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Using NMR and IR spectroscopy boron-substituted pentasil zeolites are found to contain
four-coordinated B in the hydrated state and three-coordinated B in the dehydrated state. In
addition a new tetrahedral B site assigned to (HO).B(H,O)OSi) was characterized by its NMR
quadrupole coupling constant and asymmetry parameter. Ammonia adsorption microcalorimetry
gave heats of adsorption of ~65 kJ/mol for H-B-ZSM-11 and showed that B-substituted pentasils
have only very weak acidity. Calcination at 800°C increased the heat of NH; adsorption to ~170
kJ/mol by creation of strong Lewis acid sites. The lack of strong Brgnsted acid sites in
H-B-ZSM-11 was confirmed by poor catalytic activity in methanol conversion and in toluene

alkylation with methanol.

INTRODUCTION

The zeolites ZSM-5 and ZSM-11 belong
to the high silica ‘‘pentasil’’ family with a
network of channels having approximate
diameters of 0.51-0.55 nm. The channels
are straight in ZSM-11 and straight and
sinusoidal in ZSM-5 (1, 2). Strong acid sites
in the interior of the channels of ZSM-5 and
ZSM-11 allow these zeolites to exhibit cata-
lytic shape selectivity (3) in the conversion
of methanol or ethanol to hydrocarbons (4)
or in the alkylation of toluene by methanol
(3, 6).

The substitution of Al by B during the
synthesis of pentasil zeolites has been dem-
onstrated by a variety of investigators (7—
16). This substitution might be expected to
modify the acidic properties of the zeolite
and thereby the catalytic properties (7, 9,
10, 17). In this paper, in order to evaluate
the differences between B and Al pentasil-
type zeolites we have compared sorption
capacities, IR spectra, acidities, and metha-
nol alkylation behavior of H-B,Al-ZSM-5,
and H-B-ZSM-11 with the corresponding
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Al forms of ZSM-5 and -11. Character-
ization was accomplished by chemical anal-
ysis, infrared spectroscopy. electron mi-
croscopy, X-ray diffraction, sorption,
NH; microcalorimetry, and ''B MAS NMR
spectroscopy.

EXPERIMENTAL

Starting materials for ZSM-5 were Ludox
LS-30, sodium aluminate, NaOH, and tet-
rapropylammonium (TPA) bromide. Prepa-
ration of ZSM-5 was made following the
method described by Rollman and Valyoc-
sik (/8). Typical samples were prepared by
combining solutions containing Ludox and
TPA Br and adding to this a solution of
NaOH and Na aluminate. This was placed
in a Hastelloy or titanium autoclave and
heated at 160°C for 24 h.

Starting materials for ZSM-11 were
NaOH, sodium aluminate, Ludox LS-30,
and tetrabutylphosphonium chloride or tet-
rabutylammonium iodide as the template.
Procedures described by Chu (/9) were
used to prepare ZSM-11.

B-ZSM-11 was prepared according to
example 20 of Ref. (20) using tetrabutylam-
monium hydroxide, boric acid, tetraethyl-
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orthosilicate (TEOS), and KOH. B,Al-
ZSM-5 was prepared according to a modi-
fication of example 15 of Ref. (20) using
37.5 g H3BOs, 133.1 g TPA Br (50% solu-
tion), 124.8 g TEOS, and 18.2 cm® NH,OH.
The sample was heated at 165°C for S days.
After reaction, the products were filtered,
washed with water, and heated to 500°C in
air to decompose the alkylammonium ion.
The H* forms were prepared by exchange
with 10% NH4NO; four times at 80°C and
deammoniation at 540°C in flowing N,. This
procedure resulted in a 10- to 20-fold reduc-
tion in the Na content, giving typically 200
ppm to 0.2 wt% Na.

X-ray diffraction patterns were obtained
on samples equilibrated over saturated
NH,CI solutions using a Guinier—Héagg fo-
cusing camera (r = 40 mm). The radiation
was monochromatic CuKal (A = 0.154051
nm). KCl (¢ = 0.62931 nm) was used as an
internal standard. Line positions on the film
were determined to =5 um with a David
Mann film reader. Cell dimensions were
obtained by least-squares refinement.

Analysis of Na and Al content was made
using atomic absorption, whereas B analy-
sis was performed using the inductive
coupled plasma technique. H,O content
was determined from weight loss at 1000°C
and SiQ, was determined by difference.

Adsorption was measured gravimetri-
cally using an apparatus similar to that
described by Landolt (27). After the
samples were weighed, they were mounted
onto the sorption manifold and exposed to
vapor at 0.1-0.5 of the vapor pressure of
the sorbate at the temperature of the
samples. The amount sorbed at 20 h was
used for comparison purposes. The preci-
sion of this technique is =0.5 mg/g of
sample. All sorbates were vacuum distilled,
subjected to several freeze—pump—thaw cy-
cles, and stored over a dry zeolite 4A sieve
in a bulb with a vacuum stopcock.

A sample of Cab-O-Sil fumed silica,
grade MS-7, with an external surface area
of 200 m?/g was used as a reference. Under
the sorption conditions, the amount of sor-

bate pickup by the Cab-O-Sil was used to
determine &, the surface coverage of sor-
bate expressed as a sorbate per square
nanometer.

IR spectra were recorded at 25°C with a
Perkin—Elmer 580 spectrophotometer with
a resolution of 2.5 to 3.7 cm™!. For lattice
vibrational mode studies, KBr pellets were
used with a 0.25% dilution. For studies of
the hydroxyl groups and of NH; ad-
sorption, the samples were compressed
into 2 to 5 mg - cm™* self-supported wafers
using 2 X 10° Pa pressure. The samples
were progressively evacuated up to 400 or
800°C and then small increments of NH;
(0.15 NH;/u.c.) were adsorbed up to satu-
ration. Desorption of NH; was performed
by progressively heating in stages of 2 h at
increasing temperatures.

Both toluene alkylation with methanol at
400°C and methanol conversion reactions at
370°C were studied using a flow microreac-
tor on line with two gas chromatographs.
The samples (~50 mg) were activated un-
der N, at atmospheric pressure at 400°C for
14 h. In the case of toluene alkylation, a
mixed feed with N- as a gas carrier and with
a molar methanol : toluene ratio of ca. 1:4
and WHSYV equal to 5 h™' was admitted to
the catalyst. For the methanol conversion
reaction, the space velocity was WHSV =
10 h™! and the reaction temperature was
370°C.

B spectra were obtained at 96.3 MHz
(7-T magnetic field) using a Bruker CXP-
300 spectrometer. Spectra were obtained
using 30° (1.5-us) pulses and a 0.5-s recycle
delay, without proton decoupling. The
small pulse angle is necessary if quantita-
tive spectra are to be obtained for sites with
different quadrupole coupling constants.
Typically, 1000 scans were averaged. Spec-
tra were recorded with magic-angle spin-
ning (MAS) at ca. 4.5 kHz and of stationary
samples to fully separate and identify the
boron sites. Chemical shifts are referenced
to external BF; - Et,O using 1 M H;BO; in
H,0 as a secondary standard (+19.2 ppm).

Relative areas of the observed boron
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TABLE 1

Chemical Compositions of B and Al Forms of
ZSM-5 and ZSM-11

Sample Composition“/u.c. SilM
H-B.AI-ZSM-§ Hj 3B, gAly 4Sig3 8019227, SH,0 42.6
H-Al-ZSM-§ Hj.7Nag 3Ab Sigq ¢O192 47.0
H-B~ZSM-11 H 3B 3Sig4 7019225, 6H20 728
H-AI-ZSM-11 H; gNag Al 9Sig3 1019222, 4H,0 32.1
H-AIl-ZSM-11 Hi »Nay 1Al 3Sig4, 7019218, 4H,O 72.8

“Si + Al was taken to be 96: proton content was calculated as the
difference between the B + Al and the Na contents.

resonances were obtained using the cut-
and-weigh method, or by nonlinear least-
squares fitting to the theoretical powder
pattern lineshapes. Although the quadru-
pole coupling constant of the tetrahedral
sites is small (<0.5 MHz), the slight asym-
metry of the lineshape and narrowing by a
factor of 4 produced by MAS suggest that it
is still the dominant source of line broaden-
ing. Therefore, the central transition ob-
served with MAS should contain negligible
intensity from the satellite transitions. and
integrated areas of the resonances are taken
to be directly proportional to their relative
concentrations.

Heats of adsorption of ammonia were
measured in a Setaram Tian-Calvet high-
temperature microcalorimeter maintained
at 148°C. The volumetric system previously
described (22) was modified to allow con-
tinuous pressure measurement using a
Datametrics Barocel gauge.

Samples approximately 100 mg in weight
were evacuated at a temperature of 400 or

800°C for 16 h. Adsorption experiments
were carried out using NH; dried and de-
oxygenated over Na spaghetti and further
purified by freeze—pump—-thaw cycles over
dehydrated zeolite Y.

RESULTS AND DISCUSSION

A. Chemical Analysis, Electron
Microscopy, X-Ray Diffraction,
and Sorption

Tables 1 and 2 show the chemical compo-
sitions, crystallite sizes, and sorption char-
acteristics of the B~ and Al-ZSM-5 sam-
ples, and their ZSM-11 counterparts.

Transmission and scanning electron mi-
crographs of the two boralite samples
showed the crystals to have different
morphologies. The B,AlI-ZSM-5 crystal-
lites took the form of flat platelets of the
Z-1 type bounded by (100) and (010) planes
as already described (23-27). The B-
ZSM-11 crystallites had the appearance of
bundles of 90° intergrown plates (see Fig. 1).

The X-ray diffraction patterns of the
ZSM-11 sample contained lines at 0.381 and
0.365 nm and the 1.00-nm line appeared to
be split. Neither the 0.381- and 0.361-nm
lines nor the splitting can be accounted for
by the tetragonal cell reported by Kokotailo
et al. (2).

Reduction of unit cell dimensions be-
cause of the smaller size of B** (0.011 nm)
relative to A" (0.039 nm) (28) is one of the
strongest arguments for the belief that the
B is located substitutionally in the lattice
rather than in the channels. The cell dimen-

TABLE 2
Physical Properties of B and Al Forms of ZSM-5 and ZSM-11

Sample Crystallite Cell dimensions (A) VAY Percentage sorbed in 20 h
size (um)
a b ¢ n-hex 3MeP CCl, 2,2DMB

H-B.AI-ZSM-5 0.2-1.5 19.884 (5) 19.780 (5) 13.300 (3) 5231 1.5 82 124 1.4
H-AI-ZSM-5 2-4 20.135 (4)  19.947 (8) 13.458 (%) 5405 13.1 10.0 13.5 1.7
H-B-ZSM-11 0.2-0.3 19.906 (6) 13.359 (3) 5293 12.9 10,0 163 3.9
H-AI-ZSM-11 0.3-1 20.03 (2 13.44 (2)° 5392 13.2 10.5 16.1 6.1
H-Al-ZSM-11 3-6 20.08 (1) 13.46 (1 5427

“ Approximate values only because of reflections which violate tetragonal symmetry.
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sions of B-substituted samples are signifi-
cantly smaller than those of the Al-substi-
tuted samples. This is in agreement with the
results of other investigators. Although our
unit cell dimensions were determined in a
manner similar to that of Meyers et al. (29),
they agree only approximately on an abso-
lute or relative scale. Our AlI-ZSM-5 with
2.0 Al/u.c. has a unit cell volume of 5.405
nm® compared to an interpolated value of
5.37 nm? found by Meyers et al. (29).
Similarly a B content of 1.3/u.c. was found
to reduce our unit cell volume of ZSM-11
by 2.5% whereas 1.7 B/u.c. reduced the
unit cell volume of ZSM-5 of Meyers et al.
by 0.7%.

In the last columns of Table 2 sorption
capacities of the boralites are compared
with those of ZSM-5 and ZSM-11. Al-
though H-AI-ZSM-11 and H-AI-ZSM-5
sorb similar quantities of smaller molecules
like n-hexane and 3-methylpentane, H-Al-
ZSM-11 adsorbs significantly greater quan-
tities of the larger molecules such as cy-
clohexane, o-xylene, and 2,2-dimethyl-
butane. Note that H-B,Al-ZSM-5 and
H-B-ZSM-11 sorbed only slightly less of

the smaller molecules than the Al forms.
This shows that differences in void volume
due to boron incorporation in the lattice are
very small; this agrees with the slight
changes noted in unit cell volumes. In con-
trast, differences between ZSM-5 and
ZSM-11 are more significant; this is per-
haps due to larger channel intersections in
ZSM-11.

B. NMR Data

NMR spectra of quadrupolar nuclei such
as ''B (spin $) consist of the superposition
of central and satellite transitions. The sat-
ellite transitions (e.g., =% to =3) are shifted
to first order in the quadrupole interaction.
In powders, this results in a powder pattern
lineshape (30) whose width is of the order
of the quadrupole coupling constant (ca. 2.5
MHz:z for trigonal boron sites). The large
width of these transitions makes them dif-
ficult to observe or to quantify. However,
the central transition (3 to —%) is shifted
only to second order in the quadrupole
interaction and has a width of the order of
the quadrupole coupling constant squared
divided by the Larmor frequency. This

— — 1um

F1G. 1. Scanning electron (a) and transmission electron micrographs (b) of B~ZSM-11.



FiG. |—Continued.

transition becomes narrower at higher mag-
netic fields and is readily observed. Its
lineshape contains information on the mag-

mmetry of the electric field

gradient at the nucleus, which is produced
primarily by bonding electrons centered on
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the nucleus observed. The lineshape is thus
a very sensitive probe of the local structure
and electronic environment.

Magic-angle spinning (MAS) removes
broadening arising from dipolar couplings,
first-order quadrupole interactions (37), and
chemical-shift anisotropy. The second-
order quadrupole interaction is modified,
but not removed, by spinning (32). Vega
(33) and Kundla et al. (34) have indepen-
dently derived the second-order quadru-
pole lineshape of the central transition pro-
duced by MAS, and it has been observed
experimentally for a number of nuclei (35).
Although. MAS narrows the quadrupole
splitting of the MAS lineshape by a factor
of ca. 4, the singularities are typically easier
to observe accurately because of the im-
proved resolution. Variable-angle spinning
(35, 36) sacrifices resolution and offers no
discernible advantages when the number of
inequivalent sites to be resolved from one
another is not large.

Bray and co-workers have used nonspin-
ning !'B NMR to study the structure of
B,0s (37) and of various borate glasses (38,
39). They distinguish trigonal and tetrahe-
dral boron by a large difference in their
quadrupole coupling constants, observed to
be 2.6 to 2.9 MHz and <0.5 MHz, respec-
tively. Further, they are able to identify
neutral BO; sites (with three bridging oxy-
gens) from negatively charged BO; sites
(two bridging, one nonbridging oxygen) by
their asymmetry parameters, ca. 0.1 and
0.6, respectively. Because of the low fre-
quency at which Bray worked (8—16 MHz),
chemical-shift differences were not ob-
served.

HB spectra of several borosilicate min-
erals have also been obtained with MAS
40).

Scholle and Veeman (I6) have reported
B spectra of one sample of H-boralite
(Si/B = 75) in which trigonal boron was
produced upon dehydration and could be
completely and reversibly converted back
to tetrahedral boron by rehydration. This
was ascribed to the breaking of an Si-O-B
bridge to form a planar, trigonal BO; site

adjacent to an acidic SiOH in the frame
work.

Several other workers have taken the
observation of tetrahedral ''B NMR signal
as evidence for the incorporation of boron
into the ZSM-5 framework (15, 41, 42).

In our samples of B-ZSM-11 and
B,Al-ZSM-5 with various degrees of hy-
dration, three different boron sites are ob-
served by !'"B NMR. Because of their
differences in quadrupole coupling con-
stants, these sites are more readily sepa-
rated in nonspinning than in MAS spectra.
Their NMR parameters are summarized in
Table 3.

In fully or partially hydrated samples,
boron is predominantly in site 1, assigned
as tetrahedral B(OSi),. This is readily seen
as a narrow, symmetrical line with no
resolvable second-order quadrupole struc-
ture.

Site 2 is also observed in fully and par-
tially hydrated samples. The areas of the
resonances associated with the various
sites are listed in Table 4. The assignment
of site 2 is discussed below.

In dehydrated samples, essentially all of
the boron is converted to trigonal site 3 as
observed by Scholle and Veeman (/6). The
central transition has a width of 3.2 kHz, so
fast MAS (5 kHz) can separate and mini-
mize the intensity of the sidebands. As
reported in Table 4, a very small amount of
tetrahedral site 1 remains, even in fully
dehydrated samples.

While sites 1 and 3 have been observed in
a variety of materials as discussed above,
site 2 has not been previously reported (see
Fig. 2). The quadrupole coupling constant
of site 2 is very different from that reported

TABLE 3
B NMR Parameters of the B Sites

Site Isotropic Quadrupole Quadrupole
chemical shift coupling asymmetry
(ppm) constant (MHz) parameter
1 —4 <0.5 -
2 +22 -19 1.0
3 +25 +2.4 0.0
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TABLE 4

Areas of the ''B Resonances

Sample Site 1 Site 2 Site 3
Hydrated”

H-B-ZSM-11 0.72 0.28 0.00
H-B.AI-ZSM-5 0.69 0.31 0.00
Partially hydrated®
H-B-ZSM-11 0.65 0.35 0.00
H-B-ZSM-11, 800°C 0.47 0.53 0.00
H-B,AlI-ZSM-5 0.44 0.56 0.00
Dehydrated*

H-B-ZSM-11 0.03 0.00 0.97
H-B,Al-ZSM-i1 0.02 0.00 0.98

“ Exposed to saturated NH,Cl solution, 25°C, 24 h.
¢ Exposed to atmospheric air, 25°C, >100 h.
¢ 280°C, vacuum, 40 h.

in the literature for any trigonal site, so site
2 must be four-coordinate. The asymmetry
parameter, 1.0, indicates substantial bond-
angle distortion (local Cy,, not Cs,, symme-
try about boron).

There are two sites in known structures
which have quadrupole asymmetry param-
eters of 1.0 and coupling constants com-
parable in magnitude to that of site 2. The
distorted tetrahedral B(OB);(OH) site in
Na;B,0- - 10H,0 (borax) has a quadrupole
coupling constant of +1.63 MHz (43). Jelli-
son and Bray (44) observed a site in sodium
borate glasses with a quadrupole coupling
constant of 0.72 MHz and assigned it to a
distorted tetrahedral site bonded to both
BO; and BO, groups, probably in a diborate
unit.

This leads to the conclusion that site
2 is a highly distorted four-coordinate
site, probably a framework defect such
as HOB(OSi);, (HO),B(0Si);, or (HO),B
(H,O)(OSi). As it is seen at comparable
levels in samples with and without Al, it is
unrelated to the presence of Al in the
framework. The high levels of site 2 ob-
served in the partially hydrated samples
rule out the possibility of site 2 being asso-
ciated with an amorphous or other second
phase. The amount of site 2 is increased
after calcination at 800°C and rehydration,
consistent with its assignment as a frame-

work defect. However, the NMR data
alone do not allow a firm conclusion about
the detailed structure of this site,

C. Microcalorimetry

Figure 3 shows plots of Q vs the quantity
of NH; adsorbed (6) for H-Al-ZSM-11 and
H-B-ZSM-11. The heats of adsorption at
low NH; coverage for H-ZSM-11 are
higher than those published earlier by
Auroux et al. (45). Strong acid sites adsorb
the first doses of NH; up to 1.8 NH,/u.c.
which is 65% of the total OH concentration
found from chemical analysis. Heating the
sample to 800°C under vacuum to remove
OH increases the strength of the strongest
sites from 150-160 to 175—185 kJ mol ™' but
in contrast to other samples of ZSM-5 (46)
does not seem to reduce the total number of
acid sites.

It has been observed that when the NH;
increments introduced in the samples are
very small and/or when adsorption time is
long enough, no maximum is obtained in
the Q-6 plot. This clearly shows that diffu-
sion of NH; molecules is limited within the
channels due to chemical interaction with
acid sites.

‘/"
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FiG. 2. "B NMR spectrum of partially hydrated
H-B,Al-ZSM-5 obtained without magic-angle spin-
ning (stationary sample): (a) experimental spectrum
(11,500 scans using conditions specified in the text):
{b) deconvolution showing the separate resonances
arising from site 1 (1.1 kHz FWHH Gaussian), site 2
(quadrupole powder pattern corresponding to the pa-
rameters listed in Table 3, and with 1.25 kHz FWHH
Gaussian broadening), and their sum. All parameters
are determined by nonlinear least-squares fitting to the
experimental spectrum.
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FiG. 3. Differential heats of ammonia adsorption on H-Al-ZSM-11 at 148°C.

H-B-ZSM-11 has only very weak acid
sites (~65 kJ/mol) and only very few of
these, viz. 0.2 NH;/u.c. compared to 1.3
OH/u.c. by chemical analysis. The heats of
adsorption rapidly diminish to 25 kJ mol™'
then increase to about 60 kJ mol™' before
decreasing again. This maximum in the Q
vs 8 plot seems to be related to the presence
of boron. Such an additional maximum
might be attributed to the formation of a
NH4(NH,)complex formed by reacting
B-OH-NH; with NHj; ligands, similar to
the gas phase M(NH;); clusters found by
Castleman et al. (48).

Dehydroxylating H-B-ZSM-11 at 800°C
dramatically increases the strength of the
acid sites to 170 kJ mol™' and sharpens the
maximum at 0.8 NH;/u.c. We propose that
a few strong Lewis acid sites are formed
upon dehydroxylation. This is consistent
with the relative Lewis acid strengths of B
and Al found by Zhang (47).

In Fig. 4 H-AI-ZSM-5 is seen to be-
have somewhat differently from other
samples of H-ZSM-5 previously investi-
gated. Instead of showing a maximum in

the Q-0 plot, there is a continuous and
sharp drop in acid strengths from 178 to 110
kJ mol~! as NH; is added from ¢ = 0 to 1.2
NHs/u.c. As in H-ZSM-11 there is a pla-
teau at ~70-80 kJ mol~'. Strong acid sites
are available up to 1.2 NH;3/u.c. compared
to 1.6 OH/u.c. by chemical analysis.

H-B,Al-ZSM-5 behaves similarly to a
H-AI-ZSM-5 sample with a low Al con-
centration. The effect of B in this sample is
masked by the Al but a maximum in the Q
vs 6 plot was observed as for the H-B-
ZSM-11 sample.

D. IR Data

a. Mid-infrared spectra. The mid-infra-
red spectra of all samples (Fig. 5) are char-
acteristic of the pentasil family (49, 50) with
absorption bands near 1230, 1100, 800, 560,
and 455 cm™! and optical density ratios of
the 560- to 455-cm™! bands equal to ca.
0.6 as usually observed for pentasil zeolites
(49). The frequency of the 1100-cm™! band
decreased from 1102 cm™! for H-B-ZSM-
11 to 1098 cm™! for H-Al-ZSM-11 with the
Si/M ratio decreasing from 72.8 to 15.6.
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FIG. 4. Differential heats of ammonia adsorption on H-Al-ZSM-5 and H-B,Al-ZSM-5 at 143°C.

Similar shifts noted for other zeolites have
been related to an increase in framework Al
content (5/).

Differences between B and Al pentasil
zeolite spectra are best observed for self-
supported wafers with respect to KBr pel-
lets. New bands exist for the B samples at

Transmission %

1000 800
Wavenumber cm— !

1700 1500 1300

FiG. 5. Mid-infrared spectra of H~-B-ZSM-11 evac-
uated at 400°C. Cross-hatched areas represent typical
boralite bands.

1380, 970, 920, 700, and 670 cm~'. The
strongest band at 1380 cm™' is 70 times
weaker than that at 1100 cm ™! and is barely
detectable in KBr pellets (Fig. 5).

These new bands, with the exception of
the 970-cm™! band, are related to the pres-
ence of boron and are observed in all boron
pentasils (52) (Fig. 5). These assignments
are based on comparison with IR spectra
observed for binary borosilicate glasses
(53-57) or films (58-60). In borates, a
strong absorption in the region 1100-1400
cm™! characterizes the B—O asymmetric
stretching vibration of boron in three-fold
coordination alone or in complex polymeric
anions. In general higher frequencies reflect
higher degrees of anion condensation (60,
61). A high-frequency shift is also observed
in B,O; frameworks, when the B next-
nearest neighbors are progressively re-
placed by less polarizing Si atoms. This
results in an increase in the B-O bond
order and consequently in a shift of the
B--O asymmetric stretching frequency from
1265 to 1380 cm™! (53-58).

The other absorptions at 920, 700, and
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670 cm™', observed in all borosilicate
glasses, are generally attributed to B—O-Si
linkages (53, 54). We assign these bands to
the symmetric stretching vibration (920
cm™!) and to the asymmetric and symmetric
bending vibrations (700 and 670 cm™') of
the BO; group in a symmetry lowered from
Dy, to C3v.

When ammonia, methanol, or to a lesser
extent, water was adsorbed on the 400°C
dehydrated boron zeolite samples, the in-
tensities of the bands at 1380, 920, 700, and
670 cm™! decreased to zero while a broad
band near 1470 cm™' developed (Fig. 6).
This change was reversible since outgas-
sing at room temperature totally restored
the initial bands.

Such behavior was already mentioned by
Taft (59) during hydration of borosilicate
films and was interpreted as due to hydro-
lysis and formation of B(OH); species.
Scholle and Veeman (/6) have studied bo-
ralite dehydration and rehydration using
UB MAS NMR. They observed a change in
the NMR spectrum which they interpreted
as a transformation of trigonal boron to
tetrahedral boron upon H,O adsorption.
Tetrahedral boron resulted in a narrow
peak at 3 ppm similar to our site 1 NMR
spectrum feature.

Transmission %

1600

1400
Wavenumber cm—!
FiG. 6. Mid-infrared spectra of H-B—ZSM-11 show-
ing effects of NH; adsorption. (a) After evacuation at
400°, (b) 0.5 Torr NH;, (¢) 35 Torr NH,;.

A triply degenerate BO, stretching mode
is expected near 1096 cm™' (60) and was
indeed observed at 1130 and 926 cm™' (de-
generacy being removed) for danburite, a
calcium borosilicate where B is tetrahe-
drally coordinated and at 1170 and 1090
cm™! for BPO, (62, 63). In the latter case,
an excess of boron resulted in superficial
BO; groups characterized by additional IR
absorptions at 1400 and 710 cm™! (63).

It is thus difficult to assign precisely the
IR peaks to three- or four-coordination of
B. It seems probable that because of the
presence of intense SiQ vibrations at 1100
cm™!, BO, in T, symmetry may not be
detectable in boralite. Based on the
changes in IR spectra upon NH;, CH;0H,
or H,O adsorption, we tentatively propose
the following explanation. Due to its small
size, boron is located near three oxygen
atoms in a tetrahedral hole of the pentasil
framework in a configuration similar to that
described by Scholle and Veeman (/6).
This results in BOs-type vibrational modes.
Tetrahedral boron is obtained only by
adding a fourth ligand giving site 1 as de-
scribed in the NMR section.

b. Infrared spectra in the 1600- to 4000-
cm™! region. The spectra observed for the
400°C outgassed samples are shown in Fig.
7. They are composed of a narrow and
intense peak at 3738 cm™! with a shoulder at
ca. 3700 cm™! and a broad and intense peak
at ca. 3520 cm™!. The latter band was not
detected for other boralite samples (52). It
should be noted that when Al was not
present (H-B-ZSM-11 sample), the 3610-
cm™! hydroxyl group band was not ob-
served (Fig. 7). When Al impurity was
present, a small peak at 3610 cm™" was
detected. We thus conclude that the 3610-
cm™! band is due to an acidic OH group
related to lattice Al as suggested earlier
64).

After dehydroxylation at 800°C, all hy-
droxyl group bands disappeared, except a
narrow band at 3745 cm™' of low intensity
with a small shoulder at 3730 cm™.

Upon adsorption of increasing incre-
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Optical density

3700 3300 3300 em!

Fi1G. 7. Hydroxyl region of (1) H-B-ZSM-11 after
evacuation at 400°C, (2) H-B,AI-ZSM-S after evacu-
ation at 400°C, (3) H-B,Al-ZSM-$ after evacuation at
800°C.

ments of NH;, two bands at ca. 3385 and
3280 cm™', due to N-H stretching vibra-
tions, developed progressively (Fig. 8). The
intensities of the 3740- and 3520-cm™' bands
were observed to decrease only when the
sample was equilibrated with a residual
NH; pressure of the order of 0.1 Torr. This
was totally reversible in the sense that both

11

bands reappeared with their starting inten-
sity upon outgassing at room temperature.

By analogy with IR spectra observed for
borosilicate glasses, boron phosphate, and
ZSM-5 zeolite, we suggest that the 3740-
and 3700-cm™! bands are due to terminal
silanols (64) and to isolated B—-OH groups
(63, 65-68). The 3520-cm ™' band which was
perturbed only at appreciable NH; pres-
sures may be assigned to gem OH groups

(B<gg) or to internal OH groups as de-

fined by Moffat and Neeleman (67).

The two absorption bands at ca. 3385 and
3290 cm™! observed upon NH; adsorption
may be assigned to B < NH; species as in
the case of Vycor glass (66), B,O; on aerosil
(65), and BPO, rich in B (68). They disap-
peared only after desorption at 150°C. The
absence of other NH; or ammonium spe-
cies stable under vacuum at room tempera-
ture allows us to conclude that the material
has little or no Brgnsted acidity in the usual
meaning but weak Lewis acidity as shown
by TPD and NMR (69). It is worth noting
that ammonium borate does not exist since
it is immediately decomposed into NH; and
boric acid. In short, we tentatively suggest
the following assignments.

Species A
si H Si H* (H,O)n
\o e \o P 2
!
Hzo |
I
o] o] 0O site 3 o o] [¢]
site 3 site 1
Species B
H H L
H\ o HzO H\ Vi SPECIES A. A 3700-cm™! band of weak acidity (52),
° / — ° AN /o detectable in IR for the sample outgassed at 400°C.
\B -~ B H
s / s
S 0 AN /° ° Species B. The 3520-cm™! groups which interact
si s | weakly and reversibly with NH, with H bonding of the
< \ H type B—-O-H...NH; and disappear irreversibly by cal-
site 3 site 2 cining at 800°C.
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Optical density

3700 3500 3300 3100em}

Fi1G. 8. Hydroxyl region after NH; adsorption on
H-B-ZSM-11. (1) After evacuation at 400°C, (2) after
adsorption of 0.28 NH;/u.c., (3) 0.42 NHs/u.c., (4)
after equilibration with 0.5 Torr NH,.

At NH; pressures >0.1 Torr formation of
an ammonia complex probably occurs: we
propose B—OH...NH;(NH;), as suggested
from microcalorimetry data.

E. Catalytic Results

When Al was not present in the zeolite
(sample H-B-ZSM-11) no catalytic activ-
ity in methanol conversion and in toluene
alkylation with methanol was observed.
Only small amounts of dimethyl ether were
detected. Increasing the CH;OH reaction
temperature up to 600°C results in the for-
mation of appreciable amounts of light ole-
fins but the lifetime is short.

For samples containing both Al and B the
usual catalytic activity and selectivity char-
acteristic of Al pentasils were obtained. It
is striking to note that para-xylene selectiv-
ity in the toluene alkylation reaction was
not enhanced in the presence of boron
in contrast to boron-impregnated samples
(70). The lifetime of the catalyst without
regeneration was observed to increase with
the amount of aluminum.

It may thus be concluded that boron at
lattice sites in ZSM-5 and ZSM-11 zeolites

does not introduce catalytic activity for the
reactions studied, at least under usual con-
ditions. This result is in agreement with the
weak acidity resulting from the presence of
lattice boron in contrast to aluminum as
described above.

CONCLUSIONS

Boron introduced in the pentasil frame-
work is four-coordinated when hydrated in
two forms as evidenced by NMR (sites 1
and 2). Site 1 has already been reported
previously (16). Site 2 corresponds to a new
NMR spectrum tentatively assigned to a
H,0(0OH),B(0Si) species. By dehydration
these two forms give rise to framework

trigonal boron with B-OH and gem B<8g

groups exhibiting IR bands at 3700 and 3520
cm™!, respectively, but exhibiting the same
NMR spectrum (site 3).

The reversible transformation of four- to
three-coordination upon dehydration is
rather unusual for zeolite framework cat-
ions and may be related to the thermal in-
stability of boron within the lattice (70).

The observation that site 2 is present in
hydrated and partially hydrated samples
suggests that all of the possible framework
Si—-O-B bridges are not formed in the mate-
rials studied. In ZSM-5, evidence for simi-
lar incomplete framework bridging is also
available from ®Si NMR (71), but dehy-
droxylation during calcination cures these
framework defects.

In the literature, there are some discrep-
ancies in the interpretation of three- or
four-coordination from IR spectra. Inter-
pretation of IR spectra is based on the
assumption that small shifts result from
changes in bond order, based solely on
comparison with known standards. How-
ever, NMR spectra allow the coordina-
tion number about boron to be determined
directly and unambiguously.

Both microcalorimetry and IR provide
evidence that the presence of boron in the
pentasil framework gives rise to only very
weak acidity. This results in low catalytic



reactions studied in

methanol conversion and toluene alkylation

with methanol.
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