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Abstract

The presence of two independent methylamine species in microporous aluminophosphate IST-1 (|(CH3NH2)4(CH3NH+
3)4

(OH�)4|[Al12P12O48]) has been shown previously by synchrotron powder X-ray diffraction. One of these species, [N(1)–C(1)], links to
a six-coordinated framework Al-atom [Al (1)], while the other methylamine [N(2)–C(2)] is protonated and hydrogen-bonded to three
O-atoms [O(1), O(2) and O(12)]. We revisit the structure of IST-1 and report the complete assignment of the 1H NMR spectra by com-
bining X-ray data and high-resolution heteronuclear/homonuclear solid-state NMR techniques based on frequency-switched Lee–Gold-
burg homonuclear decoupling and 31P–31P homonuclear recoupling. Careful analysis of the 2D 1H–X homonuclear correlation (X = 1H)
and 2D heteronuclear correlation (X = 13C, 31P and 27Al) spectra allowed the distinction of both methylamine species and the assignment
of all 31P and 13C resonances. For the first time at a relatively high (9.4 T) magnetic field, symmetric doublet patterns have been observed
in the 13C spectra, caused by the influence of the 14N second-order quadrupolar interaction.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Since the pioneering work of Lee and co-workers [1] and
Waugh and Fessenden [2], which lead to the introduction
of the WHH-4 multiple pulse scheme, high-resolution
NMR techniques based on homonuclear decoupling have
been extensively studied, aiming at making them less sensi-
tive to experimental imperfections and increasing the
decoupling performance. Many pulse sequences have been
developed to decrease or suppress the effects of the homo-
nuclear dipolar interaction. Prominent examples are
WHH-4 [2], MREV-8 [3,4], BR-24 [5], BLEW-48 and
BLEW-12 [6], TREV-8 [7], MSHOT-3 [8], DUMBO-1 [9],
FS-LG-2 [10,11], PMLGn [12–15], and wPMLGn [15].
1090-7807/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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The older sequences were designed for static conditions
and, thus, are limited to relatively slow magic-angle
spinning (MAS) [16]. Since the late 1970s, following the
introduction of combined magic-angle-rotation and multi-
ple-pulse (CRAMPS) by Gerstein et al. [17], these methods
have been nearly always performed under MAS for averag-
ing out other anisotropic interactions such as chemical-
shift anisotry and heteronuclear dipolar interactions.

As a result of the continuous improvement of hardware
and software in the last 15 years, a new generation of
improved sequences has been proposed, including frequen-
cy-switched Lee–Goldburg (FS-LG). In general, the multi-
pulse sequences fail at high MAS rates due to interference
between the sample spinning and RF cycles. However, with
the recent CRAMPS techniques (FS-LG-2, PMLGn, and
others) based on off-resonance RF fields, it is possible to
simultaneously manipulate the spin and spatial parts of
the dipolar Hamiltonian without loss of decoupling effi-
ciency. Sequences like FS-LG-2 have short cycle times
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and, hence, may be combined successfully with moderately
fast MAS (12–15 kHz) [18]. The FS-LG-2 decoupling
scheme has found widespread application in multi-dimen-
sional experiments involving proton evolution in the indi-
rect dimension (F1).

Since the discovery of microporous aluminophosphates
by Wilson et al. [19], much research has been concentrated
on the synthesis of these materials, employing organic tem-
plates [20,21] (generally amines), which play a decisive role
as structure-directing agents. Here, we report NMR studies
of a templated aluminophosphate, IST-1 [22], containing
two types of methylamine species: [N(1)–C(1)] (here denot-
ed MA or –NH2) is linked to six-coordinated Al atom,
while [N(2)–C(2)] (MA+ or –NH3

+) resides in the channels
and is probably protonated and hydrogen-bonded to three
framework oxygen atoms [O(1), O(2), and O(12)]. An
additional hydroxyl group [O (13)], bridging two Al-atoms
[Al (1) and Al (3)], is also present [22].

We have used 1H NMR resolution-enhancement tech-
niques, such as two-dimensional (2D) 1H–1H homonuclear
correlation (HOMCOR) and heteronuclear 1H–X
(X = 13C, 31P, 27Al) correlation (HETCOR) MAS experi-
ments using FS-LG decoupling, to elucidate the fine details
of the IST-1 structure, particularly in what concerns the
methyl-ammonium cations, MA+, and Al-coordinated
methylamine molecules, MA. Moreover, the 31P–31P dou-
ble quantum (DQ)-single quantum (SQ) experiment was
used to confirm the previous assignment of the IST-1 31P
resonances [22]. This work is part of a comprehensive study
aimed at evaluating the usefulness of high-resolution 1H
NMR techniques to elucidate the structure of inorganic–
organic hybrid materials.
1.1. FS-LG-2 principle

The FS-LG-2 is a phase and frequency-switched tech-
nique, also called flip-flop Lee–Goldburg (FFLG)
sequence. Lee and Goldburg showed that the application
of an off-resonance irradiation by DLG ¼ v1ffiffi

2
p induces an

effective field ðveff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

1 þ D2
LG

q
Þ inclined at the magic-an-

gle, hm ¼ arctanð
ffiffiffi
2
p
Þ ¼ arctanð v1

DLG
Þ, with respect to the

static magnetic field, B0. This effective field is perpendicu-
lar to a tilted rotating frame-~z (or toggling frame), result-
ing in an efficient 1H homonuclear decoupling. By
applying LG irradiation (perturbation) the spins precess
around the effective field or magic-angle axis (1, 1,1), thus
cancelling the dipolar Hamiltonian to first order, over a

period of sLG ¼
ffiffiffiffiffiffiffiffiffi

2
3ðv1Þ2

q
, i.e., the time to complete a 2p

rotation around the tilted field. By simultaneously switch-
ing the RF phase and carrier frequency, between opposite
signals, (meff = ± DLG/coshm) the effective field direction
may be inverted, producing a LG-type experiment sym-
metric by reflection, named FS-LG. This experiment
improves the dipolar truncation to second order by elim-
inating all even-order terms [23]. To first order, the homo-
nuclear dipolar couplings are averaged out, whereas
shielding (isotropic and anisotropic parts) is scaled by a

theoretical factor of 1=
ffiffiffi
3
p

. This technique requires high-
switching speed (<1 ls) of the four-phase modulator
(4-PM) to rapidly change the offset frequency (± DLG).
2. Experimental section

2.1. Synthesis

Microporous aluminophosphate IST-1 was synthesized
according to [24].
2.2. Infrared spectroscopy

FT-IR spectra were measured using KBr pellets (Aldrich,
99%+, FT-IR grade) on a Matson 7000 FT-IR spectrometer.

2.3. Solid-State NMR

1H, 13C, 31P and 27Al NMR spectra were recorded on a
Bruker Avance 400 (9.4 T) spectrometer (DSX model) at,
respectively, 400.1, 100.6, 161.9, and 104.3 MHz, using a
4 mm double-bearing probe. To reduce RF inhomogeneity,
the sample was restricted to the center of the 4-mm ZrO2

rotor. 2D FS-LG measurements were performed using a
3 ls 1H 90� pulse. The 1H RF field strength was set to
ca. 83 and 100 kHz for, respectively, FS-LG and TPPM
decoupling. The phase switching between each Lee–Gold-
burg (LG) pulse was optimized by monitoring the multi-
plet-fine structure of adamantane. The optimization of
the FS-LG decoupling was performed by acquiring multi-
ple 2D experiments on natural abundance alanine using
different power values and checking the resolution in F1.
The phase modulation angle for the TPPM decoupling
was set to 15.0�, giving a pulse length of 4.4 ls when opti-
mized directly on the IST-1 sample.

Ramped-amplitude cross-polarization (RAMP-CP) [25]
was used in the 1H channel to transfer magnetization from
1H to 13C/31P/27Al. The 1H RF field was ramped from 100
to 50% (from 100 to 50 kHz for 13C and 31P, and
50–25 kHz for 27Al), while the X RF field was set to 66,
50, and 12 kHz for 13C, 31P, and 27Al, respectively.

Chemical shifts are quoted in ppm from TMS (1H and
13C), [Al (H2O)6]3+ (27Al), and 85% H3PO4 (31P).
2.3.1. 2D 1H{FS-LG}–X (X = 1H, 13C, 31P, and 27Al)

HOMCOR/HETCOR spectra

Before each LG pulse, the frequency offset was alternat-
ed between +DLG and �DLG (or �m1=

ffiffiffi
2
p

) corresponding to
+58925 + mlg and �58925 + mlg Hz. Best results were
obtained using asymmetric offsets during the FS-LG
decoupling of about mlg = ± 4–6 kHz [26]. This value is
added to the above frequency jumps and is optimized to
move the axial artifact out of the spectrum and avoid spec-
tral truncation along F1.



Fig. 1. Pulse sequences used for 2D (A) 1H–X CP HETCOR with RAMP-CP, (B) 1H{FS-LG}–1H HOMCOR, and (C) 31P DQ-SQ correlation sequences
(POSTC7 [29]). hm is the (magic) angle between the static magnetic field (B0) and the effective magnetic field (Beff). hc is the complementary angle, hc = p/
2 � hm. The nested phase cycling used in the (A and B) pulse schemes is /1 = +y �y; /2 = +x +x �x �x +y +y �y �y and /rec = 0 2 2 0 1 3 3 1. For the
POSTC7 sequence (C), the values of m, n, RD and z-filter (z) are depicted in the figure captions. The 90� detection pulse phase cycling is: /1 = 0 0 0 0 1 1 1
1 2 2 2 2 3 3 3 3 and the receiver phases are: /rec = 2 0 2 0 3 1 3 1 0 2 0 2 1 3 1 3 for the cosine part, and /rec = 0 2 0 2 1 3 1 3 2 0 2 0 3 1 3 1 for the sine part.
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2D 1H{FS-LG}–X dipolar HETCOR and 2D 1H{FS-
LG}–1H dipolar HOMCOR experiments were performed
using the pulse sequences (and phase cycling scheme)
depicted in Figs. 1A and B, respectively [18]. 2D 1H{FS-
LG}–1H dipolar HOMCOR experiments were acquired
using a z-filter (mixing time) delay with null time to avoid
spin diffusion. The LG pulse length (sLG) was set to 9.8 ls
and, thus, one FS-LG unit equals two successive sLG units.
Quadrature detection in t1 was achieved using the States-
TPPI method [27]. For the FS-LG HOMCOR/HETCOR
schemes, the 1H chemical shift scale and the scaling factors
k were determined by comparing the 1D 1H spectra record-
ed under fast MAS (30 kHz) and under the FS-LG homo-
nuclear decoupling sequence determined by direct
comparison with the scaled 1H{FS-LG}–1H HOMCOR
spectra [18,28]. Scaling factors of 0.56–0.58 were obtained
for all spectra, within the range of the theoretical value.
Specific experimental conditions of each spectrum are given
in the figure captions.

2.3.2. 2D 31P–31P DQ HOMCOR

The pulse sequence employed for the 31P–31P DQ mea-
surements is shown in Fig. 1C. Prior to the relaxation
delay, a saturation comb of 90� pulses was applied. The
POSTC7 sequence was chosen to reintroduce the 31P–31P
homonuclear dipolar interaction under MAS conditions
and to achieve an efficient broad band excitation and
reconversion of the DQ coherences [29]. The 90� pulse
was set to 3.6 ls and the phases were adjusted by using a
combination between the digital phase shifter (n� 7� 2p

7

phase increments intercalated by a phase preset of 0.3 ls)
and the four-phase modulator (alternating between +x

and �x according to the pulse sequence in Fig. 1). Further
details on the experimental conditions are given in the fig-
ure captions. After t1 evolution, the DQ coherences were
reconverted using the excitation pulse sequence, with an
overall constant phase shift of p/2 to achieve time reversal.
For quadrature detection during t1, the States mode was
employed [27]. No 1H decoupling was applied during
acquisition.

3. Results and discussion

3.1. Structure description

The structure of IST-1 (Figs. 2 and 3) was refined from
high-resolution synchrotron powder X-ray diffraction data
in the non-centrosymmetric space group Pca21, in tandem
with solid-state NMR [22]. Here, we concentrate our atten-
tion on the following structural features of IST-1: (i) one
methylamine species probably protonated [MA+, C(2)–N(2)],
resides in the channels and is hydrogen-bonded to three
framework oxygen atoms; (ii) a second methylamine mole-
cule [MA, C(1)–N(1)] bonds directly to a framework Al
atom, a relatively uncommon structural feature among
aluminophosphates.



Fig. 2. (A) Crystal packing viewed in perspective along the a-axis. (B) Unit cell contents viewed along the c-axis depicting the location of the extra-
framework MA [C(2)–N(2)] species inside the IST-1 pores.

Fig. 3. (A) Schematic representation, viewed down the b-axis, showing the MA, [N(1)–C(1)], species coordinated to Al(1), and the protonated MA+

species (residing in the channels, hydrogen bonded to three framework O-atoms [O(1), O(2) and O(12)]). (B) Polyhedral representation of the structure of
IST-1 viewed down the c-axis.
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3.2. Spectral analysis

3.2.1. 1H NMR

The 1H{FS-LG}–1H HOMCOR spectrum of IST-1
(Fig. 4) exhibits four well-resolved resonances at ca. 1.2,
2.4, 3.9 and 7.8 ppm, attributed to the Al-OH, CH3, NH2

(MA) and NH3
+ (MA+) species, respectively. Usually,

protonated amines resonate at high frequency, typically
7.0–9.0 ppm, depending on the nature of
H-bonding network present [18,30,31]. The previous struc-
tural study did not provide definitive proof for the presence
of MA+ cations in IST-1 [22]. However, the resonance at
ca. 7.8 ppm (Fig. 4) is clearly attributed to +N–HÆÆÆO�
interactions. The large N–Al bond length [2.10(1) Å] and,
thus, weak chemical bond helps understanding why the
NH2 resonance is much shifted to low frequency relatively
to NH3

+ resonance (3.9 and 7.8 ppm). The spectrum also
displays a peak at 1.2 ppm, tentatively assigned to bridging
O–H [Al (1)–OH–Al (3)] groups, which resonate at
0.8–1.5 ppm [30,31], or non-acidic terminal Al–OH groups
in AlPOs [32].

In accord with the NMR evidence, the FT-IR spectrum
shows group frequencies typical of protonated amines: (i)
stretching vibrations, m (NH3

+) = 3115 cm�1; (ii) asymmet-
ric and symmetric bending vibrations, das (NH3

+) = 1610
and ds (NH3

+) = 1532 cm�1; (iii) wagging vibrations,



Fig. 4. 2D 1H{FS-LG}–1H HOMCOR spectrum of IST-1. A total of 200
t1 increments with eight transients each were collected. F1 increments were
synchronized with an integer number of FS-LG units (n Æ 2 Æ sLG) with
n = 3. The value of mlg was ±3000 Hz and the recycle delay 3 s.

Fig. 5. 2D 1H{FS-LG}–13C CP HETCOR NMR spectra of IST-1 recorded wit
each were collected. The F1 increments were synchronized with an integer num
the value of mlg was �5000 Hz. The F2 slices of selected cross-peaks are depic
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x (NH3
+) = 730 and 710 cm�1; and (iv) the typical torsion-

al vibrations of NH3
+ at 536 and 515 cm�1.

3.2.2. 13C NMR

The interpretation of the 1H–X (X = 13C, 31P, and 27Al)
HETCOR spectra is assisted by considering the interatomic
separations obtained from the synchrotron powder X-ray
diffraction structure [23]. Because no neutron diffraction
data were collected, reliable HÆÆÆX distances are not avail-
able. Instead, distances between X and the atom to which
a given proton is linked will be considered.

The 2D 1H{FS-LG}–13C CP HETCOR spectrum
recorded with a contact time (CT) of 2000 ls [Fig. 5A] is
uninformative because all peaks are correlated. However,
the spectrum recorded with CT = 200 ls [Fig. 5B] clearly
shows that (i) the 1H resonance at ca. 2.4 ppm is attributed
to the CH3 groups, and (ii) the 13C resonance at ca.
24.5 ppm is unambiguously assigned to the MA+ carbon
[C(2)], because a unique cross-peak is observed between it
and the MA+ proton peak (ca. 7.8 ppm). The latter conclu-
sion is in contrast with the tentative assignment of the 13C
resonances based on computational models [22].

An outstanding feature of the F2 (13C axis) projections
of the spectra in Fig. 5 is the presence of asymmetric dou-
h (A) CT = 2000 and (B) CT = 200 ls. 90 t1 increments with 164 transients
ber of FS-LG units (n Æ (2 Æ sLG)) with n = 3. The recycle delay was 3 s and
ted on the left.
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blets centred at ca. 24.5 and 28.2 ppm, which may be attrib-
uted to the: (i) presence of four non-equivalent MA species,
or (ii) unaveraged 13C–14N dipolar coupling involving the
quadrupolar nucleus 14N [33,34]. The latter usually yields
asymmetric doublets with intensities in a 2:1 ratio, which
is clearly observed in the 1H–13C CP-MAS spectra shown
in Fig. 6. However, this splitting is usually observed at rel-
atively low B0 fields and, to the best of our knowledge, has
not yet been reported at 9.4 T.

The splitting observed in Fig. 6 arises because the 14N spin
states are not purely Zeeman in nature (|wkæ, with
k = �1,0,+1). In a 13C–14N coupled spin pair, the quantiza-
tion axis of 14N spin is not strictly along the external
magnetic field (B0) since the quadrupolar interaction of
14N has, in many cases, a magnitude comparable to that of
the Zeeman interaction. Several systems have been investi-
gated where the first-order perturbation accounts for the
effect of residual dipolar coupling to quadrupolar nuclei in
solid-state NMR spectra of spin-1/2 nuclei [20,35–41].

Olivieri and Harris [20,39,40] derived first- and second-
order effects on the 13C resonance, the latter showing a
Fig. 6. Ramped 1H–13C CP-MAS spectra showing the effect of the
Zeeman field (B0) on the asymmetric doublet pattern. Spectra were
acquired at (A) 11.74 T and (B) 9.39 T. The heteronuclear decoupling RF
field and the spinning speed used were set to t1 = 100 kHz and
tR = 12 kHz, respectively. TPPM-15 was used as the heteronuclear
decoupling scheme. The magic angle was very carefully adjusted to obtain
the best resolution.
dependence of the 13C splitting, ((2)DmK) on parameters
such as the C–N distance, static magnetic field and quadru-
polar constant:

ð2ÞDmK ¼
DISCQ

mS
� 3SðS þ 1Þ � 9k2

20Sð2S � 1Þ � 3 cos2 b� 1

þ g sin2 b cos 2a; ð1Þ

where b and a are the polar angles specifying the orienta-
tion of the I–S internuclear vector with respect to the
EFG tensor, and mS is the S (14N) spins Larmor frequency.
Eq. (1) is only applicable if certain assumptions hold [20].

Eq. (1) shows that the peak positions depend on k2 and,
thus, the |w±kæ state (i.e., |w±1æ for the 14N nucleus) produc-
es the same shift, since the signal does not influence the
eigenstates. The result is the superposition of the |w+1æ
and |w�1æ states at the same frequency and |w0æ at a differ-
ent frequency, thus yielding the theoretical 2:1 ratio
[20,39,40]. Eq. (1) further shows an inverse dependence of
the 13C splitting with the S spins Larmor frequency, in
agreement with our results (Fig. 6A). Increasing the mag-
netic field from 9.4 to 11.7 T reduces the splitting, indicat-
ing that the 14N second-order quadrupolar effects influence
the 13C–14N dipolar interaction. In principle, the splittings
observed for the two resonances, may support the assign-
ment made on the basis of the 2D 1H{FS-LG}–13C HET-
COR spectra (Fig. 5). Olivieri et al. [40] reported a nearly
Fig. 7. 31P–31P double-quantum HOMCOR spectrum of IST-1. A total of
120 t1 points synchronized with the rotor period [(1/tR) = 100 ls] with 16
transients each were collected. The DQ excitation/reconversion times were
1 ms (n = 5, see Fig. 1), m = 10, RD = 30 s and z (z-filter) = 1/tR. Auto-
correlation peaks are depicted with arrows and the 2Q coherences between
the three different 31P resonances (cross-peaks) are also indicated [22].
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linear relationship between the C–N crystallographic dis-
tances and the 13C splittings, i.e, the shorter the C–N dis-
tance the larger the splitting value. In IST-1, the C–N
distances of the MA (resonance at ca. 28.2 ppm) and
MA+ (ca. 24.5 ppm) species are 1.481 and 1.499 Å, respec-
tively. Since the C–N distances are very similar the quadru-
pole coupling constants (CQs) of both species probably
determine the size of the splittings. However, the CQ’s of
the 14N nuclei are unknown.

3.2.3. 31P NMR

The 2D 31P–31P double-quantum (DQ) HOMCOR
experiment was performed in order to confirm the previous
Table 1
PÆÆÆP crystallographic distances in IST-1 structure (Å)

P sitesa P(1) P(2) P(3)

P(1) 5.65
P(2) 4.57 5.03
P(3) 4.90 4.23 5.48

a Labeling scheme follows the notation presented in the 31P spectra of
Figs. 7 and 8 is in accord with the X-ray structure [22].

Fig. 8. 2D 1H{FS-LG}–31P CP HETCOR NMR spectra of IST-1 recorded wi
each were collected. The F1 increments were synchronized with an integer num
the value of mlg employed was �5000 Hz.
31P assignment, based upon 27Al–31P HETCOR evidence
[22] which, because of the complicated spin dynamics
involved in the spin locking and polarization transfer
between spin-1/2 quadrupolar nuclei, was only tentative.
Moreover, 27Al–31P HETCOR spectroscopy requires a
third NMR channel which is not necessary for recording
2D 31P DQ spectra.

Consider the F2 (31P) projection in Fig. 7. The resonanc-
es of the three unique P sites of IST-1 have been labeled
according to the internuclear PÆÆÆP distance depicted in
Table 1 [22]. The strongest 31P auto-correlation peak (diag-
onal) is attributed to P(2) because the P(2)ÆÆÆP(2) distance is
the shortest one. As expected, the P(3)ÆÆÆP(3) peak is very
weak, while the P(1)ÆÆÆP(1) correlation is absent. With this
information in hand, the assignment of the cross-peaks is
straightforward and it may be confirmed by considering
the cross-peak intensities (Fig. 7). Clearly, the strongest
cross-peaks are P(2)ÆÆÆP(3) and the faintest P(1)ÆÆÆP(3).

Consider now the 2D 1H{FS-LG}–31P CP HETCOR
spectra in Fig. 8. In accord with the X-ray structure, the
less intense cross-peaks are observed between P and H
atoms which are further apart: P(2)ÆÆÆN(1) (5.3 Å) and
th (A) CT = 2000 and (B) CT = 20 ls. 90 t1 increments with 72 transients
ber of FS-LG units (n Æ (2 Æ sLG)) with n = 3. The recycle delay was 3 s and
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P(1)ÆÆÆN(2) (3.9 Å). The spectrum in Fig. 8 supports the
assignment of MA and MA+ species made previously.
The distances depicted in Fig. 8B are consistent with the
cross-peak intensities observed. For instance, the distance
P(2)ÆÆÆN(1) is, by far, the longest (5.3 Å). Accordingly, the
faint cross-peak correlating P(2) and the –NH2 [HN(1)–
Al] groups is correctly labeled in Fig. 8, allowing the
assignment of the C(1)–N(1) to the MA residues resonating
at ca. 3.9 ppm (–NH2). The 1H resonances of C(2)–N(2)
may, thus, be assigned to the MA+ species resonating at
ca. 7.8 ppm (–NH3

+). The P(1)ÆÆÆN(2) cross-peak is much
less intense than the P(2), P(3)ÆÆÆN(2) cross-peaks, presum-
ably because the P(1)ÆÆÆN(2) distance is the longest (respec-
tively, 3.9 and 3.7 and 3.4 Å).
Fig. 9. 2D 1H{FS-LG}–27Al CP HETCOR NMR spectra of IST-1
recorded with (A) CT = 3500 and (B) CT = 500 ls. 128 t1 increments with
8 transients each were collected for (A) and 128 t1 increments with 80
transients each were collected for (B). The F1 increments were synchro-
nized with an integer number of FS-LG units (n Æ (2 Æ sLG)) with n = 3. The
recycle delay was 3 s and the value of mlg was �5000 Hz.
3.2.4. 27Al NMR

The 1H{FS-LG}–27Al CP HETCOR spectra of Fig. 9,
confirm that five-coordinated Al is the furthest from the
CH3 groups [dAl(3)–C(1) = 4.8 Å, dAl(3)–C(2) = 4.9 Å]. The
six-coordinated Al [N(1)ÆÆÆAl(1)] still gives the strongest
cross-peak at short CT, as expected. The peak tail at ca.
1.2 ppm in F1 [Fig. 9B] may be due to the O(13)–H pro-
tons bridging the five- and six-coordinated Al sites. This
is further supported by the presence of a strong and narrow
O–H stretching FT-IR band at ca. 3512 cm�1.

The –NH2 proton resonance, is clearly observed in
the 1H{FS-LG}–27Al HETCOR spectra at low CT,
while the other resonances become faint. This is because
five- and six-coordinated Al [Al (3) and Al (1), respec-
tively] are relatively close to the MA residues coordinat-
ed to Al (1) [consider the AlÆÆÆN distances in Fig. 9B].
The extraction of more information from these spectra
is prone to error, due to the complicated spin dynamics
involving quadrupolar nuclei during spin locking [42,43],
which can influence the peak intensity by quadrupolar
relaxation effects.
4. Conclusion

The local 13C, 31P, 27Al and 1H environments in IST-1
have been studied by two-dimensional high-resolution
NMR techniques such as 1H{FS-LG}–1H HOMCOR,
2D 1H{FS-LG}–X HETCOR and 31P DQ-SQ correlation
techniques (X = 31P, 13C, and 27Al).

High-resolution 1H NMR techniques employing FS-LG
homonuclear decoupling, used in tandem with X-ray crys-
tallographic evidence, have been shown to be useful tools
to investigate the structure of the microporous alumino-
phosphate IST-1. In this study, we have:

• Proven the existence of protonated amine in the IST-1
pores (MA+ residues);

• Unambiguously assigned the resonances of methylamine
MA species, covalently bonded to a framework Al, and
MA+ residues inside the pores, by combining 1H{FS-
LG}-1H HOMCOR and 1H{FS-LG}–13C/31P/27Al
HETCOR techniques;

• Assigned the 31P crystallographic environments by com-
bining 31P–31P DQ-SQ and 1H{FS-LG]–31P HETCOR
experiments.
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