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Abstract: Adsorbate complexes formed by adsorption of methanol on zeolite H-ZSM-5 have been investigated by
1H, 2H, 13C, and?’Al NMR spectroscopy at temperatures betwden 425 K andT = 85 K. The data derived were
explained by hydrogen-bonded neutral methanol molecules and partially protonated methanol clusters consisting of
one and three methanol molecules per SIOHAI group, respectivelyl. 2A295 K, the hydroxyl protons of adsorbate
complexes formed by one methanol molecule per SIOHAI group exhibit a high mobility and undergo a rapid chemical
exchange. ThéH MAS NMR shifts 014 = 4.1 and 14.2 ppm) of the OH groups after adsorption o@B and

the 2H quadrupole coupling constants (QGE230 and 140 kHz) of the OD groups after adsorption of;OH,
obtained afl < 153 K, correspond to those of rigid and hydrogen-bonded molecules?’ZAhguadrupole coupling
constants of AlQ tetrahedra involved in the local structure of bridging OH groups interacting with one and three
methanol molecules (QC& 8.0 and 2.5 MHz, respectively) depend on the number of adsorbate molecules and
indicate a partial deprotonation of SIOHAI groups in the complexes formed by three methanol molecules per SIOHAI

group.
Introduction complex [ complex 11
Brgnsted acid sites at the internal surface of zeolites and their Q

interaction with reactant molecules are of utmost importance
for the role of these materials in heterogenous catalysis.
Hydroxyl groups in aluminosilicates and silicoaluminophos-
phates which act as acid sites are located on oxygen bridges
connecting tetrahedrally coordinated framework silicon and Si?f(;@
aluminum atoms. The protons of these bridging OH groups :
(SIOHAI) compensate for the negative framework charges QC\
introduced by the tetrahedrally coordinated aluminum atom. )@E
Since the acidic zeolite H-ZSM-5 is applied as catalyst for the T he)
conversion of methanol into hydrocarbons, great effort has been
invested to develop the understanding of this reaction and to Figure 1. Adsorbate complexes formed by methanol molecules

investigate adsorbate complexes formed by methanol andinteracting with model clusters of bridging OH groups derived by
bridging OH groups in zeolites? quantum chemical calculations. Reprinted with permission from ref

4. Copyright 1995 American Chemical Society. In comglexmethanol
Recently, adsorbate complexes formed by methanol moleculesmolecule is physisorbed via two hydrogen bonds while complex

bonded on model clusters of bridging OH groups were theoreti- (ion-pair structure) consists of a methoxonium ion hydrogen bonded
cally investigated by Haase and Sa&éiGale® and Nusterer  at the negatively charged model cluster.

et al® These studies suggest that physisorption of methanol
on bridging OH groups via two hydrogen bonds is the most
stable binding geometry (complelx in Figure 1), while a
methoxonium cation bonded to the deprotonated fragments
(complexll in Figure 1) was found to be a transition stafe.

explained théH MAS NMR spectra of zeolite H-ZSM-5, loaded

with more than one methanol molecule per bridging OH group
and recorded at room temperature, by formation of protonated
adsorbate complexes. FTIR studies, carried out by Mirth et

In a number of NMR spectroscopic studies the chemical al.? indicated a formation of methoxonium ions in zeolite

interactions of bridging OH groups with probe molecules have H'ZSM'5 also for low met_hanol coverages. According to
been studied (for reviews see refs 7 and 8). Anderson %t al. Thursfield and Andersot,an increase of the methanol coverage

gives rise to the formation of large methanol clusters. THie
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MAS NMR shifts, observed for hydroxyl protons contributing
to these clusters, were discussed in connection with weak
chemical bonds between the zeolite framework and these
clusters. 13C MAS NMR shifts, observed at ambient temper-
ature for low coverages of methanol molecules on zeolite
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H-ZSM-5, were explained by rigidly bonded protonated adsor-
bate complexes. In contrast to these reséiHNMR investiga-
tions and'H MAS NMR spin-echo experiments on adsorbate
complexes consisting of one methanol molecule per bridging
OH group in zeolite H-ZSM-5 indicated a high mobility of
hydroxyl protons afl = 295 K1112 Therefore, the experimen-
tally derivedH NMR shifts may be influenced by a rapid
chemical exchange of hydroxyl protons between SiOHAI groups

and hydrogen-bonded neutral and/or protonated adsorbate

complexed? In addition, multinuclear solid-state NMR inves-

tigations have shown that the adsorption of methanol molecules

on zeolite H-ZSM-5 leads to a variation in the local structure
of SIOHAI groups!?12

The aim of the present study is the characterization of
complexes formed by adsorption of up to three methanol
molecules per SiOHAI group in zeolite H-ZSM-5. By applica-
tion of a newin situadsorption techniqd&*and of multinuclear

NMR spectroscopy at variable temperatures the chemical

bonding and mobility of hydroxyl protons and deuterons
contributing to adsorbate complexes and the influence of
methanol adsorption on the local SiOHAI structure have been
investigated.

Experimental Section

The synthesis of zeolite ZSM-5 was carried out without a template
according to ref 15. By’Al MAS NMR spectroscopy all aluminum
atoms were found at tetrahedrally coordinated framework positions.

The ammonium exchange of the parent sample was carried out by 4-fold

ion exchangeri a 1 Naqueous solution of NAOs for 12 h at 353 K.
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adsorption of CD;OH on
zeolite H-ZSM-5:
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Figure 2. 'H MAS NMR spectra of dehydrated zeolite H-ZSM-5
recorded duringn situ adsorption of CROH atT = 295 K.

hole in the rotor cap. In a saturator the nitrogen gas was loaded with
methanol having a partial pressure ok610° Pa atT = 283 K. The
chemical shifts are referenced to external standards of a 0.1 N aqueous
solution of AI(NGs); for 27Al, tetramethylsilane fofC and!H, and

D,0 for 2H NMR spectroscopy. The PC program WIN-FIT (Bruker
software) was used for decomposition and simulation of NMR spectra.

Results and Discussion

A. In Situ NMR Investigations of Methanol Adsorption

From the bulk chemical analysis using atomic-emission spectroscopy on Zeolite H-ZSM-5. In the present study a new technique

with inductively coupled plasma (AES-ICP) ag/na ratio of 22 and
an ion exchange degree of 96% were derived. The zeolite H-ZSM-5

for the injection of gaseous molecules into the MAS rotor was
applied which allowsn situ NMR spectroscopic investigations

was prepared by calcination of the ammonium-exchanged sample in ¢ adsorption on zeolites. The dehydrated zeolite H-ZSM-5,

vacuum (below 1@ Pa) for 12 h at 673 K. Thex situprepared
samples were loaded with GBH (Fluka), CROD (99.95 atom % D,
Th. Geyer), CROH (99.0 atom % D, Th. Geyer), and @BID (99.0
atom % D, Deutero GmbH) using a vacuum line. The number of

adsorbed molecules was adjusted volumetrically to one or three

filled in the in situ MAS rotor1314 is flushed during the
measurements with nitrogen gas. Prior to the injection of the
carrier gas into the MAS rotor, it is loaded in a saturator with
CDsOH (partial pressure of 6« 10° Pa). Figure 2 shows a

methanol molecules per bridging OH group. The numbers of adsorbed Stacked plot of'H MAS NMR spectra of zeolite H-ZSM-5

CH;OH and CHOD molecules were proved by a comparison of the
IH MAS NMR intensities of the unloaded and loaded samples.

The NMR spectroscopic investigations were carried out on a Bruker
MSL 400 spectrometer with resonance frequencies of 100.6 MHz for
13C, 104.3 MHz for?’Al, 61.4 MHz for ?H, and 400.13 MHz fofH
NMR. 2H and ?’Al NMR spectra were recorded on static samples
(without MAS) as described in ref 16 applying a phase-cycled
quadrupole-echo sequencBC and*H MAS NMR measurements were
carried out with 7 and 4 mm MAS NMR Bruker probes and rotation
frequencies of 4 and 10 kHz, respectively. The pulse delaj the
rotation-synchronizetH MAS NMR spin-echo sequencea/RQ—7—ma—
T-acquisition) was adjusted to multiples of the MAS periegd= 100
us” For thein situ adsorption of methanol on zeolite H-ZSM-5 the
injection equipment described in refs 13 and 14 was applied. During
these experiments nitrogen gas, loaded with@B, was injected into

recorded immediately beforé £ 0 min) and aftert(> 0 min)
thein situadsorption of CROH atT = 295 K was started. The

IH MAS NMR spectrum obtained dt= 0 min consists of a
signal at 1.8 ppm due to terminal silanol groups and a
superposition of two signals at ca. 4.2 ppm caused by free
bridging OH groups in 10-ring channels (narrow component)
and perturbed bridging OH groups (broad componékt}2The
peaks at ca. 17, 113, and—9 ppm are due to MAS sidebands
(viot = 2.5). After the adsorption of CIDH is started, a low-
field signal appears at ca. 9.5 ppm which is caused by hydroxyl
protons of adsorbate complexes. With running adsorption time
the intensity of the low-field signal increases while the line of
bridging OH groups at 4.2 ppm decreases. The fact that the
IH MAS NMR signal of silanol groups remains at the position

a commercial 7 mm MAS NMR_ Bruker rotor via an axially placed_ of 1.8 ppm is a hint for the low affinity of these hydroxyl groups
glass tube. This glass tube was inserted into the rotor through an axialy, interact with methanol molecules. Since no signal of methy!
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groups appears at 3.6 ppm, the occurrence of an isotopic H/D
exchange between zeolitic OH groups and deuterated methyl
groups can be excludéd!

In Figure 3a the uptake of GIDH, given in numbersicp.on,
of molecules per SIOHAI group in zeolite H-ZSM-5, is depicted
as a function of the adsorption tinte This uptake curve was
derived using the unloaded sample, recorded at tim® min,
as intensity standard. After adsorption of four molecules of
CDsOH per SiOHAI group {= 120 min) the experiment was

(18) Beck, L. W.; White, J. L.; Haw, J. B. Am. Chem. S0d994 116,
9657.
(19) Brunner, EJ. Mol. Struct.1995 355 61.
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Figure 3. Uptake of CROH given in numbersicp,on, Of molecules
per SiIOHAI group in zeolite H-ZSM-5 depicted as a function of the
adsorption time (a) and*H MAS NMR shifts, 414, of the hydroxyl
protons involved in adsorption complexes depicted as a function of
Ncoson (D). The valuesicp,on and d14 were derived by an evaluation
of the spectra in Figure 2.

stopped. Figure 3b shows thel MAS NMR shifts, 614, of

the hydroxyl protons involved in adsorption complexes depicted
as a function ofncp,on. While for coverages of up to one
methanol molecule per SiOHAI group thd MAS NMR shifts

Hunger andvétbr
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Figure 4. 'H MAS NMR spectra of dehydrated zeolite H-ZSM-5
recorded afl = 295 K before (a) and after adsorption of one OB
molecule per SiOHAI group (b), one GDD molecule per SiOHAI
group (c, d), three CEDH molecules per SIOHAI group (e), and three
CD3OD molecules per SiOHAI group (f). The pulse delayf the
rotation-synchronizetH MAS NMR spin-echo experiment applied to
obtain the spectrum in (d) amounts#e= 0.4 ms.

agreement of théH MAS NMR shifts observed foin situ and
ex situprepared samples.
In previous™H MAS NMR investigations of partially rehy-

are constant at ca. 9.3 ppm, a further increase of the methanograted zeolite H¥? and zeolites HY and H-ZSM-5 loaded with
coverage leads to a decrease of the shift values (for anPyridine! a rotation-synchronized Hahn-echo sequence was

explanation see below). Using the saimesitu MAS NMR
technique, the conversion of alcohols under continuous-flow
conditions was investigatéd14

B. H and 3C MAS NMR Investigations of Zeolite
H-ZSM-5 Loaded with One and Three Methanol Molecules
per Bridging OH Group. For the investigation of the chemical
bonding of bridging OH groups with different methanol
isotopomers, dehydrated zeolite H-ZSM-5 wassituloaded
with CD3;OH and CROD. As observed in the spectrum shown
in Figure 2 { = 0 min), thelH MAS NMR spectrum of the
dehydrated zeolite H-ZSM-5 recorded with an MAS frequency
of vt = 10 kHz (Figure 4a) consists of signals of SiOH and
SiOHAI groups at 1.8 and 4.2 ppm, respectively. After
adsorption of one CEDH molecule per SiOHAI group or one
CD3;0D molecule per SiOHAI group the low-field signal appears
at 9.5 ppm (Figure 4b,c). It is important to note that the
resonance position of this low-field signal is equal for zeolite
H-ZSM-5 loaded with COH and CROD. This behavior
indicates a rapid H/D exchange between the zeolitic SIOHAI

applied. By this technique, signals due to mobile and rigid
nuclei could be distinguished. If the thermal correlation time,
7, of mobile nuclei is small in comparison with the pulse delay,

7, of the pulse sequence, the corresponding signal is suppressed
in the echo. Figure 4d shows thd MAS NMR spectrum of
zeolite H-ZSM-5 loaded with one GDD molecule per SIOHAI
group and recorded using the Hahn-echo sequence with a pulse
delay oft = 0.4 ms. The significant decrease of the low-field
signal at 9.5 ppm points to a high mobility of the corresponding
hydroxyl protons. Therefore, the continual variation of thie

MAS NMR shift of the hydroxyl protons caused by an increase
of the methanol coverage during thresitu adsorption experi-
ment (see Figures 2 and 3b) can be explained by a rapid
chemical exchange. This rapid chemical exchange may occur
between hydroxyl protons of bridging OH groups and of
methanol molecules in the physisorbed (2-fold hydrogen-
bonded) and/or chemisorbed (methoxonium) state. A suitable
way to slow this rapid exchange are measurements at low
temperatures.

groups and the methanol OD groups and agrees with the results Figure 5 showsH MAS NMR spectra of zeolite H-ZSM-5

of theoretical investigations! Haase and Saugproposed the
formation of two symmetry-equivalent neutral adsorbate com-
plexes which are 2-fold hydrogen bonded (compare comiplex

loaded with different methanol isotopomers and recorded at
= 153 K. Generally, the decrease of the temperature results in
a strong broadening of théH MAS NMR signals. The

in Figure 1). The above-mentioned H/D exchange correspondseXistence of MAS sideband patterns indicates that the thermal
to a transition between these symmetry-equivalent adsorbatecorrelation times.z., of these hydroxyl protons are large in

complexed and has an energy barrier of only 12 kJ/rhol.
After adsorption of three CEDH or CD;OD molecules per

SIOHAI group, low-field signals at the resonance position of

8.5 ppm were found (Figure 4e,f). Hence, there is a good

comparison with the periodo: = 1/, Of the MAS frequency,
vrot. 21 Parts a and b of Figure 5 show the low-temperattte

(20) Hunger, M.; Freude, D.; Pfeifer, H. Chem. Soc., Faraday Trans.
1991, 87, 657.
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H-ZSM-5 at T=153 K:
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Figure 5. Low-temperature { = 153 K) *H MAS NMR spectra of
dehydrated zeolite H-ZSM-5 loaded with one £ molecule per
SiOHAI group (a, b), one CEDD molecule per SiOHAI group (c),
three CROH molecules per SiOHAI group (d), and three £D

molecules per SiOHAI group (e) (asterisk indicates MAS sidebands).

MAS NMR spectra of zeolite H-ZSM-5 loaded with one €D
OH molecule per SiOHAI group. By a comparison of the
spectra recorded with MAS frequenciesigf = 7.5 kHz and

Vot = 5.2 kHz, MAS NMR central lines at 1.8, 4.1, 9.6, and
14.2 ppm were identified. The signal at 1.8 ppm is due to
terminal SiOH and SiOHAI group5!81° The broad signal at
ca. 9.6 ppm corresponds to a residual amount of mobile hydroxyl
protons as observed at= 295 K (compare Figure 4b,c). The
remaining two signals at 4.1 and 14.2 ppm (marked by dashed
lines) are due to hydroxyl protons of adsorbate complexes. The
strong MAS sideband patterns of the signals at 4.1 and 14.2
ppm indicate that these hydroxyl protons (spire 1/2) are
involved in a strong dipolar interaction with neighboring
hydroxyl protons and framework aluminum atoms (spis

5/2) which is characteristic for hydroxyl protons in adsorbate
complexes and SIOHAI groups. Furthermore, the splitting of
the spectrum into twdH MAS NMR patterns shows that the
transitions between the above-mentioned two symmetry-
equivalent adsorbate complexesre frozen afl = 153 K.

Figure 5¢c shows théH MAS NMR spectrum of zeolite
H-ZSM-5 loaded with one CEDD molecule per SiOHAI group
recorded al = 153 K. The fact that also this spectrum consists
of two signals at 4.1 and 14.2 ppm can be explained by the
rapid isotopic H/D exchange between the zeolitic SIOHAI
groups and the methanol OD groups after the preparation of
the sample.

The'H MAS NMR spectrum of zeolite H-ZSM-5 recorded
at T = 153 K after adsorption of three GDH molecules per
SIOHAI group (Figure 5d) consists of a broad background and

(21) Pfeifer, H.J. Chem. Soc., Faraday Trans.1988 84, 3777.
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only weak signals at chemical shifts in the range of 1.8 to ca.
4 ppm. The background may be explained by a strong
broadening of théH MAS NMR signals due to a homonuclear
dipolar interaction of hydroxyl protons contributing to large
methanol clusters. As expected, the spectrum of the same
sample recorded dt = 295 K consists of a narrow line at 8.5
ppm (compare with Figure 4e). At this temperature, the above-
mentioned homonuclear dipolar broadening is averaged by an
isotropic reorientation of the methanol clusters. The low-
temperature’H MAS NMR spectrum recorded of zeolite
H-ZSM-5 after adsorption of three GDD molecules per
SIOHAI group (Figure 5e) is similar to that in Figure 5c.
Because of the small concentration of hydroxyl protons in this
sample-the same concentration as in the parent zeolite H-ZSM-
5—no homonuclear dipolar broadening occurs. However, in
contrast to zeolite H-ZSM-5 loaded with one €D molecule

per SIOHAI group (low-field line at 14.2 ppm), the adsorption
of three CQOD molecules per SIOHAI group results in a
resonance position of the low-field signal at 16.5 ppm (Figure
5e).

Application of13C MAS NMR spectroscopy allows the study
of the chemical state of molecules adsorbed on zed#htéghe
protonation of methanol molecules in a superacidic medium
leads to a low-field shift of thé*C MAS NMR signal from ca.

49 pprm® to 61 ppm?® Therefore, also the protonation of
adsorbate complexes formed by adsorption of methanol mol-
ecules on zeolite H-ZSM-5 should cause a low-field shift of
the 13C MAS NMR signal. However, after adsorption of one
and even of three methanol molecules per SIOHAI grdé,
MAS NMR signals at shifts of 50.5% 0.5 ppm were found.
Hence, the low-field shift described by Thursfield and Ander-
sorn® seems to be caused by methanol molecules adsorbed on
the considerable amount of extra-framework aluminum species
(15% AI® ref 10) of the zeolite H-ZSM-5 used in that study.

C. Mohbility and State of Hydroxyl Deuterons in Adsor-
bate Complexes Consisting of One and Three Methanol
Molecules Studied by?H NMR. A suitable way to investigate
the mobility of deuterons contributing to the OD groups of the
methanol complexes in zeolite H-ZSM-5 is the application of
variable-temperaturéH NMR spectroscopy. Since théH
nuclei have a nuclear spin df = 1, the dominating line-
broadening mechanism is the interaction of the electric quad-
rupole momentgQ, of the2H nuclei with thez-component of
the electric field gradienty,; = eq at the site of the nuclei.
The strength of this quadrupole interaction is described by the
guadrupole coupling constant, QGE e2qQ/h, which can be
derived by a simulation of the NMR line shaffeThe2H NMR
spectra of rigid hydroxyl deuterons consist of quadrupolar
patterns with an edge splitting in the range of @00
kHz 2527 Denotingz. as the thermal correlation time of an
isotropic molecular reorientation, the line widthy,, in the
fast-exchange regime is given®y

37[ 2
Avyp= E)( Q) (3rc +

(22) Pfeifer, H.; Ernst, HAnnu. Rep. NMR Spectrost994 28, 91.

(23) Olah, G.-A.; White, A. MJ. Am. Chem. Sod.969 91, 5801.

(24) Freude, D.; Haase, J.NMR, Basic Principles and Progred3iehl,
P., Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1993; Vol. 29, p
1.

(25) Berglund, Bo; Vaughan, R. W. Chem. Phys198Q 73, 2037.

(26) Luz, Z.; Vega, A. JJ. Phys. Chem1987, 91, 374.

(27) Stepanov, A. G.; Zamaraeyv, K. |.; Thomas, J.Q4tal. Lett.1992
13, 407.

(28) Spiess, H. W. INMR, Basic Principles and ProgresBiehl, P.,
Fluck, E., Kosfeld, R., Eds.; Springer-Verlag: Berlin, 1978; Vol. 15, p 55.

57,

2t
5T
1+ (0,70

1+ 4wyt

e’
h

1)




12306 J. Am. Chem. Soc., Vol. 118, No. 49, 1996

H-ZSM-5 + 1 CH;0OD/SiOHAL:
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Figure 6. 2H NMR spectra of dehydrated zeolite H-ZSM-5 loaded
with one CHOD molecule per SiOHAI group (a-c) and three £HD
molecules per SIOHAI group (¢ff), recorded with a quadrupole-echo
sequence at temperaturesTof= 425 K (a, d),T = 295 K (b, e), and
T=85K(c, f).

wherew, = 27y, is the resonance frequency. An important

prerequisite for the application of eq 1 to obtain information

about the thermal correlation time is the knowledge of the
quadrupole coupling constant of the quadrupolar pattern of rigid
nuclei.

Figure 6 shows théH NMR spectra of zeolite H-ZSM-5
loaded with one CBDOD molecule per SiOHAI group fac)
and three CHOD molecules per SiOHAI group {ef) recorded
at temperatures off = 425, 295, and 85 K. The spectra
recorded afl = 295 K andT = 425 K (Figures 6a,b,d,e) are
dominated by narrow signals indicating an isotropic reorientation
of the OD groups. AT = 425 K, the centers of gravity of the
isotropic lines appear at the chemical shift of£@ ppm which
agrees very well with théH MAS NMR shift value obtained
at T = 295 K. The?H NMR spectrum of zeolite H-ZSM-5
loaded with one CkDD molecule per SiOHAI group and
recorded afl = 295 K (top of Figure 6b) shows an isotropic
signal with a line width of about 15 kHz. The quadrupolar
patterns observed in tiél NMR spectra afl = 85 K (Figure
6c,f) indicate a strong slowing of the molecular motions. The
spectrum of zeolite H-ZSM-5 loaded with one gbD molecule
per SIOHAI group (Figure 6c) consists of two quadrupolar
patterns with edge splittings of aboAw, = 175 + 10 kHz
andAv; = 105+ 10 kHz. According to QCG= (4/3)Av,?°
the quadrupolar coupling constant of the former pattérm)
amounts to ca. 230 kHz which corresponds to free or weakly
bonded SiODAI group$2” or weakly bonded OD groups of
molecular compound®. The quadrupolar coupling constant of
the latter patternAv;) of ca. 140 kHz is influenced by the
chemical interaction of hydroxyl deuterons of methanol com-
plexes. According to eq 1 and to tAd quadrupole coupling
constant QCG= 140 kHz of the rigid (aff = 85 K) deuterons
in methanol complexes formed by one §&»D molecule per
SiOHAI group, the?H NMR linewidth of Avy, = 15 kHz
observed al = 295 K corresponds to an isotropic reorientation
of the OD bonds with a thermal correlation timg, of ca. 0.5

(29) Barnes, R. GAdv. Nucl. Quadrupole Resol974 1, 335.
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a)  unloaded H-ZSM-5at T=295K

b) H-ZSM-5+ ¢) H-ZSM-5 +
1 CH;0H/SiOHAl 3 CH;OH/SiOHAI
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Figure 7. 27Al NMR spectra of dehydrated zeolite H-ZSM-5, unloaded
(a) and loaded with one G®H molecule per SiOHAI group (b) and
three CHOH molecules per SiOHAI group (c). All samples were
recorded with the quadrupole-echo sequence described in ref 16 at
temperatures of = 295 K (b and c, top) and = 85 K (b and c,
bottom).

us. The low-temperaturéH NMR spectrum of the adsorbate
complex formed by three GJOD molecules per SiOHAI group
(Figure 6f) consists of at least one quadrupolar pattern with an
edge splitting ofAvs = 115 + 5 kHz corresponding to a
guadrupole coupling constant of QGE 153 kHz. However,
this pattern seems to be overlapped by an additional isotropic
component.

D. Influence of Methanol Adsorption on the Local
Structure of Bridging OH Groups Studied by 27Al NMR
Spectroscopy. Similar to the above-mentionéti nuclei (spin
| = 1), also the?’Al nuclei (spin| = 5/2) are involved in
guadrupole interactions with the electric field gradients at their
sites. Quadrupole coupling constants of framework aluminum
atoms in dehydrated H-form zeolites (faujasite, ZSM-5, morden-
ite) of 11-16 MHz were derived by application of a phase-
cycled quadrupole-echo sequence and the simulation of the
quadrupole patterns recorded without application of MA:30.31
In addition, a strong influence of adsorbate molecules on the
27Al quadrupolar parameters of framework aluminum atoms
contributing to the local structure of bridging OH groups was
found!112 Figure 7 shows th&’Al NMR spectra of zeolite
H-ZSM-5 before (a) and after adsorption of one (b) and three
(c) CHsOH molecules per SiOHAI group recorded at temper-
atures ofT = 295 K (top) andl = 85 K (bottom). Decomposi-
tion and simulation of th&’Al NMR spectrum shown in Figure
7a yield two quadrupolar patterns corresponding to quadrupole
coupling constants of QC& 7.5+ 0.5 MHz (QP1) and QCC
= 15.5+ 0.5 MHz (QP2). As shown in Figure 7b,c, adsorption
of methanol results in a significant narrowing of the quadrupolar
patterns. Theé’Al NMR spectra of zeolite H-ZSM-5, loaded
with one (Figure 7b) and three (Figure 7c) €&¥H molecules
per SIOHAI group consist of only one component which
corresponds to a quadrupolar pattern with QE€@.0 £ 0.5

(30) Freude, D.; Klinowski, J.; Hamdan, Bhem. Phys. Letf.988 149,
355.

(31) Ernst, H.; Freude, D.; Wolf, I. IZeolites and Related Microporous
Materials: State of the Art 1994, Studies in Surface Science and Catalysis
Weitkamp, J., Karge, H. G., Pfeifer, H.,"Hierich, W., Eds.; Elsevier:
Amsterdam, 1994; Vol. 84, p 381.
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MHz (QP3) and to a narrow quadrupolar line with Q&C2.5 280+
+ 0.5 kHz (QL), respectively. The decrease of the temperature 2601
from T = 295 K (Figure 7b,c, top) td = 85 K (Figure 7b,c, 2404 o= CH,0D~0:
bottom) does not lead to a variation of th&l NMR spectra % 253 QCC = 230 kHz
and, therefore, of the quadrupole coupling constants. S 1804 |

E. Chemical State of Methanol Molecules Adsorbed on & 160 SIAIOD-O:
Bridging OH Groups in Zeolite H-ZSM-5. (1) Adsorbate 140
Complexes Formed by One Methanol Molecule per SIOHAI 1204 ° |
Group. Recently, Haase and Safipublished quantum chemi- b 0% obe 027 028 099
cal ab intio calculations on adsorbate complexes formed by one Ro.o/ nm

methanol molecule Per bridging OH group. THeNMR shifts Figure 8. 2H quadrupole coupling constants, QCC, of deuterons in
of hydroxyl protons in these model clusters were calculated to gp...q arrangements depicted as a function of the-@ distance

be 10.8 ppm for the neutral 2-fold hydrogen-bonded adsorbateg,, ., 25

complex and 17.4 ppm for the ion-pair structdrén the ion-

pair structure both hydroxyl protons bonded at the methoxonium (2) Adsorbate Complexes Formed by Three Methanol
ion have the samé& NMR shift (17.4 ppm): The *H NMR Molecules per SIOHAI Group. According to Thursfield and
shift of the hydroxyl protons in neutral adsorbate complexes of andersont? adsorption of more than one methanol molecule
10.8 ppm is a mean shift value of the hydrogen-bonded hydroxyl per SiOHAI group leads to the formation of large adsorbate
protons of the methanol molecule (gH:-+-O, 7.0 ppmj and clusters. IH MAS NMR and2H NMR studies have shown that
of the bridging OH group (SIAIOH-O, 14.6 ppnm). The'H at temperatures off > 295 K the OH and OD groups
MAS NMR spin-echo experiment (Figure 4d) adid NMR contributing to these clusters undergo a rapid isotropic reorienta-
investigations carried out &= 295 K indicate a high mobility tion (vide suprd. The continual decrease in the méahMAS
of the hydroxyl protons and deuterons ¢f ca. 0.5us), perhaps  NMR shift of the OH groups with increasing methanol coverage
coupled with a rapid exchange. The mé&hand?H NMR (Figure 2) indicates a rapid exchange of hydroxyl protons
shifts of hydroxyl protons and deuterons in adsorbate complexeshetween bridging OH groups and free, hydrogen-bonded and/
formed by one methanol molecule per SiOHAI group &f1® or protonated methanol molecules. The broadening of the low-
ppm agree very well with the mean shift value of 10.8 ppm, temperaturéH MAS NMR spectrum of zeolite H-ZSM-5 loaded
theoretically derived for the neutral 2-fold hydrogen-bonded with three CQQOH molecules per SiOHAI group (see Figure
complex? 5d) is a hint for a condensation of the methanol molecules to
The strong line-broadening and MAS sideband patterns in clusters. The observed strong dipolar broadening is due to the
IH MAS NMR spectra recorded af = 153 K and the small H-H distances of the hydroxyl protons in these rigid
guadrupolar patterns in ti#éd NMR spectra obtained aft = methanol clusters. Th#d MAS NMR signal observed at 16.5
85 K are a hint for rigidly bonded adsorbate complexes at these ppm, after adsorption of three GOD molecules per SiOHAI
temperatures. The low-temperatdi¢ MAS NMR spectrum group, has to be attributed to hydroxyl protons of bridging OH
of zeolite H-ZSM-5 loaded with one GOH molecule per groups interacting with the methanol clusters. The proton
SiOHAI group consists of two signals at 4.1 and 14.2 ppm which resonance position of this signal (16.5 ppm) is significantly
are due to hydroxyl protons of the adsorbate complexes. larger than that observed after adsorption of one;@D
Considering the theoretically deriveiH NMR shifts (vide molecule per SIOHAI group (14.2 ppm). This fact indicates a
suprg),* the lines at 4.1 and 14.2 ppm may be explained by higher proton affinity of large methanol clusters in comparison
hydrogen-bonded hydroxyl protons of methanol molecules and with small adsorbate complexes. According to Haase and
SIOHAI groups, respectively, contributing to the neutral adsor- Sauer} a proton transfer from the bridging OH group to the
bate complexes. The splitting of these two signals, observedadsorbed methanol molecule (methoxonium ion) leads'te a
at T = 153 K, indicates that the transitions between the two NMR signal at 17.4 ppm which agrees qualitatively with the
symmetry-equivalent states of the neutral adsorbate complexesgxperimentally observed low-field shift of the signal of bridging
are frozen. OH groups interacting with large methanol clusters.

The low-temperaturéH NMR spectrum of zeolite H-ZSM-5 Ghose and Tsaﬁ'@pointgd to a linear relationship betwgen
loaded with one CEDD molecule per SIOHAI group consists  the ?’Al quadrupole coupling constants of AlQetrahedra in
of two patterns corresponding to quadrupole coupling constantsVarious inorganic solids and the-&l —O bond angles in these
of QCC = 230 kHz and QCG= 140 kHz. In a review ofH AlO,4 tetrahedra. The authors described the geometry of the
NMR parameters of deuterons in ®BD bonds, Berglund and ~ AlO4 tetrahedra by ahear strain parametewhich is calculated
Vaugha#® point to the relationship between thé quadrupole by the differences between the individuat@l —O bond angles
coupling constants, QCC, and the-@ distancesRo...o, of and the ideal bond angle of 1093 According to the above-
these arrangements (Figure 8). Considering the curve depictedneéntioned linear relationship, the decrease in the quadrupole
in Figure 8, the?H quadrupole coupling constant of QGE coupling constant of the Alptetrahedra in zeolite H-ZSM-5
140 kHz corresponds to deuterons in @ bonds between @S a result of methanol adsorption (from QECLS.5 MHz to
bridging OH groups (SIAIOB-0) and adsorbed methanol QCC= 2.5-8.0 MHz) is due to a decrease of thkear strain
molecules with @-O distances in the range from 0.25 to 0.26 COrresponding to a more symmetric geometry of the AlO
nm. The quadrupolar pattern corresponding to Q€230 kHz tetrahedra. For zeolite H-ZSM-5 loaded with basic probe
may be caused by free hydroxyl deuterons or weakly hydrogen Molecules this variation of the Alogeometry was explained
bonded deuterons in arrangements with &-O distance  PY the deprotonation of the SIOHA group’.In addition, also
between 0.28 and 0.29 nm (probably §0D-+-0). Hence, also & variation of A-O bond lengths has to be consideredb
the low-temperaturéH NMR investigations carried out on  iNitio calculations on model-clusters of bridging OH groups
zeolite H-ZSM-5 loaded with one methanol molecule per Nteracting with methanéland water moleculé indicated a
SiOHAI group indicate the existence of hydrogen-bonded ™ (33)Ghose, S.; Tsang, Am. Mineral.1973 58, 748.
adsorbate complexes. (33) Krossner, M.; Sauer, J. Phys. Chem1996 100, 6199.
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change of G-Al-0O bond angles as well as of AD bond formed by one methanol molecule per SiOHAI group has been
lengths in the AlQ tetrahedra. The variation of the-&I—0O investigated by variable-temperatuld MAS NMR and 2H
bond angles in Al@tetrahedra contributing to the local structure NMR spectroscopy. The application of these methods yielded
of SIOHAI groups is nearly the same for neutral 2-fold H NMR signals and2H quadrupolar patterns which are
hydrogen-bonded adsorbate complexes and ion-pair struc-characteristic for hydrogen-bonded hydroxyl protons and deu-
tures?3% On the other hand, there are significant differences terons, respectively. ThéH MAS NMR shift of hydroxyl
in the AI=O bond lengths of the above-mentioned AIO protons observed in low-temperature spectra of adsorbate
tetrahedrd:*® For AlO, tetrahedra in StO—Al bridges con-  complexes formed by three methanol molecules per SiOHAI
tributing to ion-pair structures the AlO bond length differences  group indicated a higher proton affinity of these complexes than
are significantly smaller than for Altetrahedra of SIOHAI  gpserved for complexes consisting of one methanol molecule
groups contributing to neutral 2-fold hydrogen-bonded adsorbate per SIOHAI group. In addition, a strong association of methanol
complexes:** This effect may be responsible for the significant  1olecules leading to methanol clusters was found at 153
smaller?’Al quadrupole coupling constant of AlQetrahedra K for the zeolite H-ZSM-5 loaded with three methanol
in the local structure of bridging OH groups interactin_g with  olecules per SIOHAI group. TH&AI quadrupole parameters
th.ree methanol molecules (QCE 2.5 M.HZ) In comparison of the AIO, tetrahedra contributing to the local structure of
with the QCC value of AlQ tetrahedra interacting with one  ginA| groups were found to be sensitive for the interaction
methanol molecul_e (QCE 8.0 MHz). Hence, the smatfAl of bridging OH groups with methanol molecules. The small
quaqlrupole coupling constant of framework Alt@trahedra of 27Al quadrupole coupling constant derived for framework AIO
Z'?O"te H-ZSM-5 loaded with j[hree methanol molecules per tetrahedra in zeolite H-ZSM-5 loaded with three methanol
SiOHAI group supports the partial protonation of large methanol ; T . .
clusters, molecules per SIOHAI group indicated a partial protonation of
the methanol molecules.
Conclusions
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