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Abstract: Two 7O-enriched hydrous magnesium silicates, the minerals hydroxyl-chondrodite $2Mdvig-

(OH),) and hydroxyl-clinohumite (4Mg5i0s.Mg(OH),), were synthesized. High-resolution “isotropicO (|

= 5/,) NMR spectra of the powdered solids were obtained using three- and five-quantum MAS NMR at magnetic
field strengths of 9.4 and 16.4 T. These multiple-quantum (MQ) MAS spectra were analyzed to yi€ld the
isotropic chemical shiftsd¢s) and quadrupolar parametefSy # and their “product’Pg) of the distinct oxygen

sites resolved in each sample. The values obtained were compared with those found previously for forsterite
(MgSiOy). Thel’0 resonances of the protonated (hydroxyl) sites were recorded and assigned with the aid of
170 {1H} cross-polarization and comparison with the spectruff©fenriched brucite (Mg(OH). Using all

of these data, complete assignments of the five crystallographically inequivalent oxygen sites in hydroxyl-
chondrodite and of the nine such sites in hydroxyl-clinohumite are suggested. The validity of these assignments
are supported by the observation of a correlation betwé@risotropic chemical shift and SO bond length.

The 2°Si MAS NMR spectra of the two minerals were also obtained.

Introduction defect sites accommodating water in olivihn@hese minerals
} . ] may be viewed as hydrated forms of forsterite and can be

Structural studies of solid silicates have an important role to gescribed simplistically as comprisingforsterite-like layers
play in understanding the properties of the Earth’s mantle. The gjternating with a layer of brucite (Mg(Ok) Clinohumite-
dominant mineral in the upper mantle (above a depth of 410 type defects, consisting of randomly distributed brucite-like
km) is olivine with composition MggFey 2SiOs. A simple model  |ayers, have been identified in mantle olivirfes.
for this is forsterite, MgSiOq, the Mg end-member of the olivine The structural chemistry of low levels of nonstoichiometric
solid solution Mg-«FgSiO;. It is estimated that the undepleted  hydrogen is difficult to determine by diffraction methods and
or primitive upper mantle contains 26600 ppm of hydrogen  ajternative techniques such as IR spectrosédhgnd*H and
(colloquially termed water)? Studies of phases in the system  295j NMR spectroscopy 1 have been used to investigate both
MgO—SiO,—H,0 have determined that all known stoichiomet- hydrous and nominally anhydrous silicate minerals. In this paper,
rically hydrous magnesium silicates have only limited stability we adopt a novel approach and 48® NMR spectroscopy to
at upper mantle temperatures and presstisminally anhy- study twol’O-enriched hydrous forms of magnesium silicate,
drous silicate minerals such as olivine, however, may contain the humite group minerals hydroxyl-chondrodite, 2/8D,:
sufficient structurally bound water at defect sites to accom- Mg(OH),, and hydroxyl-clinohumite, 4MgiOsMg(OH),, (here-
modate the entire mantle water budgéfThe incorporation of after referred to simply as chondrodite and clinohumite) that
water in olivine will affect physical and chemical properties of have been synthesized at high pressure. Our intention is that
the mantle such as rheology, convection, conductivity, and the present study will serve as a model for futdif®@ NMR
partial melting, and also has implications for seismic wave work on'’O-enriched nominally anhydrous minerals that contain
velocities and the evolution of the atmosphere and oceans.  nonstoichiometric amounts of water.

Minerals of the hydroxyl-humite groupMg,SiO,Mg(OH), The ability of 'O (spin quantum numbér= %) NMR to
wheren = 1, 2 (hydroxyl-chondrodite), 3, or 4 (hydroxyl- Yield structural information in powdered solids is usually

clinohumite), have been proposed as possible models of thehindered by the presence of significant second-order quadrupolar
broadening of thé’O resonances. The magic angle spinning
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resolution by removing broadening arising from first-order spin no evidence for the presence of brucite (Mg(@HLhondrodite was
interactions, does not fully suppress second-order interadfiors. ~ synthesized at 45 kbar and 960G from a stoichiometric mixture of

In consequence, much attention has been focused on the recentlglinohumite and Mg(OH) The reaction conditions were maintained
developed multiple-quantum magic angle spinning (MQMAS) of 24 h and .100 mg of chondro.dlte was produced in a smgle
method5 which is able to remove the second-order contribution experiment. This sample also contained a minor amount of brucite.

; : 17 : .

to the quadrupolar broadening in a two-dimensional experiment, MR Experiments. 7O MAS NMR spectra were obtained either
thus yielding high-resolution “isotropic” spectra (i.e., free of at a Larmor frequency of 54.2 MHz on a Bruker MSL 400 spectrometer

) . : - . equipped with a 89 mm bore 9.4 T magnet or at a Larmor frequency
any anisotropic or orientationally dependent broadening). The 4t 94 9 MHz on a Bruker DRX 700 spectrometer equipped with a 54

combination O_f”O MQMAS NMRle_ZO and the recent applica-  mm bore 16.4 T magnet. Powdered samples were packed inside 4 mm

tion of very high magnetic fields (up to 18.82F?to solid- MAS rotors.

state NMR promises to be particularly powerful. We have found that thé’O spin-lattice relaxation rates in
The main aims of this paper are: (i) to describe the synthesis chondrodite and clinohumite (and forstetfieappear to be significantly

of O-enriched samples of chondrodite and clinohumite, (i) faster than in (for example) chain silicates such as the enstatite minerals.

to present the results of three- and five-quantd@MAS NMR The recycle intervals used in oti0 NMR experiments were optimized
experiments performed at magnetic field strengths of 9.4 and exPerimentally such that the signal intensity wa80% less than that
16.4 T, (iii) to tabulate thé’0 isotropic chemical shiftsdcs) achieved using the same number of transients with a long recycle

- N interval (~15 s). A number of “dummy” transients were also acquired.
and quadrupolar parameterSq( 77, and their “product’Pq) Two-dimensional three-quantufiO MAS NMR experiments were

extracted from the MQMAS spectra and to compare them with y nicaly recorded several times with slightly different recycle intervals
values found previously for forsterite, (iv) to use these results ang no evidence was seen of changes in the relative intensities in the
and those of additionafO {H} cross-polarization experiments  isotropic spectra.

on chondrodite, clinohumite and (for comparison) brucite, Mg-  For optimum sensitivity and convenience, two-dimensional three-
(OH),, to suggest complete assignments of the crystallographi- and five-quantumi’0 MAS NMR experiments were performed using
cally inequivalent oxygen sites in the two hydrous silicates, and “phase-modulated split* pulse sequences: the three-quantum experi-
(v) to test thesé’O spectral assignments by examining the ments using the pulse sequence _in Figure 14b of ref 26 and the five-
possibility of a correlation between the measured NMR param- duantum using the sequence in Figure 3 of ref 27. Spectra recorded at
eters and known structural parameters. 78 MAS NMR 9.4 T were obtained witfH decoupling (radio frequency field strength

spectra of chondrodite and clinohumite will also be presented. Y2+ 77 kH2), but this was not used in the experiments at 16.4 T. The
frequency shifts in alt’O spectra were referenced to® Further

experimental details are either given in the figure legends or discussed

Experimental Section in the next section.

Sample Preparation.As precursors to the synthesis of chondrodite . .
and clinohumite ’O-enriched Mg(OH) and SiQ were prepared by ~ Results and Discussion

the addition of H'O (35+%, Cambridge Isotope Laboratories, Inc.) . . . i
10 MgsN> (99.6%, Johnson Matthey) and SiG99.998%, Aldrichp® The structure of forsterite consists of isolated Si€@rahedra

Paramagnetic dopants (sometimes used to increase thelafiice linked by_ d'val_ent _Mg atoms in _S'X'fc’ld qurd'nat'_on' as shown
relaxation rates) were not added. Synthesis conditions correspondingSChemat'Ca”Y in Figure 1#:°This resylts in three |n.eqU'V<5\|ent

to the pressure and temperature of the upper mantle were achieved®Xygen species, labeled 1, 2, and 3 in Figure 1a (in accordance
using a 1/2 (12.7 mm) piston cylinder apparatus with an end-load With the crystallographic literature), with site populations in the
supplied by a 200 tonne press. Samples were sealed in Pt capsules antatio 1:1:2. The humite group minerals, closely related to
surrounded by an assembly consisting of a graphite heater and a NaClforsterite, may be described as consistingndbrsterite-like
Pyrex/MgO pressure medium. The experimental conditions were chosen|ayers alternating with a layer of brucite, Mg(Otfyvith n = 2

with reference to the pressuréemperature stability field of each 514 4 for chondrodite and clinohumite, respectively, as shown

phase&*?5 The products are strongly dependent upon the relative ; P 32 i inti
amounts of the reactants and these were adjusted to maximize the yield.S(:hematlcalIIy in Figure 1, b andt. Although this description

. . L . is chemically correct, structurally it is not fully accurate as
Clinohumite was produced from a 5:2 mixture of Mg(Qlhd SiQ certain layers of anions are shared between the two components
reacted at 35 kbar and 83C for 3 h. Around 240 mg of sample was fth Th | in Fi 1b dicts fi
synthesized in two separate experiments. Forsterite;$i) was of the structure. The crystal structure in Figure 1b predicts five

identified by X-ray diffraction as a minor impurity phase; there was Crystallographically inequivalent oxygen species in chondrodite;
four of which are expected to possess d0 quadrupolar
(12) Schramm, S.; Kirkpatrick, J.; Oldfield, . Am. Chem. S0d.983 coupling constantCqo = eQV,/4meoh, of 2—3 MHz, charac-

105, 2483. ioti idAi i T
(13) Timken, H. K. C. Schramm, S. E.: Kirkpatrick, R. J.: Oldfield, E. teristic of the nonbridging oxygens in the forsterite-like la3#e®
J. Phys. Chem1987 91, 1054. and one (labeled 5) expected to have a la@grperhaps 58
(14) Schramm, S.; Oldfield, El. Am. Chem. S0d.984 106, 2502. MHz,18 associated with the hydroxyl oxygen. The nuclear
(ig) \lj\;ydmag, h ';?f\tl)vgod j ES- NAm- gheT'sS?gg?ggal%; 522;- quadrupole momen@, is a fixed property of any given nuclide
g”g g, S e s, J. B O et SOl 98 o0 and hence these differences betw@@values reflect differ-
Phys. Lett 1997, 266, 568. ences in the electric field gradient (or, more correctly, the
(18) van Eck, E. R. H.; Smith, M. E.; Kohn, S. Golid State Nucl.
Magn. Reson1999 15, 181. (26) Brown, S. P.; Wimperis, SI. Magn. Resonl997, 128, 42.
(19) Wu, G.; Rovnyak, D.; Huang, P. C.; Griffin, R. @hem. Phys. (27) Brown, S. P.; Ashbrook, S. E.; Wimperis, B.Phys. Cheml999
Lett. 1997 277, 79. B103 812.
(20) Amoureux, J. P.; Bauer, F.; Ernst, H.; Fernandez, C.; Freude, D.;  (28) Hazen, R. MAm. Mineral.1976 61, 1280.
Michel, D.; Pingel, U. T.Chem. Phys. Lettl998 285 10. (29) Deer, W. A.; Howie, R. A.; Zussman, An Introduction to the
(21) Alemany, L. B.; Steuernagel, S.; Amoureux, J. P.; Callender, R. Rock-Forming MineralsLongman: Harlow, 1992.
L.; Barron, A. R.Solid State Nucl. Magn. Resot999 14, 1. (30) Taylor, W. H.; West, JProc. R. Soc. Londof928 A117 517.
(22) Fyfe, C. A.; Bretherton, J. L.; Lam, L. YChem. Commur200Q (31) Gibbs, G. V.; Ribbe, P. H.; Anderson, C. Am. Mineral.1970
1575. 55, 1182.
(23) Ashbrook, S. E.; Berry, A. J.; Wimperis, 8m. Mineral.1999 84, (32) Robinson, K.; Gibbs, G. V.; Ribbe, P. Am. Mineral.1973 58,
1191. 43.
(24) Burnley, P. C.; Navrotsky, AAm. Mineral 1996 81, 317. (33) Xue, X. Y.; Stebbins, J. F.; Kanzaki, Mm. Mineral.1994 79,
(25) Wunder, B.Contrib. Mineral. Petrol 1998 132 111. 31.
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Figure 2. ConventionaP®Si (79.5 MHz) and’O (54.2 MHz) MAS
NMR spectra of (a) forsterite, (b) chondrodite, and (c) clinohumite.
All 2°Sj spectra are the result of averaging 160 transients with a 20 s
recycle interval. The displayed spectral width is 2 kHz, and the MAS
rate was 10 kHz. The ppm scale is referenced to liquid tetramethylsilane.
The 170 spectra are the result of averaging (a) 24 transients with a
recycle interval of 1 s, (b) 180 transients with a recycle interval of 2 s,
and (c) 24 transients with a recycle interval of 2 s. In each case, the
displayed spectral width is 10 kHz, and the MAS rate was 7.5 kHz.

1_9 )

Figure 1. Schematic crystal structures (adapted from ref 29) of (a)
forsterite, (b) chondrodite PR1/c), and (c) clinohumite F21/c). recorded at a static magnetic field strengthBaf= 9.4 T. In
Tetrahedra of anions (shown alternately pointing up and down) contain each spectrum the projection onto theaxis yields a conven-
silicon atoms at their centers which are not shown. Oxygen and tional MAS spectrum, still showing the characteristic features
magnesium atoms are represented by large and small circles, respecpf second-order quadrupolar broadening but distorted by the
zl’rig’t'u‘;‘éh'?_';]:[;ﬁtgﬁri ssﬁﬁegrb?n(f;fﬁ:f|itr?e?g'§§t§ryh§ﬁr§g'?a$? three- or, in particular, five-quantum excitation and reconversion
cally inequivalent oxygen atoms are numbered in accordance with the Process. The hlgh.-resolutllon spectrum cpntalngd in the projec-
crystallographic literature. Flon onto thed, axis con5|§ts of narrow, isotropic peaks, that
is, peaks free of anisotropic second-order quadrupolar broaden-
dominant principal axis of the electric field gradient tensor), ing. A complete two-dimensional spectrum thus consists of a
V., experienced at each nucleus. For clinohumite, nine in- series of narrow “ridge” line shapes parallel to the axis.
equivalent oxygens are predicted, as shown in Figure 1c; eightAlthough thed; shift dispersion of the peaks in the five-quantum
nonbridging oxygens and a single hydroxyl oxygen (labeled 9). spectrum is greater than that in the three-quantum spectrum by
The conventional?*Si and "0 MAS NMR spectra of a factor of~4.2, this increased dispersion does not translate
forsterite, chondrodite and clinohumite are shown in Figure 2. fully into a resolution increase owing to a corresponding increase
Although two inequivalent silicon species are predicted from in the line width3® The lower efficiency of the excitation and

the structure of clinohumite, th#Si MAS NMR spectra all reconversion of five-quantum coherences also results in these
display a single sharp resonance-&2 ppm?* providing little spectra having a poorer signal-to-noise ratio.
distinction between the three samples. TH® MAS NMR The projections of the chondrodite spectra ontodhexes

spectra all show a complex resonance-&0 ppm, displaying in Figure 3 exhibit three distinct oxygen resonances, although
features characteristic of second-order quadrupolar broadeningcloser inspection (particularly of the full two-dimensional
but comprising overlapping line shapes from more than one spectra) reveals that the more intense central line shape appears
crystallographically distinct site. As witP’Si NMR, the 17O to comprise two very closely spaced ridges. The projections of
MAS spectra of the three materials are remarkably similar, with the clinohumite spectra in Figure 4 reveal the existence of five
little indication of the differing number of crystallographically inequivalent oxygen species, with no appreciable increase in
distinct oxygens predicted from the crystal structures in Figure resolution obtained in the five-quantum spectrum despite the
1. increase ind; shift dispersion.

To resolve the inequivalent oxygen species present the The values of the isotropic chemical shifics, and the
MQMAS technique can be used to remove fully the inhomo- quadrupolar productPo = Cq (1 + #%3)Y2, wheren, the
geneous second-order quadrupolar broadening, allowing theasymmetry parameter, is defined hy= (Vxx — Vyy)/Vz can
acquisition of a high-resolution or isotropiO NMR spectrum. be obtained from thé; ando, positions of the center of gravity
Figures 3 and 4 show the three- and five-quanfi@ MAS of each ridge line shap&:27:36 Specifically, it can be shown
NMR spectra of chondrodite and clinohumite, respectively, that, for thel = %, three-quantum split: MAS spectra in

(34) M&gi, M.; Lippmaa, E.; Samoson, A.; Engelhardt, G.; Grimmer, (35) Pike, K. J.; Malde, R. P.; Ashbrook, S. E.; McManus, J.; Wimperis,
A. R. J. Phys. Chem1984 88, 1518. S. Solid State Nucl. Magn. Resa200Q 16, 203.
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Figure 3. (a) Three- and (b) five-quantutfO (54.2 MHz) MAS NMR
spectra of chondrodite recorded using phase-modulatedsekperi-
ments. In () 480 transients were averaged for each of;266rements
of 250 us with a recycle interval of 2 s, while in (b) 1600 transients
were averaged for each of 182increments of 62.&s with a recycle
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Figure 4. (a) Three- and (b) five-quantutfO (54.2 MHz) MAS NMR
spectra of clinohumite recorded using phase-modulated tspit-
periments. In (a) 2208 transients were averaged for each df 96
increments of 25Qis with a recycle interval of 1.5 s, while in (b)
2400 transients were averaged for each of,@dcrements of 62.;xs

interval of 1 s. Contour levels are drawn at (a) 15, 30, 45, 60, 75, and with a recycle interval of 1.5 s. Contour levels are drawn at 8, 16, 32,
90% and (b) 50, 70, and 90% of the maximum value. The MAS rate and 64% of the maximum value. In each case, the MAS rate was 7.6

was 7.5 kHz. Spinning sidebands in eprojections are marked with
an asterisk.

Figures 3a and 4a,

316, + 105,
cs™ 27 (1a)
2
v (319, — 170,)

Po= 4~ 162000 (1b)
while for the | = %, five-quantum splity MAS spectra in
Figures 3b and 4b,

376, + 500,
cs— 135 (2&)
2
v (370, — 850,)
Po= N 810000 (2b)

whered, andd, are ppm values aneh is the Larmor frequency

kHz. Spinning sidebands in th& projections are marked with an
asterisk.

Owing to the poorer signal-to-noise ratio in the five-quantum
results, this method was applied only to the three-quantum
spectra in Figures 3a and 4a and the resulting valu€s aind

n are also given in Table 1. The uncertainties in Gxeandz
values were obtained from a combination of multiple line shape
fittings with different initial conditions and a subjective assess-
ment of the error involved, based on previous experience. The
Pq, Cq, andy values given in Table 1 are all in good mutual
agreement.

The Pq values displayed in Table 1, between 2.3 and 2.7
MHz for chondrodite and clinohumite, are characteristic of
oxygen atoms in nonbridging sité33? indicating that the
hydroxyl oxygens, expected to posseddavalue around 58
MHz,18 are not present in Figures 3 and 4. The spectra of
chondrodite (Figure 3) appear to contain four distinct nonbridg-
ing oxygen species, two of which are only barely resolved in
d1, corresponding to the four inequivalent oxygen sites shown
in Figure 1b. However, the spectra of clinohumite display only
five peaks instead of the eight expected from the crystal
structure. The approximate ratio of the resonance intensities in

in Hz. The values obtained are shown in Table 1, tOgether with the isotropic spectrum (22211 in order of decrea&ﬂig

those found in a previouSO MQMAS study of forsterite3
The separate quadrupolar parametégsand (as opposed to
the composite paramet®g) may be extracted directly from

suggests that all eight inequivalent nonbridging oxygens are
observed, but that some of the sites are not resolved, occurring
as doubly intense resonances. Although MQMAS is not gener-

the MQMAS spectra by fitting the inhomogeneously broadened ajly a quantitative technique, owing to the strong dependence
second-order line shapes that result from taking cross-sectionsgf the efficiency of multiple-quantum excitation and reconver-

through the two-dimensional ridges parallel to theaxis23:36

(36) Massiot, D.; Touzo, B.; Trumeau, D.; Coutures, J. P.; Virlet, J.;
Florian, P.; Grandinetti, P. Solid State Nucl. Magn. Rescl996 6, 73.

sion on the magnitude of the quadrupolar interaction, it is
possible in this case to interpret the intensity ratios due to the
very similarPq values of the sites.
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Table 1. 7O Isotropic Chemical Shiftsogs), Quadrupolar

Products RPg), Quadrupolar Coupling ConstantSd), Asymmetries a
(), and Tentative Assignments of the Non-bridging Oxygen

Species in Forsterite, Chondrodite, and Clinohumite

MAS (ref 23) 48(1) 2.8(1) 29(1) 03(1) 01
chondrodite 63(1) 2.6(1) 25(1) 0.3(1) o1
three-quantum 60(2) 2.3(2) 2.3(1) 0.2(1) O3
MAS (54.2 MHz) 59(2) 2.3(2) 2.3(1) 0.3(1) 02

mineral dcs : '
(spectrum) (ppm) Po/MHz  Co/MHz n assignment I :
forsterite 64(1) 2.6(1) 25(1) 0.4(1) 02 : \
three-quantum 61(1) 241 25(1) 0.2(1) O3 ‘ i
|

i

i

(Figure 3a) 52(1) 2.7(1) 2.7(1) 0.2(1) ©4
chondrodite 63(2) 2.7(2) — - o1
five-quantum 60(2) 2.4(2) - - 03

MAS (54.2 MHz) 58(2) 2.4(2) - - 02
(Figure 3b) 51(2) 2.6(2) - - 04
clinohumite 64(1) 2.5(2) 25(1) 0.3(1) ORrO6

three-quantum 61(1) 2.4(2) 2.4(1) 0.2(1) &34
MAS (54.2 MHz) 60(1) 2.4(1) 24(1) 0.3(1) O¥o08

(Figure 4a) 52(1) 2.7(1) 2.8(1) 0.2(1) O5 . . . —
49(1) 271 27(1) 03(1) O1 50 40 30 20
clinohumite 64(1) 26(2) -— — 02+ 06 34 (ppm)
five-quantum 61(1) 2.3(2) — - O3+ 04 . . L
MAS (54.2 MHz) 58(1) 2.5(1) — — 07+ 08 Figure 5. Isotropic projections of three-quantufi® (54.2 MHz) MAS
(Figure 4b) 53(1) 2.6(1) - - 05 NMR spectra of (a) forsterite, (b) chondrodite, and (c) clinohumite
50(1) 2.6(1) — — o1 recorded using phase-modulated splixperiments. In (a) and (c) 480
clinohumite 65(1) 2.5(1) 25(@2) 0.3(1) 02 transients were averaged for each oft9écrements of 25@:s with
three-quantum 64(1) 2.5(1) 2.4(1) 0.2(1) 06 a recycle interval of 1 s. The MAS rate in (a) and (c) was 7.6 kHz.
MAS (94.9 MHz) 61(2) 2.3(2) 2.3(1) 0.1(1) 0804 The projection in (b) is that shown in Figure 3a. The vertical dashed
(Figure 7) 60(2) 2.3(2) 2.4(1) 0.2(1) O7 lines are intended to facilitate comparison of these projections.
59(2) 2.4(2) 2.4(1) 0.2(1) O8
258; 3;8% %;E% 8 %gg 8? of the forsterite and chondrodite spectra. This observation may

be rationalized at a simplistic level by noting that the crystal
) ) ) o ) structure of clinohumite (Figure 1c) comprises both chondrodite-
Without confirmation from ab initio calculations &g and like (O5—08) and forsterite-like (0£04) blocks in equal
7 (as was possible for forsteri®, a complete assignment of proportions. Therefore, it is possible to assign tentatively the
the resonances observed in the multiple-quantum MAS spectragjye gistinct resonances displayed in clinohumite. The resonances
of chondrodite and clinohumite is expected to be tentative only. \yith the lower o1 shifts (~31.0 and~33.5 ppm), may be
However, a consideration of the isotropic spectra of all three assigned as O1 and O5, respectively, on the basis of their
compounds as shown in Figure 5 does enable such an assignpensities and their relation to similar peaks in Figure 5, a and
ment to be made. The resonances in the isotropic spectrum ofy The resonance with the highest shift (~39.5 ppm), may
forsterite (Figure 5a) have been assjgned as 023 03, a.nd Ol inye assigned as a combination of 02 and 06, with peaks in
order of decreasing ppf.Descending the humite series to jgentical positions obtained in the isotropic spectra of both
chondrodite (Figure 5b), it can be seen that the isotropic forsterite and chondrodite. Similarly, the intensities and relation
spectrum contains four resonances. The structures of chondroditg, the spectra of forsterite and chondrodite would suggest that
and forsterite are quite similar and it is not surprising that the ihe resonances withd; shifts of ~37.5 and ~36.5 ppm
general_forms of the two spectra_are also sim?lar. This allows correspond to a combination of O3 and O4 and a combination
correlgtlon of peaks in the assigned forsterite spectrum to 4t 97 and 08, respectively. Owing to the lower symmetry of
unassigned chondrodite resonances. The two closely spacedjinghumite, the two sites corresponding to O3 in forsterite are
resonances with &, frequency of~36.5 ppm can be assigned g |onger crystallographically identical (O3 and 04), although
as 02 and O3 (Figure 1b), slightly shifted from the position of they might be expected to possess very similar environments.
the doubly degenerate O3 resonance observed in forsterite and e agsignments of the forsterite, chondrodite and clinohumite
no longer identical owing to the reduced symmetry. The 175 NMR spectra suggested here and in ref 23 can be tested by
resonance with the highest shift (~39.5 ppm) in Figure 5b o2 mining whether the measured NMR parameters correlate
may be assigned as O1, owing to its presence in the spectra ofith known structural parameters. A number of previous studies
both forsterite and chondrodite. The-3)—Mg1/Mg2/Mg3 have found a correlation between chemical shift andCS Si
bond angles for this oxygen species {907, 123) are similar 1, angles in bridging oxygeR&;“° although no such cor-
to those observed for O2 and O3. The remaining site Is assignede|ation was found in a more recent investigattdBy contrast,
to O4. The chemical shift of this speciedcé = 52 ppm) IS ¢or the nonbridging oxygens studied in this work, Figure 6 shows
quite distinct from those assigned as O1, O2 and &3 €& that, using the assignments in Table 1 of the 54.2 MHz three-

59-63 ppm) and it is noted that the—S@ ,'\,"91/'\"9?/'\"93 qguantum MAS data, there appears to be an approximately linear

bond angles for O4 (120121°, 1271°) are significantly different

from those found for the other nonbridging oxygen species in  (38) Tossell, J. A.; Lazzeretti, FPhys. Chem. Miner1988 15, 564.

chondrodite. (39) Farnan, I.; Grandinetti, P. J.; Baltisberger, J. H.; Stebbins, J. F;
. L . . . Werner, U.; Eastman, M. A,; Pines, Alature 1992 358 31.

A noticeable feature of the projections in Figure 5 is the  (40) xue, X.; Kanzaki, MPhys. Chem. Miner1998 26, 14.
resemblance of the isotropic spectrum of clinohumite to the sum  (41) Bull, L. M.; Bussemer, B.; Anufid, T.; Reinhold, A.; Samoson,
A.; Sauer, J.; Cheetham, A. K.; Dupree, RAm. Chem. So200Q 122
(37) Winkler, B.; Blaha, P.; Schwarz, Kkm. Mineral.1996 81, 545. 4948.
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Figure 6. Plot of YO isotropic chemical shiftsogs) versus Si-O 40
equilibrium bond length. The tentative assignments of ‘i (54.2
MHz) three-quantum MAS NMR spectra of forsterite, chondrodite, and 1 | | | |
clinohumite given in Table 1 have been used. 45 70 60 50 40 30
85 (ppm)

i tweel O isotropic chemical shift and Si n
correlation betwee#O isotropic chemical s d SO bond Figure 7. Three-quantunt’O (94.9 MHz) MAS NMR spectrum of

28,30-32,42 i i is vieldi .

I_ength, AW'T regression analysis yieldingdts)/drsi-o clinohumite recorded using a phase-modulated $plikperiment. The

= +440 ppm/ & = 0.897). . . spectrum is the result of averaging 96 transients for each oftb74
Both the sign and order of magnitude of the gradient observed jhcrements of 5@s with a recycle interval of 0.7 s. Contour levels are

in Figure 6 are in general agreement with ab initio calculations grawn at 8, 16, 32, and 64% of the maximum value. The MAS rate

of changes in chemical shielding upon covalent bond extensionwas 12 kHz.

in a wide range of small moleculé%** However, to confirm

this correlation for the specific example of an isolated &iO investigate the nature of such an oxygen environmé&i@,
group, quantum-mechanical (distributed gauge) calculations isotopically enriched brucite (Mg(Ok)was used as a model.
were performed using the CTOCD-PZ2 option of the SYSMO The environment of the OH oxygen nuclei in brucite is broadly
packagé’® with a 6-311+G (3df, 3pd) basis set for the silicon  similar to those in clinohumite and chondrodite (tetrahedral
and a 6-31G* basis set for the oxygen atoms. For a perfectly coordination by three magnesiums and one hydrogen), and it is
tetrahedral anion with all four SiO bond lengths equal to 1.634  likely that their 7O quadrupolar interaction and isotropic
A (the mean value across forsterite, chondrodite and clinohu- chemical shift will closely match those in the other two minerals.
mite), the absoluté’O isotropic chemical shieldingsiso, was The conventional’0O NMR spectrum of a static sample of
calculated as 182 ppm. The chemical shift gradient calculated brucite (Figure 8a) exhibits a second-order quadrupolar broad-
with respect to variation of one of the four-SD bond lengths ened line shape that, when fitted, yields = 6.8 MHz, = 0,

was dfcg)/drsi-o = +1200 ppm/A, concurring with the sign  anddcs= 25 ppm? It should be noted that, owing to the large
of the gradient observed in Figure 6 and hence, by extension,quadrupolar interaction, it is not possible to obtain a recognizable
supporting the empiricafO resonance assignments upon which MAS spectrum of brucite at the spinning rates and magnetic
Figure 6 is based. The magnitude of the calculated gradient isfield strengths used in Figures 3 anch € 10 kHz andBg =
greater than that found experimentally but such overestimation 9.4 T). Owing to the spatial proximity of the nuclélO {1H}

is to be anticipated in view of the modest basis, small size, and cross-polarization yields the enhanced brucite spectrum shown
high charge of the structural fragment used in the calculation. in Figure 847

Figure 7 shows a three-quantutd MAS NMR spectrum The 70O NMR spectra of static samples of chondrodite and
of clinohumite recorded &, = 16.4 T. The values afcs and clinohumite are shown in Figure 8, ¢ and e, respectively. Each
Pq obtained from th&; ando, positions of the center of gravity  spectrum displays a composite line shape, showing both a
of each ridge line shape are shown in Table 1. The increasednarrow feature and a broader component typical of an oxygen
chemical shift dispersion afforded by the higBaffield strength environment with a much larger quadrupolar interaction. Cross-
has resulted in a splitting of the resonance noéat 33 ppm polarized spectra of static samples of chondrodite and clino-
and a distinct shoulder on the resonance with the highest  humite, recorded using experimental parameters determined
shift. Therefore, the predictions based upon the intensity ratios from the cross-polarization of brucite, are shown in Figure 8, d
observed in Figure 4 are supported. However, no splitting is and f. In each case, the narrow feature is no longer present,
observed in the resonance with@shift of ~34 ppm, assigned  indicating that it derives from the forsterite-like layers which
above to a combination of O3 and O4, confirming the very do not containtH, while the broader signal remains, allowing
similar nature of these oxygen species. its assignment to the hydroxyl oxygen species.

The 170 MAS and MQMAS spectra of chondrodite and The values ofCq, 77, anddcs, extracted from a fitting of the
clinohumite shown in Figures 2, 3, 4, and 5 provide no evidence spectra in Figure 8, d and f, are given in Table 2. It can be seen
for sites withCq values characteristic of an OH oxygen. To that the hydroxyl oxygens in chondrodite possess a slightly
smaller quadrupolar coupling constant than those in clinohumite,

(42) Ferraris, G.; Prencipe, M.; Sokolova, E. V.; Gekimyants, V. M.;

Spiridonov, E. M.Z. Kristallogr. 200Q 215, 169. with both appearing to be very similar to that found in brucite.
(43) Chesnut, D. B.; Wright, D. WJ. Comput. Cheml991, 12, 546. The magnitude of the quadrupolar interaction for both com-
(44) Jameson, C. J.; de Dios, A. Bnnual Reports on NMR Spectros-

copy, Webb, G. A., Ed.; Academic: New York, 2000; Vol. 29. (46) Walter, T. H.; Turner, G. L.; Oldfield, E]. Magn. Reson1988
(45) Lazzeretti, P.; Zanasi, BYSMO Packag&Jniversity of Modena: 76, 106.

Italy, 1980. (47) Ashbrook, S. E.; Wimperis, 340l. Phys.200Q 98, 1.
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W/\W Figure 9. 0 (94.9 MHz) MAS NMR spectrum of clinohumite: 256

transients averaged with a recycle interval of 1 s. The lower trace is
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500 0 —500 500 s 0 -500 shown with an expanded vertical scale. The MAS rate was 12 kHz.
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Figure 8. (a) Conventional and (b) cross-polariz€® (54.2 MHz)
NMR spectra of brucite: 1200 transients averaged &2 srecycle potential of!’0 MQMAS to resolve the many crystallographi-
interval. (c) Conventional and (d) cross-polarizéd (54.2 MHz) NMR cally distinct oxygen species, all of which overlap considerably

spectra of chondrodite: 3200 transients averagel wiR srecycle

interval. () Conventional and (f) cross-polariZéd (54.2 MHz) NMR in the MAS spectra, was demonstrated and tentative assignments

spectra of clinohumite: 14400 transients averageti witl srecycle of the spectra were achieved. Itis the quality of the data provided

interval. Cross-polarization was performed with'@ radio frequency by 1’0 MQMAS NMR, particularly at high magl_’]etic field_ .
field strength ofv:s ~ 25 kHz, alH field strength ofvy ~ 77 kHz, strengths, that makes these assignments possible, and it is

and a spin-locking duration of (b) 0.4 ms, (d) 2 ms, and (f) 0.5 ms. interesting to note, despite the extensive work carried out on
Spin—echoes (formed by selective 1%8pulses) were used to acquire  *’O-enriched minerals using the dynamic angle spinning (DAS)
the spectra of these static samples. and double rotation (DOR) techniquis that the current work
appears to represent the first time that assignments of such

17, H 1 T
Table 2. 7O Isotropic Chemical Shiftsjs), Quadrupolar complex YO NMR spectra have been attempted. Cross-

Coupling Constantsg), and Asymmetries) for the Hydroxyl

Oxygen Species in Brucite, Chondrodite (O5), and Clinohumite polarization was also used to “edit” tHéO spectra of chon-
(09) drodite and clinohumite to allow the selective observation of
mineral (spectrum) dcs (ppm) Co/MHz " the hydroxy[ oxygens, thereby. confirming thdO NMR hgs .
- - allowed the identification of all inequivalent oxygen species in
Brucite (Figure 8a) 25(1) 6.8(1) 0.0(1) these samples
Chondrodite (Figure 8d) 25(3) 6.6(1) 0.1(2) ples.
Clinohumite (Figure 8f) 25(3) 7.0(1) 0.2(2)
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The humite minerals chondrodite and clinohumite, proposed
as possible models for the site of water incorporation into the ~ (48) Chmelka, B. F.; Mueller, K. T.; Pines, A.; Stebbins, J.; Wu, Y.;
forsterite structure, were synthesized under high-pressure condi-Zwanziger, J. WNature 1989 339, 42. ' _
tions and studied using both two-dimensional three- and five- , (49) Mueller, K. T.; Wu, ¥.; Chmelka, B. F.; Stebbins, J.; Pines,JA.
M0 MAS NMR techniques. The resulting spectrawere 56 Yaioe K 1. baiat -
quantu echniques. 1he resuling spectra were  (50) Mueller, K. T.; Baltisberger, J. H.; Wooten, E. W.; Pines, JA.

analyzed to obtain values @fcs, Pg, Co, and#. The great Phys. Chem1992 96, 7001.




