.5 — —
2.25 — — 1.03+ 5 5.6
873 1.32 12.0 1.5 — —
1.41 — 11.4 6.0
2.25 _ — 13.0 4.9
2.34 -3.0 1.3 — —
Aluminosilicate 5.4 mM 873 2.25 — — -8.0 0.54
(11 wt% alumina) 2.34 -1.8 0.3 0.044 — —
5.5 wt% 773 1.41 — — -3.0 0.54
2.25 — — —11.0 1.0
AlF; - xH,O — — 2.25 — — -7.0 29.0

< Relative to tetramethylsilane.
® Relative error of 15%.

¢ Relative to hexafluorobenzene.
¢ Relative error of 20%.
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Fi1G. 1. Room-temperature hydrogen spectra of (A)
unmodified alumina calcined at 773 K, of (B) fluori-
nated alumina calcined at 573 K, and of (C) fluorinated
alumina calcined at 873 K. The spectra were obtained
at 2.3 T. Values of the chemical shift are reported
relative to tetramethylsilane.

TABLE 3

Previously Reported Fluorine Isotropic Chemical
Shift Data for AlI—F Species

Species Isotropic Reference
chemical shift®
(ppm)
[AIF]** 145 34
[AIF,]* 144 34
AlF; 98 35
AlF,(OH) 217 35
AIF(OH), 240 35
FAI(C,H5), 128 34

2 Relative to hexafluorobenzene.
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F1G. 2. Fluorine spectra of fluorinated aluminas ob-
tained at 2.3 T. At left are the spectra of samples
calcined at 573 K and observed at (A) 290 K and at (B)
110 K. At right are the spectra of samples calcined at
873 K and observed at (C) 290 K and at (D) 110 K.
Values of the chemical shift are reported relative to
hexafluorobenzene.

show that —154 ppm < of- < 90 ppm. Pre-
viously reported chemical shift data for alu-
minum-fluorine species are listed in Table
3. From the data available it is not possible
to determine if the Al—F bond is ionic or
covalent.

Relaxation data. The decay constants
obtained during hydrogen 90°-7-180° (spin
echo) and Carr—Purcell-Meiboom-Gill ex-
periments are given in Table 4 for unmodi-
fied and fluorinated aluminas. The hydro-
gen CPMG relaxation time, 7>, is 20 times
longer than the spin echo relaxation time,
T,, for the unmodified alumina. The large
value of 75 means that the hydrogen-hy-
drogen homonuclear dipolar interactions
are negligible. The difference between T,

TABLE 4

Hydrogen and Fluorine Relaxation Times

Oxide Fluoride Calcining Hydrogen Fluorine,
treatment temperature _ it
(X) ¢ T3b (ms)
(ms) (ms)
Alumina None 773 0.17 38 —
5.4 mM 573 0.076 0.57 1.1
— 33 4.5
873 0.20 1.7 0.41
— — 53

4 Relative error of 20%.
b Relative error of 15%.
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and T; means that either the hydroxyl
groups are mobile on the surface or the in-
teractions between neighboring hydroxyl
groups and fluorine atoms are time depen-
dent. The relaxation time for the CPMG ex-
periment was independent of the pulse
spacing for 27 < 100 us.

The hydrogen CPMG data for the modi-
fied alumina samples were modeled by as-
suming two Lorentzian decay envelops
with relaxation times of 0.57 and 3.3 ms.
The CPMG data show that two dipolar en-
vironments exist for hydrogen on fluori-
nated alumina calcined at 573 K. The statis-
tical theory developed by Anderson (36) to
describe the absorption curve for a magnet-
ically dilute material broadened by dipolar
effects has been used to compare the aver-
age internuclear distances of two homonu-
clear diplor environments observed in
CPMG data (/). For fluorinated alumina
calcined at 573 K, the initial slope repre-
sents hydroxyl groups which are 1.8 times
closer to one another than those contribut-
ing to the latter part of the CPMG decay.
The second component of the decay has the
same relaxation time as the hydroxyl
groups of the unmodified alumina.

The decay envelop of the fluorine spin
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echo experiment cannot be described by a
simple Lorentzian or Gaussian lineshape.
The fluorine CPMG data can be described
by two Lorentzian lineshapes. The fluorine
CPMQG data show that fluorine atoms on flu-
orinated alumina exist with two average flu-
orine internuclear distances, one being 1.6
times greater than the other when the sam-
ple is calcined at 573 K. At 873 K, the inter-
nuclear distances between fluorine atoms
represented by the initial portion of the
CPMG data has decreased. The internu-
clear distances between the more isolated
fluorine atoms did not change significantly.
Hydroxyl groups were retained upon
calcining at 873 K. However, the hydroxyl
groups which were more isolated from
neighboring hydroxyl groups were removed
by calcining at this temperature. Both fluo-
rine homonuclear dipolar environments
were retained upon calcining at 873 K.
Low-temperature spectra. The centers of
mass and second moments of the hydrogen
spectra for the unmodified and fluorinated
aluminas are given in Table 5. The hydro-
gen spectra broaden as the samples are
cooled, but the low-temperature hydrogen
spectra of these aluminas suggest that the
hydroxyl groups are still mobile at 110 K.

TABLE 5

Parameters from Low-Temperature Spectra of Fluorinated Alumina

Fluoride Calcining Observation Hydrogen data Fluorine data
treatment temperature temperature e
(K) (K) Center of  Second Center of  Second
mass* moment” mass moment¢

(ppm) (G (ppm) (G

None 773 290 —1.0x2 1.1 — —

110 -98 2.0 — —

54 mM 573 290 —4.5 2.5 [.0£535 5.6

110 24 4.2 20.0 6.8

873 290 -2.9 1.3 13.0 4.9

140 — — 10.0 5.0

1S -6.4 2.2 — —

110 — — 20.0 6.3

« Relative to tetramethylsilane.
» Relative error of 15%.
© Relative to hexafluorobenzene.
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The centers of mass and the second mo-
ments of the low-temperature fluorine spec-
tra are given in Table 5 as well. The low-
temperature fluorine spectra of the
fluorinated aluminas are shown in Fig. 2.
Although the room-temperature fluorine
spectra are symmetric, an asymmetry ap-
pears downfield from the centers of mass
for spectra obtained at 110 K. The same
asymmetry is observed for fluorinated alu-
minas calcined at both 573 and 873 K.

2. Aluminosilicate (11 wt% Alumina)

The hydrogen and fluorine concentra-
tions of these samples are given in Table 1.
The hydrogen and fluorine atom concentra-
tions of these samples agree closely with
the values obtained for fluorinated silica
prepared in a similar manner. Hydrogen is
still present even when the fluorine concen-
tration is 7.9 wt%.

A 68% reduction in the specific surface
area occurred when the aluminosilicate was
treated with an aqueous ammonium fluo-
ride solution that is 5.5 wt% fluoride. A vol-
atile material was produced upon calcina-
tion. Neutron activation analysis of the
volatile product showed that it is 52 wt%
fluorine, 19 wt% silicon, and 290 ppm alu-
minum. These data could be explained by a
mixture of fluorinated silanes, siloxanes,
and silicic acids, as was observed in the
mass spectrum of the volatile products of a
similarly prepared fluorinated silica (7).

The spectral parameters for the room-
temperature hydrogen spectrum of the

I wi% A0y
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F16. 3. Room-temperature hydrogen spectra of fluo-
rinated aluminosilicates obtained at 2.3 T. The
aluminosilicaters contain (A) 11 wt% alumina and (B)
48 wt% alumina. Values of the chemical shift are re-
ported relative to tetramethylsilane.
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F1G. 4. Room-temperature fluorine spectra of fluori-
nated aluminosilicates containing varying amounts of
alumina. The oxides contain (A) 48 wt% alumina, (B)
11 wt% alumina, and (C) 0 wt% alumina. Values of the
chemical shift are reported relative to hexafluoroben-
zene.

lightly modified sample are given in Table
2. The hydrogen spectrum is shown in Fig.
3. The lineshape is symmetric. The center
of mass and second moment agree well with
those measured for a fluorinated silica pre-
pared in a similar manner (7). Similar line-
widths have been reported for an unmodi-
fied aluminosilicate that was 12.5 wt%
alumina (31, 37).

The fluorine spectrum is shown in Fig. 4.
The center of mass and second moment are
given in Table 2. The lineshape can be de-
scribed by the following parameters for an
axially symmetric chemical shift tensor.
oy = 48 ppm g=4%trd = —10 ppm
o, =~-39ppm Ao = oy — o, = 87 ppm
8 =0)— 0 =58 ppm

All values are in parts per million relative to
hexafluorobenzene.
The fluorine spectrum of the aluminosili-
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cate fluorinated using a 5.5 wt% F~ solution
can be described by an axially symmetric
chemical shift tensor also. The observed
chemical shift parameters relative to hexa-
fluorobenzene are given below.

oy = 49 ppm o = —14 ppm
o, =—46ppm Ac = 95 ppm
6= 63 ppm

The chemical shift data observed for
these fluorinated aluminosilicates are the
same as that for similarly prepared fluori-
nated silicas (/). The chemical bonding of
the fluorine is characteristic of fluorine co-
valently bonded to silicon. Also, the chemi-
cal bonding of the fluorine atoms to the alu-
minosilicate did not change with a more
severe fluoride treatment.

The relaxation time for the fluorine Carr-
Purcell-Gill experiment (75) of the alumi-
nosilicate treated with the 5.4 wt% F~ solu-
tion is 10 ms. The fluorine homonuclear
dipolar interaction would have a full width
at half height of 32 Hz and would make a
negligible contribution to the total linewidth
of the fluorine spectra. Fluctuations are oc-
curring in the local fields of the fluorine nu-
clei since the fluorine 77 is an order of mag-
nitude longer than the fluorine 7, measured
for this sample.

3. Aluminosilicate (48 wt% Alumina)

The Fourier transform of the spin echo
envelopes for hydrogen and fluorine give a
two-component lineshape. The hydrogen
and fluorine spectra of the aluminosilicate
treated with the 5.4 mM F~ solution are
shown in Figs. 3 and 4, respectively. From
Fig. 4 it is clear that the narrow component
of the fluorine spectrum is identical to the
fluorine spectra of the fluorinated silica (/)
and the fluorinated 11 wt% alumina alumi-
nosilicate prepared in the same manner.
The same is true for the hydrogen spec-
trum. Therefore, the narrow components of
these spectra are contributions from iso-
lated fluorine atoms and hydroxyl groups
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bonded to silicon atoms; i.e., SiF and
SiOH. Figure 5 compares the fluorine spec-
tra of this fluorinated aluminosilicate with
those of fluorinated alumina and aluminum
trifluoride (AlF; - xH,0). The broad compo-
nent of the fluorine spectrum corresponds
to fluorine bonded to aluminum atoms (AIF
groups). Similarly, the broad component of
the hydrogen spectrum is explained by hy-
droxyl groups bonded to the aluminum at-
oms (see Figs. 1 and 3).

The aluminosilicate treated with a 5.4
mM F~ solution has average surface con-
centrations of 2.5 F/nm? and 1.6 OH/nm?.
The SiF concentration can be obtained by
extrapolating the behavior of the FID at
long times to the origin using a procedure

SN
-’ .\
AlF3- xHy0 ! Y
: "
Y
4 R
: \-
-’ .'
7 ~
-' VYN
s~ LRV
.
3
v,
F Y
Alumina !
-
M LY
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48 wt. % Aluming :y
3
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-1000-800-600-400-200 O 200 400 600 800
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Fi1G. 5. Room-temperature fluorine spectra of (A)
aluminum trifluoride, of (B) fluorinated alumina
calcined at 873 K, and of (C) a fluorinated aluminosili-
cate containing 48 wt% alumina calcined at 873 K. The
external field strength was 2.3 T and the values of the
chemical shift are reported relative to hexafluoroben-
zene.
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described by Schreiber and Vaughan (37).
The difference between this intercept and
the total amplitude is a measure of the AIF
concentration. The intercept for the total
amplitude was obtained by subtracting the
extrapolation of the long-time behavior of
the FID from the observed amplitudes in
the short-time region and extrapolating this
difference to zero time. A similar procedure
was followed to determine the hydroxyl
group concentrations.

The fluorine spin echo behavior shows
that the fluorine dipolar environments of
fluorinated aluminosilicates prepared using
aqueous solutions with fluoride concentra-
tions of 5.4 mM and 5.5 wt% are different.
The fluorinated aluminosilicate prepared
using a 5.5 wt% F~ solution clearly has two
fluorine homonuclear dipolar environ-
ments. The Fourier transform of the FID (7
= 0) has a two component spectrum. The
Fourier transform of the data where 7 = 40
us has only the narrow component of the
fluorine spectrum characteristic of SiF
groups. The broad-component characteris-
tic of the fluorine atoms bonded to alumi-
num has the shorter 7,. Therefore, these
fluorine atoms are in closer proximity to
one another than those bonded to silicon
(since TP < T8 The large difference in
the amplitudes of the two decays at time
zero demonstrates that the concentration of
the AIF groups is much higher than the SiF
group concentration.

The results of the fluorine Carr—Purcell-
Meiboom-Gill experiment can be described
by two Lorentzian decays. The initial de-
cay constant is the same as T, within exper-
imental error. The second decay constant is
14 ms. The ratio between the observed
values of 73 shows that the average inter-
nuclear distance in the second dipolar envi-
ronment is 2.4 times longer than in the dipo-
lar environment responsible for the initial
decay. The fact that 7, is approximately
equal to the initial 77 indicates that the lo-
cal fields experienced by the fluorine nuclei
are static. The spin echo data were not ob-
tained at sufficiently large pulse separations
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to observe the long-time behavior of the fiu-
orine homonuclear dipolar interaction.

DISCUSSION

The unmodified alumina sample used in
this study had a hydroxyl group concentra-
tion of 14/nm?, which is consistent with the
model of monolayer coverage of hydroxyl
groups on y-alumina (38) and with other re-
ported data (8, 39, 40). The total concen-
tration of fluorine atoms and hydroxyl
groups of a modified alumina prepared us-
ing an aqueous solution of ammonium fluo-
ride and calcined at 573 K was 14/nm? as
well. This suggests that the addition of fluo-
ride ions occurred by replacement of hy-
droxyl groups and the data support the
mechanism suggested by Gerberich and co-
workers (8). Calcination of the modified
alumina at 773 K resulted in a decreased
concentration of both fluorine atoms and
hydroxyl groups.

Modified aluminas having fluorine con-
centrations similar to those studied herein
have been shown to have increased cata-
lytic activity relative to unmodified alumina
and AlF; (5, 8, 12). Although X-ray diffrac-
tion and XPS data (30) have established
that crystallites of aluminum hydroxy-
fluoride and aluminum trifluoride can form
during fluorination of alumina, the chemical
shift data reported herein are inconsistent
with AI—OF bonds. The spectrum of AlF; -
xH,0 has a Gaussian lineshape due to ex-
tensive fluorine—fluorine dipolar interac-
tions. The lineshapes of the fluorine spectra
observed herein are quite distinct from that
of AlF; - xH,0O. The data suggest that the
AlF bonds in lightly fluorinated aluminas
are similar chemically to those of AlF; -
xH,0. However, the lineshapes of the fluo-
rine spectra and the fluorine 77 data for the
fluorinated aluminas indicate only isolated
Al—F species. Therefore, AlF; crystallites
have not formed. This is consistent with
previously reported NMR 7, data (3/) and
X-ray diffraction data (30, 41).

The CPMG (77) data demonstrate that
two fluorine homonuclear dipolar environ-
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ments existed on the modified aluminas re-
gardless of the calcining temperature.
Calcining at 873 K caused a rearrangement
of the fluorine atoms, as evidenced by the
reduction in T5 for the initial part of the
CPMG decay. The hydrogen CPMG data
show that two hydrogen homonuclear dipo-
lar environments existed when the sample
was calcined at 573 K, but the hydroxyl
environment having the higher surface con-
centration is removed upon calcining at
873 K.

There are several possible causes for the
fluctuations observed in the local magnitic
fields of the protons and fluorine atoms.
The usual explanation for this behavior is
diffusion of the observed species. How-
ever, chemical exchange has been reported
to affect the results obtained from CPMG
experiments (42, 43). The values measured
for 75 will depend upon the chemical shift
between exchange sites, the lifetime be-
tween exchanges, and the pulse separation
of the CPMG experiment. The CPMG ex-
periment causes contributions to the mag-
netization from a time-independent hy-
drogen-fluorine interaction to refocus.
However, fluctuations in this interaction
from motions of the hydroxyl groups could
cause dephasing of the fluorine magnitiza-
tion during spin echo experiments. The re-
sulting fluorine relaxation times (7, and 75)
would be dependent on the pulse separa-
tion. The rotation of hydroxyl groups or the
translational diffusion of hydrogen ions in
close proximity to the fluorine atoms could
cause such fluctuations.

The lineshapes of the low-temperature
fluorine spectra may be caused by several
factors. The quadrupolar interaction at the
aluminum nucleus could be sufficiently
large that the aluminum nucleus is not in a
pure Zeeman state. Then the heteronuclear
dipolar interactions between the aluminum
and fluorine atoms cannot be classified as
being either secular or nonsecular (44). An-
other alternative is that the lineshape of the
fluorine spectra result from isolated alumi-
num-fluorine dipole pairs (45). Effects
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due to anisotropic motion may be important
as well. Anisotropic motion, such as rota-
tion of hydroxyl groups about the Al—O
bond, would provide a consistent explana-
tion for both the relaxation time and line
shape data. However, much more data is
needed to provide a complete explanation.

The interpretation of the hydrogen and
fluorine NMR data of fluorinated alumino-
silicates requires an understanding of the
atomic organization of the unmodified alu-
minosilicates. X-Ray diffraction data (46,
47) have shown that aluminosilicates con-
taining less than 30 wt% alumina have a
silica-like structure with isomorphic substi-
tution of aluminum atoms. For alumina
contents between 30 and 50%, an n-alumina
phase begins to appear. As the alumina
content increases from 50 to 80%, a struc-
ture similar to mullite is present. Similar
results have been reported based upon X-
ray photoelectron data (48). Hall and co-
workers have reported (40) that the results
of differential hydrogen analysis of an alu-
minosilicate containing 12% alumina is
unique compared with those of silica, alu-
mina, or a mechanical mixture of silica and
alumina. Schreiber and Vaughan (37) re-
ported NMR spectroscopic data which
showed that AIOH groups were not ob-
served on aluminosilicates with less than 25
wt% alumina.

The hydrogen atom concentration of the
fluorinated aluminosilicate containing 11
wt% alumina calcined at 873 K was 4.5 x
10%° per gram. The relationship of the hy-
drogen atom concentration to the specific
surface area is in excellent agreement with
that reported by O’Reilly (31) for an un-
modified aluminosilicate that was 12.5%
alumina. This suggests that the hydrogen
population has not been disturbed by fluo-
rination using an aqueous 5.4 mM fluoride
solution. AIOH groups are not present in
the spectrum of a fluorinated aluminosili-
cate containing 11 wt% alumina. AIF
groups were not detected in the fluorine
spectra of this aluminosilicate as well, even
with sample treatment using a 5.5 wt% F~
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solution. The fluoride ion bonds only to sili-
con atoms. The bond formed is identical to
that found in fluorinated silica, even with
fluoride concentrations as high as 8 wt%.
SiOH, SiF, AIOH, and AIF groups are
present on fluorinated aluminosilicates con-
taining 48 wt% alumina. Therefore, an alu-
mina phase was required in the unmodified
aluminosilicate if AIOH or AlF groups were
to be present on the fluorinated catalyst.

When 48 wt% alumina aluminosilicates
are treated with a 5.5 wt% F~ solution, the
homonuclear dipolar coupling between the
fluorine atoms bonded to aluminum is much
greater than that between the SiF groups
since T7 (AIF) < T5 (SiF). The large differ-
ence in the amplitudes of the two decays at
time zero demonstrates that the concentra-
tion of the AIF groups is much higher than
the SiF group concentration. The T, data
show that SiF bonds are isolated from the
AIF bonds. These data are consistent with
the formation of AlF; crystallites and iso-
lated SiF groups. This demonstrates prefer-
ential adsorption of fluoride ion by the alu-
mina crystallites.

CONCLUSIONS

NMR spectroscopy was used for nondes-
tructive quantitative analysis of hydroxyl
group or fluorine atom concentrations while
obtaining the NMR spectra of the samples.
These techniques have shown that only
Al—F and Si—F species are present on flu-
orine modified aluminas and aluminosili-
cates containing up to 5 wt% fluorine. Alu-
minum oxyfluorides were not detected.
The Si—OH, AlI—OH, Si—F, and Al—F
species are isolated from like species for
fluorine concentrations less than 5 wt%.

Fluorine is present only as Si—F for 11
wt% alumina aluminosilicates. When the
alumina concentration is increased to 48
wt%, both Si—F and Al—F species form.
As the fluorine concentration of the 48 wt%
alumina aluminosilicate is increased, the
fluoride ion is adsorbed preferentially by
aluminum atoms. As highly fluorinated alu-
minosilicates are calcined, volatile silicon-
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containing species are evolved which con-
tain aluminum only at concentrations of
parts per million. Therefore, fluorination of
aluminosilicates using concentrated fluo-
ride solutions results in preferential re-
moval of silica from the lattice at high tem-
perature and the silica-to-alumina ratio of
these catalysts can change upon calcina-
tion.

The use of nuclear magnetic resonance
spectroscopy has provided directly infor-
mation concerning the local environments
of hydroxyl groups and fluorine atoms on
modified aluminas and aluminosilicates. A
multitechnique approach incorporating
NMR spectroscopic data with infrared, X-
ray diffraction, X-ray photoelectron, ad-
sorption, and catalytic data from samples
prepared in a consistent fashion would
greatly improve our understanding of the
catalytic activity of fluorinated aluminosili-
cates. In particular, such a study over a
wide range of fluorine concentrations and
silica-to-alumina ratios is needed.
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