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group from the Mn?* ion will result in a larger, positive value of
A/R[C(1)] as observed here, when the mixed glycine-Mn?*-
ATP* complex is compared with the corresponding binary gly-
cine-Mn?* complexes.

Finally the difference in the Mn**~NH, interaction of the
binary and mixed-ligand complexes, just derived from the R,
relaxation rates and the electron-nucleus hyperfine coupling, is
paralleled by a difference in the glycine-ligand exchange rate
which increases from 7y~ = (3.9 £ 1.2) X 105 57! and 7yg,™
= (3.8 £ 1.2) X 106 57! for the binary glycine complexes' to
Tmag” = (7.8 £ 1.5) X 10°s7! in the ternary glycine-Mn?*~ATP*
complexes, all values referring to a temperature of 298 K. Again,
this difference in exchange rates confirms the destabilizing effect
of ATP* on the Mn?*—glycine interaction.

According to model building, the difference between the gly-
cine-Mn?" interactions in the binary and the mixed-ligand com-
plexes, thus established, can hardly be caused by steric hindrance.
Rather, it is due to a direct interaction of the glycine with the
ATP* ligand, most likely a polar interaction* between the pos-
itively charged ammonium group of the amino acid and the
negatively charged phosphate groups of the nucleotide or a hy-
drogen bond between the carboxyl oxygen of the amino acid and
the NH, group at the C(6) carbon of the adenine ring or a
combination of such interactions as indicated in Figure 11. Both
of these interactions may bring the two ligands in specific positions,
or states, that are favorable for further reactions in enzymatic
processes, in which they serve as substrates.

Conclusion

The present study shows that NMR relaxation studies can
provide detailed information about the stability, structure, dy-
namics, and ligand exchange of paramagnetic metal complexes
in solution, even in the case of a relatively complex system as the
ternary glycine/Mn?*/ATP* system investigated here. In par-
ticular, the study emphasizes the different glycine-Mn?* inter-
action in the ternary glycine-Mn?*—~ATP* complexes and the

binary glycine-Mn?* complexes. Likewise, it reconciles the ap-
parently conflicting results obtained previously'®24%47 for systems
with highly different values of the Mn?*/ATP* ratio, by clarifying
the difference in nature of the binary Mn?*~ATP* complexes that
dominate at these extremes.

The study also demonstrates that the paramagnetic relaxation
of the ligand nuclei and the relaxation of the unpaired electrons
of the Mn2* complexes investigated can be described satisfactorily
by the Solomon—Bloembergen-Morgan theories. This holds even
if the Redfield limit for the spin—spin relaxation of the ligand nuclei
is touched in part of the experimental region.

However, the data analyses strongly emphasize the necessity
of providing a sufficiently versatile set of experimental data in
order to obtain correct and unambiguous results. Hence, the
experimental conditions must be varied over a range sufficiently
large to allow each one of the involved parameters to influence
the data set. This is clearly illustrated by the present analyses,
where the tris complex, Mn(ATP);'*, that reconciles the relax-
ation data obtained at the highly different Mn?*/ATP*" ratios
is revealed only when the precise dependence of the relaxation
rates on the ATP* concentration is incorporated in the data
analysis.
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Abstract: The unequivocal sequence determination of cyclic penta- and hexapeptides, including biologically active enkephaline
and somatostatine analogues, is achieved by using the following procedure. Production of gas-phase [M + H]* by using fast
atom bombardment is followed by investigating either unimolecular or collision-induced dissociations of mass selected [M
+ H]* and [MH - amino acid residues]™ fragments. The unimolecular and collisionally activated decompositions of these
ions and of their fragments resulting from decarbonylation enable one to elucidate unequivocally the sequence of cyclic peptides.
As an example, the sequence determinatjon of an unknown synthetic enkephalin analogue is presented. The amount of sample
required for the determination is in the range of 5~100 nmol. Unambiguous sequencing cannot normally be achieved by only

analyzing the decompositions of [M + H]* ions.

Sequencing of linear peptides by using either classical Edman
degradation or various mass spectrometric methods can be viewed
as a nearly routine procedure.'™ In distinct contrast, sequencing
of cyclic peptides by means of the classical techniques is much
more difficult because, except for special cases, chemical degra-
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dation via selective hydrolysis of specific peptide bonds is difficult
to achieve. Unspecific hydrolysis followed by gas chromatogra-
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phy/mass spectrometry is sample and time-consuming.! There
have been numerous reports on the use of fast atom bombardment
(FAB) mass spectrometry® for elucidating the sequence of linear
peptides.>’ Some of the shortcomings of FAB mass spectrometry,
such as high background due to liquid matrix and limited frag-
mentation, can be overcome by coupling FAB with tandem mass
spectrometry (often called mass spectrometry/mass spectrometry
or MS/MS).8° This combination permits the observation of
fragment ions (produced unimolecularly or by collisional acti-
vation) arising from mass-selected peptide ions.»'*12  However,
there are only four reports!*'3 of the successful direct sequencing
of cyclic peptides by using mass spectrometry.

In a previous paper,'s a study of the feasibility of structure
determination of cyclic peptides by using MS/MS was reported.
It was found that formation of the major ions can be interpreted
in terms of protonation on a peptide nitrogen, followed by ring
cleavage to form a linear acylium ion and then losses of amino
acid residues (successively or competitively) from the C-terminus
(see eq 1). If the cyclic peptide contains one amino acid with an
amide nitrogen significantly more basic than the others, upon

+
HaN—CHR,CONHCHR,CONHCHR3CO ~——
L ]

HaNCHRCONHCHRoCONHCHR3COT ———
HaNCHRICONHCHRoCOY (1)

collisional activation of the protonated molecule ion, fragment
ions resulting from protonation at that site dominate. The resulting
CAD spectrum of the [M + H]* ion is simplified and relatively
easy to interpret. If, however, no one nitrogen is significantly more
basic, the resulting CAD spectrum is quite complex even though
it was interpretable. When interpreting the CAD spectrum of
an unknown, however, the increased complexity may hinder the
determination.

Serious problems may arise because fragmentation of the
ring-opened [M + H]™ ion can also involve the N-terminus, thus
causing problems for assigning an unambiguous sequence. This
possibility is demonstrated by considering the fragmentations of
the acylium ion m/z 375, obtained via loss of ProOH from the
[M + H]* ion of the linear tetrapeptide Orn-Leu-Phe-Pro (eq
2). The mass selected m/z 375 ion undergoes both unimolecular

-ProOH -P
COrn-Leu-Phe-ProlH’ 0 Orn-Leu-Phe L Orn-Leu’
m/z 490 m/z375 m/z 228
(2}
-0rn +
Leu-Phe
m/z 261
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and collision-induced losses of either Phe or Orn to a comparable
extent, thus precluding a sequence determination. Losses of amino
acid residues from both the C- and N-terminus of peptide acylium
ions pertain to other cyclic peptides.'® When this occurs, the
unequivocal sequencing of acylium ions cannot be based on the
observation of successive losses of amino acid residues.

In contrast, the sequence of the acylium ions can be determined
by searching the unimolecular or CAD spectra of the [M + H]*
for three ionic doublets A-B, B-C, and C-D, where A, B, C, and
D are amino acid residues (-HNCHRCO-), and/or for losses
of neutral amino acid doublets.'” If the doublets are found, two
possible sequences emerge: A-B-C-D* and D-C-B-A*. Having
established the connectivities of the amino acids, the N- or C-
terminus of the linear acylium ions needs to be determined so that
the sequence ¢(A-B-C-D) can be distinguished from the retro
sequence ¢(D-C-B-A). This distinction can be easily made for
cases in which the linear acylium ion 1 undergoes a-cleavage of
the C-C bond adjacent to the N-terminal carbonyl group ac-
companied by hydrogen migration (Scheme I, process a).'¥ Since
there is no evidence that this reaction ever involves the C-terminus
of peptide acylium ions (process b)!¢, the observation of reaction
a can be used to define positively the N-terminus of an unknown
peptide acylium ion. In fact, cleavage of the amide bond ac-
companied by CO migration (Scheme 1, process b) is highly
unlikely because of the small migrating aptitude of CO. There
exists, to the best of our knowledge, no precedent for such a
reaction.

As part of our continuing interest in this problem and in view
of the need for a widely applicable, sensitive, and rapid metho-
dology for the sequence determination of cyclic peptides by using
mass spectrometry, we have investigated the MS/MS spectra of
some linear acylium ions and their decarbonylated analogues both
generated as fragments from cyclic and acyclic peptides. During
the investigation, several reactions of these ionic species that
provide useful structural information have been noted. These are
reported first. Then, for the first time, we describe a methodology
which appears to be extremely valuable for the unequivocal se-
quence determination of cyclic penta- and hexapeptides,!® including
biologically active enkephaline and somatostatine analogues,
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Sequence Determination of Cyclic Peptides

Experimental Section

The acylium ion Orn-Leu-Phe* was generated from Orn-Leu-Phe-Pro
[kindly provided by Dr. Z. Palacz, Technical University (TU), Berlin]
and from decomposition of Gramicidin S (kindly provided by Dr. C.
Costello, Massachusetts Institute of Technology, Boston). A sample of
pGlu-His-ProNH, was provided by Dr. K. Bauer, TU Berlin. The re-
maining cyclic peptides were synthesized and provided by Prof. Horst
Kessler, University of Frankfurt, and purified by using Sephadex chro-
matography.??! FAB mass spectra were recorded at the TU Berlin with
a Varian MAT 311A mass spectrometer equipped with a Ion Tech atom
gun, at the following operating conditions: 6 keV Xenon, emission cur-
rent 0.1-0.2 mA; ion source conditions: accelerating voltages 3 kV,
temperature 20 °C; pressure 107 torr.

Metastable ion (MI) and CAD spectra were recorded with use of mass
analyzed ion kinetic energy spectroscopy (MIKES) with a scan rate of
approximately 30 s/scan; filter 10 Hz; approximately 15-50 full scans
were averaged with a Varian 620f NMR computer; air was used as the
collision gas. MI spectra recorded on the Vacuum Generators mass
spectrometer of BEB configuration (ZAB-3F) were obtained at the
following conditions: accelerating voltage 8 kV, temperature 20 °C,
pressure 5 X 107 tarr. The ions of interest were selected with magnet
B,, and their unimolecular dissociations were recorded by using a linked
scan (E/B, = constant) of the electrostatic analyzer and magnet B, at
a resolution for daughter ions of approximately 600. The scan rate was
15 s/scan; filter 300 Hz; 20 full scans were averaged with use of the VG
11/250 data system.

Mass spectra recorded at the Midwest Center for Mass Spectrometry
(MCMS) were obtained with a Kratos (Manchester, England) MS-50
triple-analyzer mass spectrometer which has been described elsewhere.??
The FAB ion source is a standard Kratos design equipped with an Ion
Tech atom gun (Teddington, England). Samples were dissolved in gly-
cerol or acidified glycerol, and 1 uL of the solution was placed on the
copper FAB probe tip of a direct insertion probe. The sample was
bombarded by 7-8 keV xenon atoms (emission current was 0.2 to 0.4
mA). The CAD spectra were obtained by selecting the sample ion with
MS-I (a double focusing mass spectrometer of EB configuration) fol-
lowed by collisionally activating with helium gas (reducing the primary
beam by 50%).and scanning MS-II (an electrostatic analyzer). MI mass
spectra were obtained by selecting the sample ion with MS-I and scan-
ning MS-II without introduction of collision gas. CAD and MI mass
spectra were acquired, signal-averaged, and output with use of software
written at MCMS for the Kratos DS-55 data system. Full-scan FAB
mass spectra were acquired and processed with use of the standard DS-55
software available from Kratos.

Results and Discussion

As the major impetus for this work was to establish a strategy
for the sequence determination of cyclic peptides by analyzing
their mass selected [M + H]" and [M + H - amino acid residue]*
fragment ions, it is necessary to understand the unimolecular
(metastable) and collisionally activated decompositions of relatively
simple acylium ions containing approximately three or four amino
acid residues. The ions undergo three principal reactions: (1)
C-terminus fragmentation (two fragments A, and B,'); (2)
N-terminus fragmentation (X, and Y,, fragments'®) (see Scheme
I); and (3) elimination of NHj.

C-Terminus Fragmentation. As observed in the MI and CAD
‘mass spectra of fragments from the protonated molecules of cyclic
and linear peptides, a major fragmentation sequence involves loss
of CO and/or amino acid residues from the C-terminus,!3152!
This is illustrated in Figure 1 for the collision-induced decom-
position of Pro-Pro-Phe* from c(Pro-Pro-Phe-Phe-Gly). The
resulting fragment ions (designated as A, and B, in the figure)
can be used to derive the amino acid sequence of the acylium ion.

N-Terminus Cleavage. As mentioned above (eq 2), linear
acylium ions also often undergo an elimination involving an amino
acid residue from the N-terminus of the ion. This fragmentation
produces a Y, daughter ion (see Figure 1) which may interfere
in assigning a correct sequence. Both the direct or stepwise loss
of HNCHRCO from the C-terminus (Scheme I, process d) or
the loss of HNCHRCO, combined with hydrogen migration, from
the N-terminus (Scheme I, process e) involve elimination of amino
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Figure 1. CAD spectrum (Kratos MS-50) of the Pro-Pro-Phe* ion from
c(Pro-Pro-Phe-Phe-Gly).
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Figure 2. MI spectrum (ZAB-3F) of the pGlu-His™* ion obtained via loss
of ProNH, from [M + H]* of pGlu-His-ProNH,.

acid residues. Because the loss of HNCHRCO may be from either
terminus, it may be difficult to predict a priori the origin of the
loss. For example, the acylium ion of composition Pro-Ala-Ala™*
produced in the fragmentation of the [M + H]* of Helmint-
hosporium carbonum (HC) toxin'4 does not undergo rear-
rangement to give loss from the N-terminus to any significant
extent, whereas Orn-Leu-Phe™ expels HNCHRCO from both
termini (eq 2).

Another useful N-terminus fragmentation of linear acylium
ions is cleavage of the C—C bond adjacent to the N-terminal
carbonyl group accompanied by hydrogen migration (Scheme I,
process a) leading to the fragment X,. This fragmentation, when
observed, can be used to define the N-terminus of an unknown
acylium ion. An example is provided by the acylium ion pGlu-His*™
(see Figure 2) which fragments to a significant extent in this
manner.

Both of the N-terminus losses described above can result in
charge retention on the N-terminus to give amino acid specific
fragments in the low mass region. The ion m/z 120 (Phe-CO)*
(see Figure 1) results from such a process.

Elimination of NH;. Loss of NH; is a generally observed
decomposition of a linear acylium ion. For some acylium ions,
especially those with an N-terminal histidine or tyrosine, this
process is dominant possibly because of neighboring aromatic
group participation which serves to disperse the charge. The
mechanistic details of this rearrangement/dissociation process are
not yet available.

Proposed Sequencing Method. When loss of the N-terminal
amino acid residue is observed, unequivocal sequencing of the
acylium ions is no longer straightforward. One can, however,
determine the sequence of the residues from the tetrapeptide
fragment (A-B-C-D) by looking for mass spectral evidence for



6768 J. Am. Chem. Soc., Vol. 107, No. 24, 1985

Scheme II
S 2 .
= FN-CH-C-NR-3H-C-NH-CH-C20
? al R? &3

; . -Co
* iE @\.

. r.ng openng g g
Me=] RN GH-CNR-CH -C-NHzCHRY

R 52
0%
2 g g .
~-C-\H-CH-C-NH-CH-C-N-=CHR?
R’ 31
12!
Scheme III
ring opening MS/MS analysis of
primary and secandary
fragments of 30-3e
1
©O) " —
——= A-B-C-D-E — A-B o] -
13g!) (%) —
. - . —
o SON g-co-ea’ A geconE I
1 @ 135 is)
Ly Ats
| OLTRO ® 8 =
E C ‘H e m—— C-D-E-A-B _ C-0-E-A <
‘ ®?{32® 13¢) 61
|
[ — ® -C —
@ " D-E-A-B-C —"—= D-E-A-B =
139) 17)
i
HON g-a-8-c-0 —C e gapc e
.y

three ionic doublets A-B, B-C, and C-D.!” If these doublets are
observed, two sequences are defined; i.e. A-B-C-D* and D-C-B-A™.
The question, whether A or D represent the N-terminus, may then
be answered by searching for products formed according to re-
action a (Scheme I). Unfortunately, this important reaction does
not always occur. For example, Pro-Pro-Phe™ (Figure 1) does
not fragment in this manner. There are at least two reasons for
this process not occurring. (i) The acylium ions 1 prefer to
dissociate via energetically more favored competing reactions
(processes ¢, d, and e, Scheme I); (ii) Ring opening of a protonated
cyclic peptide may not generate 1 but instead isomeric N-formyl
immonium ions 2 (Scheme II). From the latter, loss of
R!CH—NH is as unlikely to occur as is loss of R*®CH==NH from
1. However, CO loss from 1 and 2 would result in the formation
of an identical species, A,, which may be subjected to further
analysis (see below).

Studying the immonium ions A, has some advantages in com-
parison with the study of the acylium ions 1. The most important
advantage is that loss of an amino acid fragment R'"CHNHCO
occurs from the N-terminus, whereas the loss of R'"CH==NH is
not observed. An example is the tripeptide acylium ion Orn-
Leu-Phe™ (see eq 3). This ion undergoes decarbonylation to give
m/z 347 which, in turn, produces just two abundant fragments
(m/z 228 and 233). The m/z 228 arises from loss of 119 amu
(PhCH,CH==NH), which defines the C-terminus as Phe. The
m/z 233 is formed by loss of the N-terminus amino acid which
permits identification of this residue. On the basis of the peptides
studied thus far, it appears that loss of R'CH==NH from the
C-terminus is favored over the elimination of RIRCHNHCO from
the N-terminus.

-¢ + -9
Orn-Leu-Phe' < Orn-Leu-NH—CH—CHaPh — Orn-Leu+

m/z 375 msz 347 m/z 228
. (3)
~H
Leu-NH=—=CH—CH2Ph
-Orn
m/z 233

What emerges from these results and considerations is a
promising procedure for sequencing cyclic peptides. The procedure
is outlined in Scheme III for a pentapeptide. N-protonation of
3 followed by ring-opening can, in principle, result in the formation
of five isomeric linear peptide acylium ions (3a—3e Scheme III)
or their isomeric N-formyl immonium ions, which are not shown
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Table I. Unimolecular and Collisionally Activated Decomposition of
m/z 462 (Protonated 10)°

rel intensities

m/z MI CA assignment
444 100 100 (M + H)* - H,0
434 42 82 M+ H)*-CO
405 1.0 80 (M + H)*-Gly
387 0.6 32 (M + H)* - (Gly + H,0)
375 19 88 (M + H)* - Ser
349 11 52 (M + H)* - Leu
321 16 (M + H)* - (Leu + CO)
318 1.1 b (M + H)* - (Gly + Ser)
301 0.8 52 (M + H)* - (Gly + Ser + NH,)
279 1.0 b (GlyGlyPheNH,)*
262 0.9 13 (M + H)* - (Ser + Leu)
258 0.9 b (M + H)* - (Gly + Phe)
202 14 22 (M + H)* - (Leu + Phe)
145 11 (Gly + Ser)*

120 03 64 (Phe - COY*

86 43 (Leu - COY*

60 10 (Ser - COY*

30 56 (Gly - CO)*

“The signal-to-noise ratio was >5:1. ®Overlapping of broadened
péaks prevents exact intensity measurements.

Table II. Unimolecular Decomposition of m/z 321 [Protonated
“Unknown” - (Leu + CO)]

m/z rel intensity assignment

304 88 m/z 321 - NH,

286 11 m/z 321 - (NH; + H;0)
234 6 m/z 321 - (Ser)

202 100 m/z 321 = (CgHyN)

177 23 m/z 321 - (Gly + Ser)
145 4 (GlySer)*

120 70 (Phe - CO)*

in the scheme. Evidence should be sought for amino acid doublets
either as ions appearing in the CAD spectra or as entities lost from
the ring-opened [M + H]" ion. Alternately, the MS/MS spectra
of the primary fragmentation products 4-8 and, if needed, those
of their decarbonylated analogues should be obtained (provided
the eliminated residues A, B, C, D, and E, respectively, are dif-
ferent in mass). From an investigation of the primary ions, 3,
the fragment ions 4-8, and also their decarbonylated species, the
doublets required for establishing the connectivities of the amino
acids should be found. Thus, two sequences for the linear peptide
acylium ions can be defined. The sequences, in conjunction with
the elucidation of the N- or C-terminus, as determined on the basis
of any of the reactions described above, can be used to define the
sequence in an unequivocal fashion.

Application. We have applied this strategy to sequence a dozen
structurally different cyclic penta- and hexapeptides.'® The se-
quence determination of an unknown peptide will serve as an
example. The synthetic peptide was provided with no structural
information. The peptide gave upon FAB abundant m/z 462 ions;
addition of NaCl to the glycerol matrix caused a shift to m/z 484.
Thus, the molecular weight is 461 daltons. The unimolecular and
collision-induced decompositions of [M + H]* are listed in Table
I. In addition, collision-induced dissociation of m/z 462 generated
abundant fragments m/z 30, 60, and 144 which correspond to
decarbonylated Gly* and Ser™ and the acylium ion Gly-Ser* or
Ser-Gly™, respectively.

The molecular weight and fragmentations, taken together, are
consistent with a pentapeptide containing the amino acids Ser,
Leu, Phe, and two Gly. Moreover, the required doublets can be
deduced from the data in Table I and the results of the CA
experiment. These doublets are Gly-Ser, Ser-Leu, Leu-Phe, and
Gly-Phe. Two and only two possible pentapeptide acylium ions
can be defined on the basis of these results, i.e., the species 9 and
11 (Scheme IV), from which two isomeric cyclic enkephaline
peptide analogues 10 and 12 emerge by head-to-tail connections.

Unambiguous differentiation of 10 and 12 is achieved by
studying m/z 321 [M + H - Leu - CO]* (Table II). This
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Scheme IV

Jnserved Coublets Cannectivities Seque~ces

Giy- Phe
1 G‘y-Phe-Leu-Ser-Gly' —_— cl3ly -Phe-Lew-Ser-Glyl
Gly - Ser —-‘ ER hie]
Ser-Leu ——
—_— G)y-Se'-Leu-Dhe-ny' —=  clBly-Ser-Lec-Phe-Glyl
Leu-Pre —_— Z 2

decarbonylated fragment ion undergoes a facile unimolecular
decomposition to give m/z 202 (100%), which arises from the loss
of 119 daltons (CgHgN). This process has already been referred
to in eq 3 and is indicative of the presence of a peptide ~*NH==
CH—CH,Ph unit in an immonium ion. Consequently, the tet-
rapeptide immonium ion m/z 321 generated via loss of Leu and
CO from the protonated pentapeptide must have the sequence
Ser-Gly-Gly-*NH=CH—CH,Ph and nor Phe-Gly-Gly-*NH=
CH—CH,OH. This result, in turn, is taken to rule out sequence

11 and leaves 9 as the only remaining option. Head-to-tail con-
nection yields 10 as the correct sequence of the cyclic pentapeptide.
This conclusion is in agreement with the independent sequence
assignment of this peptide (based on synthesis and NMR studies)
by Kessler et al.?®?! ¢[Gly-Phe-Leu-Ser-Gly] (10) is an important
enkephaline analogue whose conformational properties and bio-
logical activity have been reported elsewhere.?!

By applying the strategy outlined in this paper, various cyclic
tetra- to hexapeptides (including somatostatine analogues)'® have
been successfully sequenced. The amount of sample used in all
cases was in the 5-100 nmol range.
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Abstract: Linear relations between group electronegativeity (EN) sums of ligands bonded to tetravalent silicon and silicon-29
nuclear magnetic resonance (NMR) chemical shift (3g;) are shown to exist for both type P silicon (all ligands have lone-pair
electrons available for (d—p) w-bonding, e.g., in (MeO),Si) and type S silicon (all ligands have only ¢-bonding electrons available,
e.g., in (CH,),Si). For type P silicon having group electronegativity sums greater than 11, a range encompassing all minerals,
we have used previously reported EN and ég; values (for aryl-, halo-, and alkoxysilanes) to describe the observed silicon-29
NMR chemical shift as §(Si,P) = -24.3365 EN(P) + 279.27. We then apply this correlation to a wide range of silicates
and aluminosilicates (containing insular (Q°) to framework (Q%) Si sites) to predict silicon-29 NMR chemical shifts by means
of a group fragment electronegativity sum approach, in which all fragments (e.g., OAl, OLi, OCa) attached to Si are assigned,
on the basis of experiments on a series of model silicates and the above equation, a characteristic group (or fragment)
electronegativity value. OSi group electronegativities are scaled linearly with bridging bond angle. As an example of the
use of the method, the electronegativity sum value for the cyclosilicate (Q,) beryl (Al;Be;(SiO;)g) is derived as EN(OBe)
+ EN(OAI) + 2(EN(OSi) (168.2°)) = 15.67, which predicts a silicon-29 chemical shift of ~102.1 ppm (from Me,Si), that
compares favorably with the value from experiment, =102.6 ppm. On the basis of a total of 99 sites in 51 different compounds,
the mean absolute deviation between theory and experiment is 1.96 ppm (correlation coefficient = 0.979). When all types
of silicon are considered (Q®-Q%), this empirical approach is the most accurate method of predicting silicon-29 chemical shifts
found to date.

Since 1980, there has been very considerable interest in using
solid-state silicon-29 nuclear magnetic resonance (NMR) spec-
troscopy, with “magic-angle” sample-spinning (MASS), to in-
vestigate the structures of a wide variety of silicate and alumi-
nosilicate materials of interest in chemistry and geochemistry.!™
In order to interpret the silicon-29 shifts observed in structural
terms, various correlations based on bond length,$ bridging bond
angle,”® bond strength,%'® mean TOT distance,'! and ¢-orbital
hybridization'2 have been presented, together with a recent cal-
culation of the paramagnetic shift term (o) based on band-gap
and refractive index dispersion data.'?
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To date, when all silicate phases are examined, the best cor-
relation between experiment and prediction is by use of the
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