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29Si and?’Al solid-state NMR have already played a vital role
in the characterization of technologically important zeolitbst
relatively few’0O NMR studies have been perform&dO is
only 0.037% in natural abundance, it is expensive to isotopically
enrich, it has a small magnetic moment, and the electric field
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Figure 1. 17O double rotation NMR spectra of Sil-Y. Spinning sidebands
are indicated by an asterix. Spectra are all referenced:@di 0 ppm.

The peak notation used in the rest of the paper is shown above spectrum
a.

obtained by techniques such as double rotation (BQad
dynamic angle spinning (DAS).

Assignments ot’O spectra have been made by using correla-
tions betweerC, andy and the Si-O—Si bond anglé:® These
semiempirical correlations, based on either quantum mechanical
calculation$ or the Townes Dailey modef have predicted

gradient is relatively large so the static and magic-angle spinning relationships wher€, is expected to increase, ando decrease,
(MAS) line shapes are often broad and featureless. Neverthelesswith Si—O—Si bond angle. However, with the limited amount

using high magnetic field strengths (1+.76.9 T) and state-of-

of data in the literature currently it is uncertain whether these

the-art double rotation probes, we have obtained high-resolution correlations are quantitatively reliable. There have also been

170 NMR spectra in which, for the first time, all crystallographi-

cally inequivalent oxygen sites in a zeolite have been resolved.

numerous attempts to calculate field gradients in various materi-
als? Ab initio density functional theory calculations have been

In addition, we present an assignment of the spectrum based uporperformed on the mineral forsterifavhere electric field gradients

guantum mechanical chemical shift and field gradient calculations.
70 has a nuclear spin df= 5, so the observed NMR line

shape of the central transition and its relative peak position are

determined by the quadrupole coupling const&lt,the asym-
metry parameter of the electric field gradient tensgrand the

within about 5% of the absolute experimental values were
obtained for*®Mg and 0.

Sil-Y was chosen for investigation byO NMR for several
reasons: (i) it adopts the same topology (FAU) as zeolites X and
Y, which are used widely as acid catalysts and separating media,

quadrupolar and chemical shift tensors, all of which are dependent(ii) the structure has been determined from neutron diffraction

upon the coordination of the oxygen and the type of bonding in
which it is participatingg The potential of’0O NMR to study
silicate¢ and zeolite3 has been demonstrated using MAS and
variable angle spinning techniques. Chemically distinct environ-
ments such as SiO—Si and Si-O—Al were distinguished in
several zeolites, but individual sites could not be resolved. High-
resolution’0 NMR spectra of condensed silicatéhave been
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with high accuracy! (i) the framework does not contain
aluminum or charge compensating cations that could cause
chemical shift dispersion, and (iv) due to its structural simplicity
(one crystallographically distinct Si site and four crystallographi-
cally distinct oxygen sites), it is an excellent sample for calculating
the 170 NMR chemical shifts and field gradients.

The static and MAS’0O NMR spectra ot’Ox(g) enriched Sil-Y
are broad and featureless, as expe¢tednder DOR conditions
the second-order quadrupolar interaction is averaged, resulting
in the observation of high-resolution spectra, where the observed
shifts in ppm,dqps for O are determined by the field independent
isotropic chemical shiftdiso, and the field dependent isotropic
second-order quadrupolar shift, dqis determined by the values
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1989 84, 410].
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Table 1. Observed’O NMR Shifts,Pq, Cq, andn Values for the Cy(MHz) 5.14 5.10 539 528
Four Oxygen Peaks in Sil#¥Y n 0.1 0.3 0.2 0.2
. Oiso Pqo  from DAS .
obsd shifts (ppm}:0.2 (opm) (MHz) Cq(MHz) 7 Experiment | | | l
57A07T 611.71' 614‘04T 616.85T :l:03 :i:002 :l:(003) :|:005 —r T 7 T T T T T T L T L |
; 45 40 3s
peak1 —48.8 128 232 305 473 5.15 5.14 0.1 ppm
peak2 —53.8 7.9 182 255 423 515 510 03 Co(MH2) 6.54 6.61 673 674
peak3 —69.6 —1.1 10.4 185 37.2 543 5.39 0.2 e n 0'1 0'2 o1 02
peak4 —67.9 —1.1 8.8 165 348 532 5.28 0.2 . ’ ) : ’
Calculations
aThe peak notation is the same as in Figure 1. 0@3) O(l)l 0(2) | ($C)] |
2 T T T B T T T
1 3/4 ppm 70 65 60

Figure 3. The assignment of th#’O NMR spectrum of Sil-Y using
quantum mechanical cluster calculations. The peak positions are the
genuine chemical shifts without any field dependent quadrupole effects.

and a doublé: polarization basis for St**6 From this structure,
clusters of four complete coordination spheres of silicon and
oxygen around each oxygen site were terminated with hydrogen
atoms. The field gradient tensor was obtained with the moloch
module of the TURBOMOLE prograi,with Vi, V,, andV,,
being obtained from the diagonalized tensor. TH@ NMR
isotropic chemical shifts were calculated with the CPHF-GIAO
method!® The values oBis,, Cy, andz are shown in Figure 3.
I cattl The calculated values @, are consistently larger than those
T T 1 kHz 2 0 -2 4 determined experimentally. This arises mainly from the use of
ppm 20 10 0 -10 cluster models instead of periodic calculations, but it is believed
Figure 2. Two-dimensional’0 DAS NMR spectrum of Sil-Y and its that the relative sizes @, will be representative of the system,
projections onto the isotropic and anisotropic axes obtained at a field especially for Sil-Y where the asymmetric unit is small relative
strength of 11.7 T. to the size of the cluster, and all the oxygen sites have a similar
environment. It is well-known that the absolute value of the
of Cy, , and the Larmor frequency. From the field dependence chemical shift is also difficult to obtain due to the uncertainty of
of dops ONE can determindis, and P, (P = Cy(1 + ##3)*). referencing to HO. However, we are confident that the sequence
Figure 1 shows thé’O DOR spectra of Sil-Y collected at field  of lines is correctly predicted because it was unchanged when
strengths of 11.7, 14.04, and 16.85 T. Spectra were also collected1) different reference structures were used, (2) the basis sets on
at 7.07 T, but are not shown. At the two highest fields all four all of the atoms were extended to triplepolarization, (3) the
crystallographically distinct oxygen sites in the zeolite are clearly cluster size was varied, and (4) electron correlation was included
resolved. The significant enhancements in resolution observedinto the calculations when the DFT method was uSed.
at higher fields arise primarily because the field dependence of From the electric field gradient and chemical shift calculations,
the quadrupolar shift partially cancels the chemical shift dispersion we find that the range of calculated chemical shifts (10.2 ppm)
at 11.7 T. The values of the isotropic chemical shift &acare is very close to the range of experimental values (12.5 ppm). In
given in Table 1.# could not be obtained from simulating the  addition, the peaks at highest frequency (O(1), O(3)) have the
intensities of the spinning sidebands as these intensities arelowest calculated and experimentally obser@aalues, and the
affected by chemical shift anisotrop$.Not surprisingly, as the calculations correctly predict that peak 2, corresponding to site
bonding is very similar at each site and the range efGtSi O(1), has the largest asymmetry parameter. Consequently, we
bond angles is only T0these parameters cover only a small range would assign thé&’O NMR spectrum of Sil-Y according to Figure
and therefore cannot be used directly for assignment purposes3 using the calculated chemical shifts. Compared to the common
A 2-D DAS experiment can possibly provide additional practice of correlating solid-state NMR shifts with bond valency
information, stretching the spectrum into the second, anisotropic or to the nature of neighboring atoms, this work takes shift
dimension, wher€, andz; can then be obtained from simulations.  interpretations to a new level of complexity. In particular, subtle
A magic-angle detected 2-D DAS spectrdnvhich is shown in differences in the local structure have been detected experimen-
Figure 2, was measured at a field strength of 11.7 T over 2 weeks.tally and these have been interpreted by quantum-chemical
Due to the overlap of the two high-field lines and the limited calculations.
signal-to-noise, simulations of the anisotropic slices were con-
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structure was optimized by using an ab initio parametrized shell
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