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Abstract

Small scalar J-coupling between quadrupolar nuclei and spin 1/2 can be measured in inorganic solids using J-Resolved exper-
iments and further used to acquire 2D J-HQMC heteronuclear correlation, giving detailed insight into the chemical bonding scheme.
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1. Introduction

Indirect spin—spin coupling constants, J, are known
to provide detailed information about the chemical
bonding and molecular structure, even in solid state
materials [1]. Typical isotropic values of spin—spin cou-
pling constants between light nuclei and across oxygen
bonds are in the range of a few tens of Hertz, while
dipolar couplings are in the range of kHz, chemical shift
anisotropy in the range of several or tens of kHz, and
quadrupolar couplings in the range of MHz [2]. It has
been known for several years that weak unresolved J-
couplings of ~20Hz or less, involving quadrupolar nu-
clei, can be used to promote magnetization transfer in
INEPT-based sequences [3-5]. Recent results on spin 1/2
nuclei in solid state materials have shown that the
through-bond approach can lead to spectral simplifica-
tion and enhanced resolution, as well as J-coupling
measurements by transposing liquid sequences based on
scalar coupling like J-Resolved [6-10], J~JHMQC [11], or
J-HSQC [12] experiments.

The aim of this contribution is to show that, when
considering inorganic compounds involving quadrupo-
lar nuclei bonded to 7 = 1/2 nuclei (*’Al and *'P in our
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case), and providing long enough coherence life time, it
is possible to accurately measure J-couplings, using
J-Resolved experiments [6-10,13], and to transpose the
J-HMQC heteronuclear correlation experiment [14,11]
to obtain new ways of characterizing the chemical
bonds. This approach makes use of the isotropic part of
the J-coupling tensor, which does not vanish with MAS,
leading to improved efficiency at the high spinning rates
that are required to obtain high resolution spectra for
quadrupolar nuclei. We shall first consider the relatively
simple case of berlinite (AIPOy4) that involves only one
aluminum and one phosphorus crystallographic sites,
and then show that this approach can be used to char-
acterize chemical bonding in hydrated AIPO, VPI-5
molecular sieve with three different aluminum and three
different phosphorus sites.

All experiments were conducted on a Bruker Avance
DSX 400 spectrometer (9.4T) equipped with a 4 mm
triple resonance MAS probe (spinning rate vg up to
13 kHz). Radio-frequency fields were kept low for >’Al
(~5kHz) to obtain a selective excitation of the central
transition (20 kHz for *'P). The experimental 1D and 2D
datasets were modeled using a modified version of the
dmfit program [15].

The structure of berlinite AIPO,4 (Space group P3; 2
1) involves one Al, one P, and two O (O; and O;) in-
equivalent crystallographic sites [16]. Aluminum and
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phosphorus occupy tetrahedrally coordinated positions,
Al-(OP)4 and P—(OAl)4, crosslinked by p, bridging ox-
ygen atoms, O; and O,. The 3P MAS NMR signal
consists in a single gaussian line (J;, = —24.6 ppm,
FWHM = 1.6 ppm). The ?Al MAS NMR signal shows
a typical second order quadrupolar lineshape
(Biso = 42.9ppm, Cq=4.07MHz, and 7nq=0.34).
Usually, in this type of compounds, the scalar J-
couplings are too weak to alter significantly the *’Al
second order quadrupolar lineshape, and to resolve the
complex multiplet in the 3'P spectrum [3,5,17]. Consid-
ering that it is possible to excite selectively the central
transition of a quadrupolar nucleus as a fictitious spin 1/
2 using low rf fields, that the coupling of 3'P with 4 multi
level quadrupolar nuclei is much more complex than
that of the central transition of 2’ Al coupled to 4 spin 1/
2 (*'P), and finally that T} for 3'P and ?’Al is greater
than 700 and 27s, respectively, we chose to examine
scalar 2Ja1o_p couplings starting with 2’ Al excitation.
Under magic angle spinning it is possible to measure
the spin-echo decay time T of the selectively irradiated
central transition of 2’Al (n/2 —t — m — t-acquire
Fig. 1a), which corresponds to a non-refocusable line-
width under the current experimental conditions. Al-
though this value is currently referred to as “7
relaxation time,”” we prefer to name it 7; which clearly
states its experimental nature and makes no hypothesis
on its underlying mechanism [10,18,19]. Fig. 1bl and cl
show the spin-echo decay (bl) and its Fourier trans-
form. They can be modeled with a close to perfect mono
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Fig. 1. {’'P}*’Al J-Resolved experiment on AIPOy berlinite, acquired

exponential decay, in time domain or a lorentzian line,
in frequency domain, leading to 7 = 14.1 & 0.5ms. The
application of a m pulse on the 3'P channel simulta-
neously with the *’Al m pulse of the echo sequence
(Fig. 1a) introduces a modulation of the obtained signal
by the heteronuclear AI-O-P J-coupling [8,10,13], which
can be modeled as:

S(x) =[] cos @nsz)exp (- 2¢/73),

where n are the different coupled nuclei with their cou-
pling J,, and T3 corresponds to the non-refocusable
linewidth under this experiment. This signal can be an-
alyzed in time domain, or frequency domain after Fou-
rier transformation. A good fit of experimental data (not
shown) is already obtained using the simplest model of 4
equal J-couplings of 22.7 +2 Hz. However, this yields a
T; value of 13ms, significantly lower than that of the
spin-echo experiment. This difference may be due to a
small recoupling effect due to the additional & pulse, but
we obtain a significant improvement of the model (Figs.
1b and c) when considering two different J-couplings
Ja = JAl,oa,p =26.0+1Hz (I’l = 2), Jb = JA1,0b,p =195+
1Hz (n = 2), and T) =spin-echo 7, (Figs. 1b2 and c2).
This second model is more consistent with the berlinite
structure that involves two slightly different O sites (O,
and O,) and thus two different AI-O-P bonds [16]. We
cannot yet ascribe the two different values of
J-coupling (a and b) to the two different oxygen bridges
(O; and O,), but it is remarkable to notice that the
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with vg = 13kHz: (a) Pulse sequence of the J-Resolved experiment, (b1, cl)

time and frequency domains of the 2’Al spin-echo spectra (no 3'P pulse); (b2, c2) time and frequency domains of the {*'P}2’Al J-Resolved spectra

(symbols) with their modeling (continuous line).
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{31P}?7Al J-Resolved experiment allows us to experi-
mentally evidence the presence of the two non-equivalent
O sites translating into their different scalar J-couplings.

The Al-O-P J-coupling can be further used to gen-
erate an heteronuclear J~HMQC correlation experiment
(Fig. 2a) [14,11]. J-HMQC directly derives from the
J-Resolved experiment, by splitting the 3'P « pulse into
two 7/2 pulses placed on both parts of the central >’ Al n
pulse and separated by an incremented ¢, /2 evolution
encoding the indirect dimension of the two-dimensional
spectrum. The phase cycling is designed to build up the
difference signal arising from double quantum hetero-
nuclear coherence, which evolves under 3'P isotropic
chemical shift during ¢;. The ?’Al projection of the 2D
experiment superimposes with the 1D spectrum and the
modeled lineshape (Figs. 2c1-c3). This can be under-
stood, since the transfer involves the isotropic part of
the J-coupling, independent of crystallite orientation. It
thus appears that MAS J-HMQC can be an efficient way
for obtaining through-bond heteronuclear correlation
between quadrupolar and dipolar nuclei.

The structure of hydrated VPI-5 molecular sieve
[20,21] contains three inequivalent aluminum sites: two
Al—-(OP), tetrahedra (Al, and Als), and one octahedron
Al-(OP)4(O-H;0); (Al); and three different tetrahedral
phosphorus sites. This compound has already been
studied by solid state NMR using different methods,
including {?’Al}3'P cross-polarization [22-26], TEDOR

[23], MQ-MAS [26], or combination of these experi-
ments. At usual magnetic fields, the 3'P MAS NMR
spectrum shows three resolved lines, while the 27Al
spectra show one well-resolved AlOg¢ resonance and two
overlapping AlO4 resonances (Al, and Alz). The Al, and
Als lines can be resolved with MQ-MAS [25] or MQ-
HETCOR [26] experiments allowing to assign the reso-
nances to the different structural sites [20,21].

The 75 spin-echo decay times of the different Al sites
of VPIS are significantly shorter than that of berlinite.
Therefore, it is not possible to resolve their multiplets in
a J-Resolved experiment. 7, values for Al, (4.5ms) and
Al; (7.5 ms) sites remain independent from the spinning
rate, but are significantly different, while for the Al;
octahedral site T3 increases from 6.2 to 8.4ms when
increasing the spinning frequency from 10 to 13kHz.
Application of continuous wave 'H decoupling during
evolution and acquisition does not modify the observed
lineshape, but slightly increases 7, for Al; site up to
~9ms. This clearly shows that residual dipolar cou-
plings between the octahedron and its neighboring 'H
are still not perfectly averaged out. Fig. 3 presents the
{31P}2 Al MAS J-HMQC spectrum of hydrated VPI5
obtained for 7= 5.4ms. As in the previous case, we
remark that the quadrupolar lineshape of site Al; is
close to ideal. Intensity of cross-peaks in the 2D
J-HMQC spectra will depend upon 7; of the different
sites and individual Al-O-P J-couplings. Signal of sites
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Fig. 2. MAS J-HMQC {3'P}?7Al spectrum of AIPO, berlinite vg = 13kHz. (a) J-HMQC pulse sequence; (b1, b2) experimental (t = 5.5ms) and
modeled 2D J-HMQC experiments showing an 2’ Al second order lineshape (8is, = 42.9 ppm, Cq = 4.07 MHz, g =0.34)in F2, and a 3P gaussian
line (850 = —24.6 ppm, FWHM = 1.6 ppm) in F1; (c1) the >’ Al projection of the JJHMQC, (c2) the >’ Al 1D MAS spectrum (* is the n = 0 spinning
sideband of the satellite transitions), and (c3) the model ideal lineshape.
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Fig. 3. MAS J-HMQC {3'P}?’Al spectrum of VPIS5 and its model assuming three different 3! P sites (P, —33.1, P, —27.1, and P3 —23.3 ppm) and three
different Al sites (Al; —10 ppm, Cq = 3.5MHz, 5 = 0.92, Al, 41 ppm, Po = 1.3 MHz, and Al; 43 ppm, Cq = 2.2MHz 51 = 0.9). vg = 13kHz, 256

scans, s recycle delay (8 pre-saturation scans), 1 = 5.4 ms.

Al, and Al; will be minimized and maximized, respec-
tively, due to their shorter and longer 7.

More interesting is to remark that, for each resolved
aluminum resonance, the intensities of the cross-corre-
lation peaks show very different behaviors. While over-
lapping Aly3 sites correlate with the three different
phosphorus with close to equal intensity, the spectrally
resolved Al; site correlates for 80% with P; site and for
only 10% each with P, and Pj sites. This cannot be only
due to the coordination sphere of Al; (2 x Py, P,, P3,
and water molecules). It clearly also implies that 2Ja; o_p
scalar couplings between Al; and P, 3 are much smaller
than between Al; and P;. An examination of the HMQC
build up curves yields JA11,p1 ~23Hz and JA“,pzN
Jan_p3~14 Hz. From crystal structure, we would expect
four different Al;—-O-P J-couplings (OP,, OP;, O,P,
and OyP;) that we could not separate using this exper-
iment. Nevertheless we remark that the P; sites, with
Al-O-P; angles of 150 and 169°, are located in the
walls of the zeolite structure, while the P, and P; sites,
with nearly equal Al;—O-P, 3 angles of 139° connect Al;
to its columns. This suggests that the J-coupling may be
very sensitive to the AI-O-P bond angle for octahedral
aluminum sites. The large contrast between J-coupling
values may also open the possibility to establish a
spectral edition based on chemical bond. It will be in-
teresting to measure J-couplings involving fivefold co-
ordinated aluminum sites that often arise during
dehydration processes of zeolite structures and to com-
pare with ab-initio quantum computation approaches.

Small scalar J-couplings of 15-25Hz between quad-
rupolar and dipolar nuclei, directly characteristic of
chemical entities, can be measured and used to establish
through-bond correlation in J-HMQC experiment,
providing long enough aluminum spin-echo decay time

T;. We evidence significant differences of AI-O-P scalar
J-coupling between the two inequivalent Al-O-P bonds
in the AI(OP)4 tetrahedron of berlinite, and between
the different P sites bonded to the Al; octahedron of
hydrated VPI-5 molecular sieve. These significant dif-
ferences directly bear information on the individual Al-
O-P chemical bonding and could be used to implement
spectral edition methods directly based on the chemical
bond characteristics. We anticipate that precise mea-
surement of J-coupling constant could yield new sources
of structural information. Works in progress involve
application of selective excitation to individually mea-
sure J-coupling between the different types of sites [27],
or combination with quadrupolar high resolution en-
coding [28,29], which could be implemented before or
after the HMQC or INEPT sequences.

Acknowledgments

D.M.,, F.F., and B.A. acknowledge financial support
from EEC contract HPRI 1999/00042, and we thank
anonymous reviewers for useful remarks and comments.

References

[1] J. Vaara, J. Jokisaari, R.E. Wasylishen, D.L. Bryce, Prog. Nucl.
Magn. Res. Spectrosc. 41 (2002) 233-304.

[2] A. Jerschow, Monatsh. Chem. — Chem. Monthly 133 (2002)
1481-1496.

[3] C.A. Fyfe, K.C. Wong-Moon, Y. Huang, H. Grondey, J. Am.
Chem. Soc. 117 (1995) 10397-10398.

[4] C.A. Fyfe, H. Meyer zu Altenschildesche, K.C. Wong-Moon,
H. Grondey, J.M. Chezeau, Solid State NMR 9 (1997) 97-106.

[5] H-M. Kao, C.P. Grey, J. Magn. Reson. 133 (1998) 313-323.

[6] A. Kubo, C.A. McDowell, J. Chem. Phys. 92 (1990) 7156-7170.



164 Communication | Journal of Magnetic Resonance 164 (2003) 160-164

[71 G. Wu, R.E. Washylishen, Inorg. Chem. 31 (1992) 145-148.

[8] A. Lesage, S. Steuernagel, L. Emsley, J. Am. Chem. Soc. 120
(1998) 7095-7100.

[9] A. Lesage, L. Emsley, M. Chabanas, C. Copéret, J.M. Basset,
Angew. Chem. Int. Ed. 41 (2002) 4535-4538.

[10] S.P. Brown, M. Perez-Torralba, D. Sanz, R.M. Claramunt,
L. Emsley, Chem. Commun. (2002) 1852-1853.

[11] A. Lesage, D. Sakellariou, S. Steuernagel, L. Emsley, J. Am.
Chem. Soc. 120 (1998) 13194-13201.

[12] A. Lesage, L. Emsley, J. Magn. Reson. 148 (2001) 449-454.

[13] L. Muller, A. Kumar, R.R. Ernst, J. Chem. Phys. 63 (1975)
5490-5491.

[14] R.R. Ernst, G. Bodenhausen, A. Wokaun, Principles of Nuclear
Magnetic Resonance in One and Two Dimensions, Clarendon
Press, Oxford, 1987.

[15] D. Massiot, F. Fayon, M. Capron, I. King, S. Le Calvé,
B. Alonso, J.-O. Durand, B. Bujoli, Z. Gan, G. Hoatson, Magn.
Res. Chem. 40 (2002) 70-76. Available from
<http://crmht-europe.cnrs-orleans.fr>.

[16] A. Goiffon, J.C. Jumas, M.M. Aurin, E. Philippot, J. Solid State
Chem. 61 (1986) 384-396.

[17] L. Delevoye, C. Fernandez, C.M. Morais, J.P. Amoureux,
V. Montouillout, J. Rocha, Solid State NMR 22 (2002)
501-512.

[18] A. Lesage, L. Duma, D. Sakellariou, L. Emsley, J. Am. Chem.
Soc. 123 (2001) 5747-5752.

[19] D. Sakellariou, S.P. Brown, A. Lesage, S. Hediger, M. Bardet,
C.A. Meriles, A. Pines, L. Emsley, J. Am. Chem. Soc. 125 (2003)
4376-4380.

[20] M.E. Davis, C. Saldarriaga, C. Montes, J. Gerces, C. Crowder,
Nature 331 (1988) 698.

[21] G. Cheetham, M.M. Harding, Zeolites 16 (1996) 245-248.

[22] C.A. Fyfe, H. Grondey, K.T. Mueller, K.C. Wong-Moon,
T. Markus, J. Am. Chem. Soc. 114 (1992) 5876-5878.

[23] C.A. Fyfe, K.T. Mueller, H. Grondey, K.C. Wong-Moon, J. Phys.
Chem. 97 (1993) 13484-13495.

[24] E.R.H. van Eck, W.S. Veeman, J. Am. Chem. Soc. 115 (1993)
1168-1169.

[25] J. Rocha, A. Esculcas, C. Fernandez, J.P. Amoureux, J. Phys.
Chem. 100 (1996) 17889-17892.

[26] C. Fernandez, C. Morais, J. Rocha, M. Pruski, Solid State NMR
21 (2002) 61-70.

[27] J.P. Amoureux, J. Trebosc, J.W. Wiench, D. Massiot, M. Pruski,
Rocky Mountain Conference, Denver, August 2002.

[28] L. Frydman, J.S. Harwood, J. Am. Chem. Soc. 117 (1995)
5367-5368.

[29] A. Medek, J.S. Harwood, L. Frydman, J. Am. Chem. Soc. 117
(1995) 12779-12787.


http://crmht-europe.cnrs-orleans.fr

	Chemical bonding differences evidenced from J-coupling in solid state NMR experiments involving quadrupolar nuclei
	Introduction
	Acknowledgements
	References


