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Introduction

The effect known as the chemical shift is central to the
application of nuclear magnetic resonance (NMR) and
electron spectroscopy for chemical analysis (ESCA) in the
study of solids. While other techniques can also provide
insights into structure, only ESCA and NMR give informa-
tion which is directly relevant to chemical bonding, can
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be obtained rapidly for almost any crystalline or amor-
phous solid, and is readily interpretable in structural
terms. ESCA and NMR can now be used in tandem to
address problems in catalysis, ceramics, and device tech-
nology: ESCA provides information concerning the sur-
face (to a depth of ca. 50—100 A), and NMR monitors the
bulk of the material.

Although there is evidence that ESCA is insensitive to
the outermost 5 A of many solids,2 it detects features
which are not detected by NMR and vice versa, which is
of critical importance to sorption and catalysis.3# We shall
discuss the optimization of the ESCA/NMR combination
and the strengths and limitations of each technique. This
is conveniently done using framework silicates, for which
a substantial amount of data are available. The details of
the measurements, acquired to the best level of precision
and accuracy, can be found in the original papers cited.

Chemical Shift in NMR

The chemical shift is the basis of the application of NMR
in chemistry. The electrons surrounding a magnetic
nucleus interact with the static magnetic field, B,, and the
resulting secondary local magnetic field opposes B,, thus
“shielding” the nucleus from its full effect. The effect is
anisotropic, which is described by the shielding Hamil-
tonian

Hes = —vhl-0°B, 1)

where o is a second-rank tensor (“the chemical shielding
tensor”), axially symmetric in strong magnetic fields.5 In
the principal reference system (PAS) o is decribed by three
principal components, gji (i = 1, 2, 3), and three direction
cosines, cos 6;, between the axes of PAS and the laboratory
reference system.

The observed shielding constant, o, is a linear com-
bination of the principal components
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where Tr ¢ stands for the trace of the tensor. Since the
average value of each cos? 6; is 1/3, the average value of
05, in the NMR spectra of liquids (where there is random
molecular tumbling) is the isotropic value

Oz = 1/3 Tro= Oiso (3)

In solids the angle-dependent second term on the right
of (3) survives, giving rise to a spread of resonance
frequencies. In microcrystalline powders this results in a
“powder pattern” which can be directly interpreted pro-
vided that dipolar and quadrupolar interactions are small.
Magic-angle spinning (MAS) averages the chemical shift
tensor to the isotropic chemical shift, quantified by
comparing the resonance angular frequency, o, with a
specific resonance, wy, in a reference compound.

Aluminosilicate frameworks are composed of silicon,
aluminum, and oxygen. The extraframework charge-
balancing cation is typically Na*. Some properties of the
nuclei which can be measured by NMR in aluminosilicates
are listed in Table 1.

Chemical Shift in ESCA

The chemical shift in ESCA is defined? as the difference
in binding energy, AE f, of a core level J when the atom A
is transferred from environment 1 to environment 2
(Figure 1).

AEN1=2) = EA@2) — EX(D) 4)

Rigorous quantum mechanical calculation of core-level
orbital energies E f(k) and many-body effects is avoided
by using one of several approximations. The most useful
is the charge potential model® in which

+ L

c C
Q_) ) (Q_
Mac/2 Mac/1

(5)
where QA and Q€ are the charges of atoms A and C, [V,®
is the average field interaction between a core electron
and a valence electron on atom A, rac is the separation of
atoms A and C, and L' fixes the scale for the problem.
Sometimes state 1 is itself a common reference, such as

the elemental state of A in the gas phase. The effects of
state 1 may then be included in L' to give
+L

Qc) (Qc
Fac/2 Fac/1
(6)
where we assume that kA = [V, is the same for all core-
level states of atom A.
The measured ESCA chemical shift, AE 5“A, is defined

as the change in peak position of a core-level line when
the chemical status of the atom is changed. When a metal

AE}(1=2) ~ V,BAQY(1-2) + ;

AEN(1=2) = K*AQ(1=2) + ';
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Table 1. NMR Properties of the Nuclei in
Aluminosilicates

natural receptivity quadrupole
abundance relative moment?
nucleus  spin | of C (%) to *H (D) (1028 Q/m?)
170 5/2 3.7x 1072 1.08 x 1075 —2.58 x 10?
23Na 3/2 100 9.27 x 1072 0.102
27Al 5/2 100 0.207 0.149
295j 1/2 4.69 3.69 x 1074

2 Defined as D = |y3|CI(l + 1) and normalized to Dy = 1.
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FIGURE 1. ESCA chemical shift for the J electron of element M
upon transition from species 1 (such as elemental metal M°) to
species 2 (such as oxide MxO,). The superscript | refers to the
premeasurement initial state, and the superscript m to the measured
final state. The final states are shifted from the initial states by the
relaxation R. The chemical dependence of this relaxation is contained
in the extra-atomic relaxation term, AE %), This is usually small
and disappears when similar oxides are compared, so that
AE TM(1=2) ~ AE M(1=2).

is oxidized from its elemental state, M©°, to the oxide
xM° +y'/,0,= M,0, @)
we have
AETM(1=2) = EM(2) - EMM() ®)

where (2) denotes the core state J of atom M in the oxide
and (1) that in the elemental state. The measured energy
E TM(i) may be approximated in terms of the orbital
energy of core state J in the chemical condition i.

E(i) ~ —E)'(i) 9)

This approximation neglects many-body effects and the
fact that the measurement process itself alters the state
of the material, so that atomic relaxation occurs before
the result is recorded. A more correct form of (9) is
therefore

ET™(@i) ~ EM(i) — EFM() (10)

where E jM is the energy of the initial (premeasurement)
state of atom M and E ™ is the relaxation energy. Two
problems arise: (1) chemical information is contained in
E J'M, and (2) relaxation creates a complex hole—ion final
state system, a rigorous description of which requires
formidable quantum mechanical formulation which can
be solved analytically only for simple systems.

These two problems may seem less severe when we
are interested in the change of chemical state, and it might
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Table 2. ESCA Binding Energies Referenced to C(1s),
284.6 eV, and, in Parentheses, Corresponding Line
Widths (+0.05 eV) for Some Aluminosilicates

material Si/Al Si(2p) Al(2p) 0O(1s)
y-Al;03 0 73.80 (2.1) 530.55 (2.0)
zeolite Na-A  1.00 101.1(1.7) 73.5(1.6) 530.5 (1.75)
sodalite 1.05 101.5(2.2) 73.5(1.75) 530.9 (2.45)

zeolite Na-X ~ 1.25 101.95(1.75) 73.90 (1.6) 531.05 (1.65)
zeolite Na-Y 250 10255 (1.7) 74.20 (1.55) 531.75 (2.05)
zeolite ZSM-5 >30 103.1(1.8)  74.48 (1.8) 532.45 (1.95)
0-Si0; o 103.55 (1.8) 532.85 (1.9)

appear that the contributions AE f™(1=2) to the relax-
ation will cancel. Unfortunately, while AE ™(1=2) is
often small, the so-called extra-atomic relaxation (EAR)”
is generally significant.

AEIM™(1—=2) = AEM(1—2) — AEFRM(1—2)  (11)

The differences in EAR are small and show a progres-
sion which maps a similar change of the shifts in the initial
state, thus shifting AE'™ by small fixed amounts, which
does not affect chemical arguments. For such systems the
change in the measured binding energies may be inter-
preted directly in chemical terms. In closely related oxides
such as SiO, and Al,Os, relaxation can be ignored without
affecting the relationship between measured ESCA peak
shifts and changes in chemistry.8° The differences in
relaxation effects between an elemental metal M and its
oxides M,Oy are removed when dealing with two different
oxides of M, because to first-order we are comparing
different states of the same oxide ion.

NMR and ESCA Chemical Shifts in
Aluminosilicates

NMR and ESCA chemical shifts for the elements found in
aluminosilicates (Tables 1 and 2) lead to similar conclu-
sions.1—#10-15 Differences arise in the surface-versus-bulk
effects: ESCA shows that in catalysts made by mixing
zeolites with alumina or clay the binder coats the catalyst
particles with a layer ca. 100—200 A thick. The subsurface
component is often not detected by ESCA, while NMR can
monitor the status of the zeolite before and after binding.

The most useful feature of ESCA and NMR is their
sensitivity to the change in bonding when the structure
or the aluminum content is altered. 2°Si NMR shifts® and
Si(2s) and Si(2p) ESCA shifts124.16 change progressively
as the Si/Al ratio increases from Si/Al = 1.0 (zeolite
Na-A) to Si/Al > 30 (ZSM-5). Similarly, 2’Al NMR® and
Al(2s) or Al(2p) ESCA12416 chemical shifts for 4- and
6-coordinate aluminum are different. ESCA permits direct
interpretation of its results in terms of the type of bonding,
because it responds directly to charge densities at all
atomic centers (eq 8).1217-19 For example, it shows that

the Al—0 bond in zeolite Na-Y is more ionic than in zeolite
Na-X.1’2'4'12’14‘15

Elemental NMR and ESCA Chemical Shifts

Silicon. The range of 2°Si chemical shifts in silicates is ca.
60 ppm.> High-resolution 29Si NMR has established the

Al Al Al Al Si
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FIGURE 2. Ranges of 2°Si chemical shift for Si(nAl) building blocks
in zeolites. The dotted line marks the exceptionally wide (from —76.5
to —97 ppm) range of chemical shifts for Si(4Al) in synthetic sodalites
containing various enclathrated salts.?®

structure of soluble silicate anions. The description of
building units in silicates uses the “Q" notation”,52° where
Q stands for a silicon atom bonded to four oxygen atoms,
forming a SiO,4 tetrahedron. The superscript n indicates
the connectivity, i.e., the number of other Q units attached
to the unit in question. The total range of chemical shifts
from —60 to —120 ppm from tetramethylsilane (TMS) is
split into intervals corresponding to monosilicates (Q°),
disilicates and chain end groups (Q*), middle groups in
chains (Q2), chain branching sites (Q%), and fully cross-
linked framework sites (Q%). In solids containing more
than one type of Q" unit, separate lines are observed.

As framework aluminosilicates also contain aluminate
tetrahedra, the Q" notation is insufficient. While the
environment of each Si atom in framework silicates is
always Q* (4Si), in aluminosilicates there are five Q* [nAl,
(4 — n)Si] possibilities with n = 0, 1, 2, 3, or 4. We shall
denote these as Si(nAl) or Si[(4 — n)Si], where n (=4) is
the number of aluminum atoms connected, via oxygens,
to a silicon. The replacement of one or more Si atoms in
a Q* unit by Al atoms causes a significant paramagnetic
shift: the substitution Si[(n — 1)Al] — Si(nAl) makes the
29Si chemical shift less negative by ca. 5 ppm.

The ranges of 2°Si chemical shifts for the various Si-
(nAl) building blocks in zeolites are shown in Figure 2.
When Si/Al = 1.0, each Si atom is surrounded by four Al
atoms and the spectrum is composed of a single Si(4Al)
peak. For Si/Al > 1 there are five possibilities for the
distribution of Al in the first tetrahedral shell: the lower
aluminum content and the Loewenstein rule,2t which
prohibits AI-O—Al linkages, increase the populations of
Si(3Al), Si(2Al), Si(1Al), and Si(0Al) at the expense of Si-
(4Al). The 2°Si NMR spectra are primarily sensitive to the
composition of the first tetrahedral coordination shell
around each Si atom (Figure 3).
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FIGURE 3. High-resolution 2°Si MAS NMR spectra of zeolites Na-X
and Na-Y. Si(nAl) peaks are identified by the n above the peaks.

The Si/Al ratio in the zeolitic framework may be
calculated from the 2°Si MAS NMR spectrum using the
formula®

o+l + 1+ 1+ 1,

(SiI/A)wr = I, + 0.75l, + 0.5, + 0.251,

(12)

where |, denotes the intensity of the NMR peak corre-
sponding to the Si(nAl) unit.

29Si NMR can be used to determine the ordering of Si
and Al atoms in the framework.2%-22.23 Provided that the
Si(nAl) units from crystallographically inequivalent Si
atoms do not overlap, the areas under the spectral peaks
are directly proportional to the populations of the respec-
tive structural units in the sample. These can be calculated
from the spectrum (see Figure 3) and compared with the
relative numbers of such units contained in models
involving different Si, Al ordering schemes. A choice
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FIGURE 4. Si(2p) ESCA chemical shift. (a) The spectrum of a slab
of silicon coated with a thin (but thicker than ca. 100 A) layer of
SiO; contains only the peak with the chemical shift of 103.25 eV,
typical of SiO,. (b) As the layer of silica is etched away with A*
ions to a thickness of less than ca. 75 A, the peak from elemental
Si appears at 99.6 eV. (c) As the etching continues, the peak from
elemental Si increases in intensity at the expense of the peak from
SiO,. (d) Finally, when all silica has been removed, only the peak
from Si remains.*

between the various schemes is made on the basis of the
degree of agreement between the actual spectral intensi-
ties and those required by the given model.

Figures 4 and 5 demonstrate the sensitivity of ESCA to
the composition of the sample, but the Si(2p) spectra
(Figure 6) reveal the shortcomings of the technique. While
the Si(2p) binding energy shifts progressively with changes
in the Si/Al ratio, the spectrum is insensitive to the
distribution of Si(nAl) in the first tetrahedral shell, readily
seen by 2°Si MAS NMR. This is reflected in the essentially
constant Si(2p) line widths for the Na-A, Na-X, Na-Y
sequence. The absence of line broadening for zeolite Na-X
compared to the other two suggests that the symmetric
tetrahedrally oriented charge fields are averaged even for
the first shell.

Table 3 reveals other features of ESCA. Thus, the main
reason the difference in the Si(2p) shift between zeolite
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FIGURE 5. ESCA valence band spectra of zeolites Na-Y (Si/Al =
2.5), Na-X (Si/Al = 1.25), and Na-A (Si/Al = 1.0).
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104 102 100 98
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FIGURE 6. Si(2p) ESCA spectra of zeolites Na-Y (Si/Al = 2.5), Na-X
(Si/Al = 1.25), and Na-A (Si/Al = 1.0).4

Table 3. Si(2p) ESCA Chemical Shifts of the Central
Si Atom (in Bold Type) in Different Si(OAI),(OSi)s-n
Structural Units

structural Si(2p) shift structural Si(2p) shift
unit (eV) unit (eV)
Si(OAl)4 101.0 Si(OAI)(OSi)s 102.6
Si(OAl)3(0Si) 101.7 Si(OSi)a 103.4
Si(OAl),(0Si), 102.2

Na-A and pure silica is more than twice the size of the
total range of Al(2p) shifts is the fact that the Si(2p) shifts
are caused by the composition of the first tetrahedral

coordination shell of Si which can be of five different Si-
(nAl) kinds, while the composition of the first coordination
shell of Al is always Al(4Si), so that the Al(2p) shifts reflect
the composition of the second coordination shell. The
effect of the first shell is about twice that of the second.*
Another reason for the different behavior of Si(2p) and
Al(2p) ESCA shifts is the Q€ values in (6) which may be
different.13-15

The correlation between the 2°Si chemical shift and the
Si—O—Si bond angles and Si—0O bond distances in silicates
is useful for structural determination.?4—28 Several rela-
tionships have been proposed to quantify this effect,®
supported by quantum-mechanical correlations between
the chemical shift and the change of the s character of
the oxygen orbitals in the Si—O—Si ¢ bond. These cor-
relations, confirmed by an extended set of experimental
data, are of assistance in spectral assignment, and allow
the evolution of the structure during phase transforma-
tions to be monitored.?°

Aluminum. 27Al has a 100% natural abundance, with |
= 5/2 and a chemical shift range of ca. 80 ppm in zeolites.®
Chemical information can be obtained from 27Al spectra
provided quadrupole coupling and chemical shift effects
can be separated. This is possible using MAS alone or in
combination with other techniques.

The isotropic 2’Al NMR chemical shifts depend on the
coordination of aluminum with respect to oxygen. Chemi-
cal shifts of 55—80 and 0—22 ppm from Al(H,0)s3* are
observed in aluminosilicates for 4- and 6-coordinate Al,
respectively. The width of both ranges indicates that the
shift is influenced not only by the coordination, but also
by the composition of the second coordination sphere and
by the nature of the charge-balancing cation.

27A1 MAS NMR spectra of as-prepared zeolites contain
a single resonance from 4-coordinate Al, because all Al
atoms are in the Al(4Si) environment. On the other hand,
while Si in zeolites is always 4-coordinate, in chemically
treated materials Al can be 4-, 5-, or 6-coordinate. Because
of the quadrupolar interaction, the line width of the 27Al
resonance is sensitive to the symmetry of the nuclear
environment. 27Al NMR can thus probe the coordination,
quantity, and location of Al atoms, but is less useful than
29Si NMR for direct structural determination.

Relationships similar to those for 2°Si chemical shifts
hold between 27Al NMR chemical shifts corrected for the
guadrupole interaction and mean Al—O—Al bond angles.3°
However, since the total range of chemical shifts for
4-coordinate Al is only ca. 10 ppm and the isotropic 27Al
shifts are difficult to measure accurately, this relationship
is of less practical value.

Figure 7 explains why ESCA spectra produce a progres-
sive change in chemical shift for framework Al as the Si/
Al ratio increases from 1 to 100, while the position and
line width of the 27Al NMR resonance remain virtually
constant. The AI(4Si) environment for each Al atom
defines the radial extent of the NMR chemical shifts, so
that the 27Al resonance is affected by the Si of the first
tetrahedral shell, but the effect of the second shell (the
composition of which may vary between 4Si and 4Al) is
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(a) Enviroment of Si

(b) Enviroment of Al

FIGURE 7. The environment of (a) silicon and (b) aluminum atoms in zeolites. T denotes either Si or Al, with the restriction that Al atoms
cannot be linked via oxygens. Dashed and solid lines enclose the regions of sensitivity of NMR and ESCA, respectively. In NMR, the more
localized and directional effects give a clear picture of immediate bonding, while ESCA is sensitive to the second coordination shell, but

nondirectional.

Al(2p) Na(2s)

Binding Energy (eV)

FIGURE 8. Al(2p) and Na(2s) ESCA spectra of zeolites Na-Y (Si/Al
= 25), Na-X (Si/Al = 1.25), and Na-A (Si/Al = 1.0).

much smaller. The 27Al line from framework Al is therefore
relatively symmetric. This also explains why the 2°Si NMR
chemical shifts so closely replicate the tetrahedral Si(nAl)
distribution in the first shell around a Si atom, irrespective
of the composition of the second shell, the distance to
which is greater than 10 A.

Consider the Al(2p) ESCA binding energies (Figure 8)
in terms of the model in Figure 7, where all Al atoms are
surrounded by four Si atoms in the first shell and by either
Si or Al in the second shell. If the range of influence of
ESCA binding energies were as localized as it is for NMR,
all zeolites would give the same symmetric Al(2p) peak
irrespective of the Si/Al ratio. In fact, the increase of the
Si/Al ratio does correspond to a progressive shift in
Al(2p) binding energy (Table 2), although the effect is only
half the size of that for Si(2p) with the same change in
the Si/Al ratio. In view of Figure 7, it is clear that the
Al(2p) shifts are caused by the variation in the average

638 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 32, NO. 8, 1999

Q* charge field from the second and subsequent shells,
showing that the ESCA chemical shifts are less localized
than the NMR shifts for the same sample. This is because
ESCA monitors binding energy changes induced by varia-
tions in electronic charge fields, while NMR registers the
vector potential established by the interaction of electrons
with the nuclear magnetic moment. Thus, ESCA not only
can “see” much more clearly than NMR all the way to the
second shell, but also responds to the alterations in the
charge field of the oxygens and registers the changes in
the state of oxygen between the first and the second shells.

A distinct advantage for NMR is apparent from these
results. Although the Al(2p) peaks are shifted for zeolite
Na-Y compared with Na-A,2 ESCA does not readily re-
spond to the different distributions of Al and Si in the
second coordination shell around each Al corresponding
to Si/Al = 2.5 in zeolite Na-Y. This averaging of the
tetrahedral field is the ESCA equivalent of the “amalgam-
ated bond” model3! in optical spectroscopy. ESCA is thus
relatively insensitive to structural features, something
which is the main strength of NMR.>

Amorphous materials have no long-range structural
order, but retain a long-range chemical order.3? Thus,
chemical bonds in SiO, glass are similar to those in
crystalline SiO,. ESCA, which monitors bonding over
several tetrahedral shells, provides valuable information
on glass chemistry, while NMR much more readily detects
the difference between crystalline and glassy states.

Oxygen. 17O has a wide range of chemical shifts®?® and
a very low natural abundance and undergoes very large
second-order quadrupole interactions (Table 1). The
introduction of double-rotation (DOR) and dynamic-angle
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spinning (DAS) NMR,**737 and of satellite transition
spectroscopy,3® enabled individual sites for oxygen in
oxides to be resolved. DOR combined with isotopic
enrichment resolves different oxygen sites in faujasite.3°
The 10° range of Si—0O—Si angles was found to correspond
to a 10.6 ppm change in the 17O chemical shift. Multiple-
quantum (MQ-MAS) NMR#° promises further structural
insights. The asymmetry parameter of the 17O electric field
gradient tensor is correlated with bond angles,** and MQ-
MAS resolves two 170 lines in the spectrum of zeolite ZSM-
5, corresponding to the O(2Si) and O(Si,Al) environments.
The relationship between bond angles and the 17O chemi-
cal shift in silicates is likely to be similar to those for 2°Si
and 27Al.

While NMR is able to distinguish between the different
distributions of Al atoms in aluminosilicates, ESCA is less
specific because of its reliance on the average field
generated by the various charges.? However, O(1s) ESCA
spectra are readily available. The position of O(1s) ESCA
core lines depends on the Si/Al ratio as strongly as the
Si(2p) and Al(2p) lines.# The valence band spectra can be
informative,’* as the chemical behavior of oxides is
reflected in the oxygen ESCA bands (Figure 5). Unfortu-
nately, ESCA spectra of oxides are seldom reported.117.19

The O(1s) ESCA line shifts progressively in the spectra
of many aluminosilicates as the Si/Al ratio changes.1215.17
The size of the total shift in zeolites is similar to that for
the Si(2p) line. The O(1s) and Si(2p) shifts for each step
in a progressive change in the Si/Al ratio for any group of
framework aluminosilicates are also similar (Table 3).4

The fact that while each silicon is bonded to four
oxygens, an oxygen is bonded to only two tetrahedral
atoms, forming Si—O—Al or Si—O—Si units, is reflected in
the ESCA spectra. Also, (8) shows that while effects
associated with the second coordination layer contribute
to the ESCA chemical shifts of oxygen, the O(1s) peak
position is mainly controlled by the first term, which
accounts for changes induced in the charge on the oxygen,
Q©, by the mixing of -Si—O—Si- and -Si—O—Al- units.?
When either of the two compositional extremes is reached,
only two situations are possible: -Si—O—Si- and -Si—O—
Al-.#2 The intermediate Si/Al ratios should be reflected in
the O(1s) spectra through the linear polarization of Q©°,
and a mixture of the two spectra, rather than the average
shift, should be observed.13 Table 2 shows that, while the
Al(2p), Si(2p), and O(1s) lines from zeolite Na-A and SiO,
are narrow, in zeolite Na-Y (Si/Al = 2.5), which contains
both types of linkages, the Al(2p) and Si(2p) lines are
narrow, but the O(1s) line is broad. This is always the case
in zeolites with intermediate Si/Al ratios. The effect is
analogous to the broadening of the 2°Si NMR peaks in the
spectra of zeolites containing a mixture of Si(3Al), Si(2Al),
and Si(1Al) structural units. Broadening of the O(1s) peaks
is also found in the spectra of zeolites containing multi-
valent cations.?

While NMR can quantify the various Si(nAl) environ-
ments, ESCA is incapable of this even at its highest
resolution. However, very high-resolution ESCA may soon
be able to monitor some of these effects.2 The ESCA and

NMR spectra of ultramarine, an isomorph of sodalite, may
seem exceptional (Table 2), but they simply reflect the fact
that this pyrolytically prepared material violates the Loe-
wenstein rule.*3
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