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2Sj chemical shift anisotropy (CSA) data have been determined from 2°Si MAS NMR spectra recorded at 14.1 T
for a number of synthetic calcium silicates and calcium silicate hydrates. These are - and y-Ca,SiO,, CasSiO4Cly,
o-dicalcium silicate hydrate (o-Ca,(SiO30H)OH), rankinite (CasSi,0-), cuspidine (CasSi;O;F,), wollastonite (8-Cas-
Siz0g), pseudowollastonite (a-CasSisOg), scawtite (Car(SigO18)COs+2H,0), hillebrandite (Ca;SiOs(OH),), and xonotlite
(CagSig017(0OH),). The #Si MAS NMR spectra of rankinite and wollastonite clearly resolve manifolds of spinning
sidebands from two and three Si sites, respectively, allowing the CSA parameters to be obtained with high precision
for each site. For the 2°Si Q! sites in rankinite and cuspidine, the CSA asymmetry parameters (1, ~ 0.6) contrast
the general expectation that sorosilicates should possess small 7, values as a result of the nearly axially symmetric
environments of the SiO, tetrahedra. The #Si CSA parameters provide an improved insight into the electronic and
geometric environments for the SiO, tetrahedra as compared to the values solely for the isotropic chemical shift.
It is shown that the shift anisotropy (d,,) and the CSA asymmetry parameter (,) allow a clear distinction of the
different types of condensation of SiO, tetrahedra in calcium silicates. This relationship may in general be valid for
neso-, soro-, and inosilicates. The CSA data determined in this work may form a valuable basis for 2°Si MAS NMR
studies of the structures for tobermorites and calcium silicate hydrate phases resulting from hydration of Portland

y

cements.

Introduction

295i NMR spectroscopy is a well-established tool in
structural investigations of a variety of crystalline and
amorphous inorganic materials including zeolite'glasses,
minerals; and cementitious systerfidzor these materials,
high-resolutior?*Si NMR spectra can generally be achieved
by the magic-angle spinning (MAS) technique, which allows
a precise determination of tH#é€Si isotropic chemical shift
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(diso) for different Si environments in powdered samples. For
silicates iso primarily depends on the coordination of silicon
to oxygen since distinct chemical shift regions are observed
for Si in tetrahedral, pentacoordinated, and octahedral
environments. For silicates with Si in tetrahedral coordina-
tion, diso also reflects the degree of condensation of SiO
tetrahedra (@ n=20, 1, 2, 3, 4) and effects from variations
in Si—O—Si/Al bond angles and SiO bond lengthd:3

Improved structural information on the electronic and
geometric environment of a Si nucleus may be achieved by
a determination of th&®Si chemical shift anisotropy (CSA),

a second-rank tensor which reflects the isotropic and aniso-
tropic nature of the local electron distribution. In the principal
axis system for this tensor, the magnitude of the anisotropy
can be described by the shift anisotropy, & diso — 02
while the CSA asymmetry parametef, (= (xx — 0y)/0y)
reflects the symmetry of the electron distribution. However,
relationships between these parameters, or the principal
elements of the CSA tensor (i.6i, i = X, Y, 2), and structural
parameters such as coordination state,GB+Si/Al connec-
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tivities, and bond angles are until now not as well-established the SiQ species in the €S—H phase by?°Si MAS

as those reported for tH&Si isotropic chemical shift. NMR.*16 Improved information about the structure of the
Early studies of°Si CSAs for organosilicon compounds C—S—H phase may potentially be derived from determina-

employed static-powdet®Si{'H} cross-polarization (CP) tion of the 2°Si CSAs for the different SiQtetrahedra in

NMR to circumvent the difficulties caused by the low natural this phase. Thus, th8Si CSAs determined in this work for

abundance fot°Si (4.7%) and the generally long spitattice crystalline calcium silicates and calcium silicate hydrates

relaxation times associated with silicon species. For inorganic combined with the relationships of these parameters with

silicates?°Si CSAs have been determined for polycrystalline structural data may be of valuable importance in such studies

samples from the line shape in static-powder NMR spéctra of 2°Si CSAs for tobermorites and-€S—H phases resulting

and from the intensities of the spinning sidebands (ssbs)from hydration of Portland cements.

observed in MAS NMR spectrBA full account of the*’Si

CSA tensor and its crystallographic orientation has been Experimental Section

reported only for fosterite (M&iO,)*° and low-quarts using Synthesis.In all syntheses, reagents of analytical purity grade

29Gi single-crystal NMR techniques. . were obtained from commercial sources and used without further
In this work, we focus on the determination®8i CSAs purification. The anhydrous calcium silicates were prepared from

for a number of calcium silicates and calcium silicate equimolar quantities of CaO and silica by high-temperature solid-
hydrates employing’Si MAS NMR at a high magnetic field  state synthesis. The reagents were mixed, pressed into a tablet, and

(14.1 T). The anhydrous compounds inclufe and y- finally heated in air in a platinum crucible. After heating, the
CaSiO; that are important hydraulic phases in Portland material was ground, a new tablet pressed, and the heating scheme
cements as well as GBO,Cl, and cuspidine (C&i,O0:F2) repeated 24 times. CgSiO,Cl, was prepared from a molar mixture

of 2CaCQ/CaCb-2H,0/SiO, which was heated three times at 800

which may be found in Portland cements if the raw materials ) . ) .
y °C for 12 h. Wollastonite £-CaSi;Og) was obtained by heating

CO”t"?"” chloride or flouride anlons’. reSpeCtlvawloreover’ xonotlite (CaSicO1/(OH),) 4 times at 800C for 12 h. The calcium
the ]mportant phases of the binary Ca&Oz_ system silicate hydrates were prepared by hydrothermal synthesis using
rankinite, wollastonite, and pseudowollastonite are also ;5 m| Teflon-lined steel autoclaves. Scawtite {(S01e)COs
investigated; however, none of these phases react signifi-oH,0) was synthesized from a 7(Ca(QtQaCQ)/6Si0;, molar
cantly with water at ordinary temperatures. The ternary mixture which was treated hydrothermally at 280 for 24 h.
Ca0-SiO,—H,0 system includes several crystalline phases o-Dicalcium silicate hydrateo-Cax(SiO:OH)OH) was prepared by
of which a-dicalcium silicate hydrateo-Ca(SiOH)OH), hydrothermal treatment of G&iO, at 180°C for 6 dayst’” Xonotlite
hillebrandite (CaSiOs(OH),), and xonotlite (CgBisO:1/(OH),) (CasSigO17(OH),) was prepared from a molar mixture of CaO/8i0O
are investigated in this work. These hydrates can be formedwhich was heated to 250C under hydrothermal conditions for 6
in Portland cements which are hydrated at elevated temper-days. Hillebrandite (Gs5i0;(OH),) was synthesized from a molar
atures or under hydrothermal conditidAsAt ambient mixture of 2Ca0/Si@treated hydrothermally at 25 for 4 days.

. . . Cuspidine (Cg5i,0;F;) was synthesized from molar quantities of
temperatures, the main component giving the strength in 4Ca0/2SiG/CaR, heated three times at 110C for 12 h. The

h'a.rdened Portland cements is an amorphous caleium basic structures and purities of the calcium silicates were confirmed
silicate-hydrate (C.—S—H) 'phas'e. by powder X-ray diffraction (STOE-STADI diffractometer, Cw&
Although the?’Si CSA is quite small for some of the  radiation) using the JCPDS diffraction files as reference.
studied calcium silicates, the direct proportionality of the ~ NMR Measurements.Solid-state?Si MAS NMR experiments
CSA with the magnetic field strength forms the basis for a were performed at 119.2 MHz (14.1 T) on a Varian INOVA-600
precise determination of tHéSi CSA parameters from slow-  spectrometer. Th&Si static-powder and MAS NMR spectra were
speed MAS NMR spectra at 14.1 #Si isotropic chemical  recorded using a home-built, broad-band %} CP/MAS probe
shifts for calcium silicates and calcium silicate hydrates have for 7 mm o.d. rotors. Stable spinning frequencie=2 (Hz) were
been extensively studied B§Si MAS NMR because of the achieved using the Varian rotor-speed controller, which for standard

fundamental role these silicates play in the chemistry of experiments controls the drive-gas pressure for a fixed bearing gas.

Portland cements (see refs 6 and 13 for a review). For the 10Wever, for some of the slow-speed spinning spectra presented

amorphous calciumsilicate-hydrate (G-S—H) phase which in this work (i.e.,»; = 1000 Hz), an improved spinning stability

. . . . was obtained by regulating the bearing-gas pressure for a fixed
is the main product resulting from Portland cement hydration, drive-gas pressure. TH&Si single-pulse experiments employed a

structural models have recently been proposed on the basi%wse width of 3us (45 flip angle), relaxation delays of £50 s,
of 2°Si chemical shifts and relative intensities observed for and 186-6032 scans, corresponding to instrument times ranging

- — _ - - from a few hours to an overnight experiment. TH¥8i{1H} CP/
) gz'gtl’y' M. G.; Pines, A.; Waugh, J. 3. Am. Chem. S0d972 94, MAS NMR experiments used CP contact times 0f-4500 ms,*H
(8) Grimmer, A.-R.; Peter, R.; Fechner, E.; Molgedey,@em. Phys. decoupling during acquisition, relaxation delays of1% s, and
Lett. 1981, 77, 331. 3000-7224 scans. Furthermore, all experiments employed a fixed

© mié?;‘lﬁéggﬂ%kpﬁg%k' R.J.; Oldfield, E.; Henderson, D. Mm. set of magnet-shim parameters optimized for the specific probe.

(10) Weiden, N.; Rager, HZ. Naturforsch.1985 40g, 126.

(11) Spearing, D. R.; Stebbins, J. &m. Mineral.1989 74, 956. (14) Cong, X.; Kirkpatrick, R. JAdv. Cem. Based Materl99§ 3, 144.
(12) Taylor, H. F. W.Cement Chemistry2nd ed.; Thomas Telford: (15) Richardson, I. GCem. Concr. Redl999 29, 1131.
London, 1997. (16) Faucon, P.; Delagrave, A.; Petit, J. C.; Richet, C.; Marchand, J. M.;
(13) Grimmer, A.-R. InApplication of NMR Spectroscopy to Cement Zanni, H.J. Phys. Chem. B999 103 7796.
Science Colombet, P., Grimmer, A.-R., Eds.; Gordon and Breach (17) Bell, G. M. M.; Bensted, J.; Glasser, F. P.; Lachowski, E. E.; Roberts,
Science Publishers: Amsterdam, 1994; pp-1131. D. R.; Taylor, M. J.Adv. Cem. Res199Q 3, 23.
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Table 1. 29Si Isotropic Chemical Shiftsd(so), Chemical Shift Anisotropy Parameteid,(7,), and Principal Elements of the CSA Tensodg(dyy,
andd;,) for the Calcium Silicates Studied in This Wérk

compd Q site diso (PPM) 95 (ppm) o Oxx (PPM) dyy (PPm) zz(ppm)
B-CaSiOy Qv —71.3+0.1 16.6+ 1.5 0.83+£ 0.07 —56.1+ 1.5 —69.94+ 0.6 —87.9+ 1.5
y-C&SiOy Qo —73.7+0.1 255+ 1.0 0.83+ 0.04 —50.4+1.0 —71.5+0.5 —99.2+1.0
C&SiO4Cl> Q° —73.6+£0.2 11.0£1.3 0.78+0.04 —-638+12 —724+03 —84.6+1.3
dicalcium silicate hydrate, Qo —72.7+0.1 26.0+£0.5 0.30+ 0.03 —558+05 —63.6+0.4 —98.7+ 0.5
o-Ca(SiO;OH)OH
rankinite, CaSi,O7 Q*  Si(1) -745+01 -55.3+1.4 0.69+0.03 —121.2+15 —83.0+0.9 -19.2+1.4
Qt Si(2) —75.94+0.1 —40.5+1.4 0.65+ 0.03 —109.3+ 1.3 —83.0+£ 0.7 —35.4+1.4
cuspidine, Cg5i,07F Qt —79.9+0.1 —58.3+1.3 0.61+ 0.05 —126.8+ 1.8 —91.3+1.5 —21.6+1.3
wollastonite 5-Ca;SizOg Q? Si(3) —87.8+0.1 69.4+ 15 0.60+ 0.02 —32.3+ 1.4 —73.9+0.8 —157.2+ 1.5
@ Si(1) —89.0+0.2 59.8+42.0 0.62+0.04 —40.6+20 —77.6+£13 —148.8+2.0
Q? Si(2) —89.5+ 0.2 52.1+ 2.0 0.68+ 0.04 —45.7+ 2.0 —-81.2+1.1 —141.6+ 2.0
pseudowollastonitey-Ca;SizOg Q? —83.6+0.2 88.9+4.1 0.55+ 0.06 —14.7+4.2 —63.6+ 2.8 —172.5+4.1
scawtite, Ca(SisO19)COs2H0 @ Si(1) —85.1+0.1 49.1+1.2  0.70+ 0.04 —434+14 777410 —1342+12
Q? Si(2) —86.5+ 0.1 61.1+ 15 0.66+ 0.06 —35.8+2.2 —76.1+1.9 —147.6+ 1.5
hillebrandite, CaSiO3(OH), Q? —85.840.2 39.3£ 0.9 0.71+£0.03 —52.2+1.0 —80.1+ 0.6 —125.1+ 0.9
xonotlite, CaSigO17(OH), Q? Si(1) —86.4+ 0.1 38.1+1.8 0.65+ 0.04 —55.0+ 1.7 —79.7+£ 0.8 —124.5+ 1.8
@ Si(2) -87.2+0.1 39.7£1.8 0.57+0.04 —-56.0+16 —787+09 —126.9+1.8
Q3 Si(3) —97.6+0.1 33.3t11 0.02+ 0.05 —80.6+ 1.0 —81.3+1.0 —130.9+1.1
N&SiOs Q? —77.1+0.2 735£ 1.0 0.56+ 0.03 —19.7+ 1.4 —60.9+ 1.2 —150.6+ 1.0
kyanite, AbSiOs Q® Si(1) —-824+0.1 19.7418  0.95+0.05 —-63.2+18 —819+05 —102.1+1.8
Qo Si(2) —83.3+0.1 19.4+ 1.6 0.99+ 0.05 —64.0+ 1.7 —83.2+ 0.5 —102.7+ 1.6

aThe CSA parameters are definedds = Y3(dxx + dyy + 029, 06 = diso — Ozz andigy = (dxx — dyy)/dy, USING the conventiofd,, — disel = [Oxx — Jisdl
> |dyy — Jisol. P Assignment of the parameters to the specific crystallographic Si sites in the reported crystal structures, employing the correlation by Sherriff
and Grundy! (cf. Table 2).

Under these conditions, the contribution from magnetic-field
inhomogeneities to the line widths of the resonances is ap-
proximately 15 Hz for thé°Si MAS NMR spectra recorded at 14.1
T. The one- and two-dimension&Si{ 1°F} CP/MAS NMR experi-
ments were performed at 59.6 MHz (7.1 T) on a Varian INOVA-
300 spectrometer using a home-built{X¥4/*°F} CP/MAS probe

for 5 mm o.d. rotors and with transmission-line tuning (TLT) for
the high-frequency chann#l. The 2°Si{1%F} CP/MAS spectra
employed an rf-field strength ofBy/27r = 60 kHz during'°F
decoupling and/B:/2t ~ yB,/2x = 45 kHz for the Hartmann (a) (b)
Hahn match?2°Si isotropic chemical shifts are in ppm relative to )
tetramethylsilane (TMS). SimulatioA%2° least-squares optimiza-
tions, and error analysis of the experimental spectra were
performed using the STARS software package. The CSA parameters (c) l (d)
are defined adiso = Y3(0xx + Oyy + 029, 05 = diso — Oz5 andyn, JJ Uu ! .
= (Oxx - Oyy)l0,, Using the conventiot,, — disol = |0xx — Oisal =
|6yy - (3iso|-

Results and Discussion

The determination of thé°Si CSA parameters for the
calcium silicates studied in this work are described in the
following paragraphs in the order of increasing degree of
condensation for the SiQtetrahedra (@ n = 0, 1, 2) in
these silicates. Th&Si isotropic chemical shifts)s,), CSA
parametersd(, ,), and the corresponding principal elements (e) UM,J ® Ub
of the CSA tensors are summarized in Table 1. Finally, Uf bb
relationships between these parameters and structural data " 40  -60  -80 -100 (ppm)  -40  -60  -80  -100 (ppm)
are discussed. Figure 1. (a)2Si static-powder and (c) MAS/{= 700 Hz) NMR spectra

B- and y-Ca,SiO,. 2°Si static-powder and slow-speex ( of 8-CaSiO, recorded at 14.1 T using a relaxation delay of 30 s and 1933
=700 H2) MAS NMR Spectia of the iSolated SO erosmmne st oid oo i o s o

- ) 1. Experimental (e) and simulated #Si MAS NMR spectra (14.1 T) of
(18) Jakobsen, H. J.; Daugaard, P.; Hald, E.; Rice, D.; Kupce, E.; Ellis, P. y-C&SiO, are shown, employing the spinning spesd= 700 Hz, a

D. J. Magn. Reson2002, 156, 152. relaxation delay of 15 s, and 2048 scans. The diame¥dirfdicates the
(19) Skibsted, J.; Nielsen, N. C.; Bildsge, H.; Jakobsen, H. Magn. isotropic peak from a minor impurity g#-CaSiOs while the asterisks (*)
Reson.1991 95, 88. denote the isotropic peaks for the two,S#D, polymorphs.

(20) Skibsted, J.; Nielsen, N. C.; Bildsge, H.; Jakobsen, Bh&m. Phys.

Lett. 1992 188 405. . . . .
(21) Skibsted, J.; Vosegaard, T.; Bildsge, H.; Jakobsen,HRhys. Chem. tetrahedron inf-C&SiO;, are shown in Figure 1a,c, respec-

1996 100, 14872. tively. The convincing indication of a smaf®Si CSA
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* isotropic chemical shiftds, = —73.6 ppm) reveals that Ga
SiO4Cl; contains isolated Sigxetrahedra in agreement with
its reported crystal structure (monoclink2,/c).?* Further-
more, the very small shift anisotropy,( Table 1), deter-
mined from the manifold of ssbs in Figure 2a, indicates that
the single SiQ tetrahedron in C&iO,Cl; is highly sym-
(a) (b) metric. This is in agreement with the fact that very similar
|, I Si—O bond lengths (1.6261.638 A) and G-Si—O bond
o angles (105.6115.8) are reported for the SiQetrahedron
in CaSiO,Cly.24
o-Dicalcium Silicate Hydrate (o-Cay(SiOsOH)OH). The
29Si{H} CP/MAS NMR spectrum ofi-Ca(SiO;OH)OH, a
common product resulting from hydrothermal treatment
(100—200°C) of Portland cementg,is shown in Figure 2c.
The spectrum exhibits a manifold of sshs from a sirffB
(©) ‘ b d site in an isolated Sigtetrahedron (i.e Qiso = —72.7 ppm),
b in agreement with the reported crystal structure far (
Ca(SiO;0H)OH) 2> Moreover, the isotropic chemical shift
Figure 2. 551 MAS NMR spectra (14.1 T) of (a) GRIOCh and (@) is in accord_w?th t_he value reported _by B_eII gtléLeast-_
o-Ca(SIOOH)OH recorded using the spinning speed4= 2600 Hz, squares optimization t_o the ssb manifold in Figure 2c gives
relaxation delays of 30 and 15 s, and 704 and 3000 scans, respectively.the CSA parameters in Table 1 and a simulated spectrum
The speC_trumfins%art c eTrRplgyiﬁ?iE;zi}sicnfqzslztig?]?gzrgti;?ovvzi;hina Cal;s ) (Figure 2d) which accurately reproduces the ssb intensities
g(r)lgtgcatu:lclnz:%r?esbongstb thengA data listed in Table 1. Isotropic pgaks are' the engnmental spectrum. Th? Sh',ft anisotropy € -
indicated by asterisks (*). 26.0 ppm) is the largest observed in this work for nesosili-
cates which may reflect the ;:8iOH coordination of the
observed from the static spectrum is justified by the fact that monomeric SiQ unit. The increased distortion of this unit
the 2°Si resonance is not affected by other anisotropic spin in a-Ca(SiOsOH)OH, as compared to the geometries of the
interactions such as heteronuclear dipolar interactions (i.e.,SiO, units in the other calcium nesosilicates, is also apparent
the natural abundance féfO and“Ca are 0.037% and from the crystal structure since the-8DH bond length (1.71
0.145%, respectively). Although the CSA parameters can beA) is significantly longer than the remaining-SO bonds
determined from the line shape of the static-powder spectrum,(1.61—1.63 A)25
an improved precision of these parameters is achieved by Rankinite (CasSi,O-). The 2°Si MAS NMR spectrum of
least-squares fitting to the manifold of spinning sidebands rankinite (Figure 3a) clearly resolves two manifolds of ssbs
(ssbs) observed in the slow-speed MAS spectrum. The datafrom two inequivalent®Si sites along with ssbhs from a minor
obtained by this approach, along with the numerically impurity of pseudowollastonite. The isotropic chemical shifts
evaluated error limit8! are listed in Table 1 and illustrated (Table 1) are in good agreement with those reported eXrlier
by the simulated spectra in Figure 1b,d. Employing the samefrom 2°Si MAS NMR and consistent with the'@ssignment.
approach for th&®Si MAS spectrum ofy-CaSiO;, (Figure Furthermore, the observation of twéSi resonances is in

T

-40  -60 -80 -100 (ppm) 40 60 -80 -100 (ppm)

1e) results in a significantly larger shift anisotropy) but accord with the crystal structure reported for rankinite
an identicaly, value fory-CaSiO, as compared to the CSA  (monoclinic, P2;/a) which contains two different crystal-
parameters for thg-form. The variation indis, for - and lographic Si sites in the gD,°~ groups of the structur&:?®

y-CaSIiO, has earlier been assigned to the difference in mean Although the two manifolds of ssbs overlap slightly, the CSA
Si—O bond lengths for the SiOQtetrahedra in these poly- parameters can be determined with high precision by
morphs?? The principal elements of the CSA tensors fior optimization to the line shapes of the ssbs in the two
and y-CaSiO, (Table 1) are in favorable agreement with manifolds. This requires that the line widths, the isotropic
those reported by Grimmer and Zandi(= —55.4 ppm, chemical shifts, and the relative intensity for the ssbs in the
Oyy = —73.4 ppm, and,,= —71.5 ppm fors-C&SiO, and two ssb manifolds also are considered as variable parameters
Oxx = —54.5 ppm 0,y = —70.7 ppm, and,, = —95.9 ppm in the optimization. The CSA data (Table 1) resulting from
for y-CaSi0y).? this approach show that both sites exhibit fairly large shift

CagSiO4Cly. The calcium chlorosilicate G&iO,Cl> may -
be formed in the production of Portland cements if the raw (%3) ch’;‘y N o e e e B samean
materials are contaminated with chloride ions or if GA€l P., Eds.; Springer-Verlag: Berlin, 1998 pp-588. ’

added to reduce the maximum temperature in the cement(24) Czaya, R.; Bissert, Gicta Crystallogr.1971, B27, 747.
P (25) Marsh, R. EActa Crystallogr.1994 C50, 996.

kiln.12 The?°Si MAS NMR spectrum of Cg8iO,Cl, (Figure (26) Magi, M.; Lippmaa, E.; Samoson, A.; Engelhardt, G.; Grimmer, A.-

mer, A.-R.; Zanni, H. IINuclear Magnetic Resonance Spectro-

2a) exhibits a manifold of ssbhs from a singfSi site. The R.J. Phys. Chem1984 88, 1518. o
(27) Kusachi, I.; Henmi, C.; Kawahara, A.; Henmi, Klineral. J. 1975
8, 38.
(22) Skibsted, J.; Hjorth, J.; Jakobsen, HChem. Phys. Lettl99Q 171, (28) Saburi, S.; Kusachi, I.; Henmi, C.; Kawahara, A.; Henmi, K.; Kawada,
279. I. Mineral. J.1976 8, 240.
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Table 2. Comparison of Experimental and Calculaf8i Isotropic

2 Chemical Shifts for the Calcium Silicates Studied in This Work

compd site  0ZPb (ppm)  6Z°c (ppm)  reft
rankinite, CaSi,O7 Si(1) —-74.5 —-73.2 27

1 Si(2) -75.9 —75.9
cuspidine, Cz5i07F; Si(1) -79.9 —-81.4 32

Si(2) —80.9
wollastonite 3-Ca;SizOq Si(1) —89.0 —88.4 33

Si(2) —89.5 —88.9

(a) . Si(3) —-87.8 —-82.5
pseudowollastonite, Si(1) —83.6 —80.7 37

(x-Ca5$i309 SI(Z) —-80.1

Si(3) —-82.9
xonotlite, CaSigO1/(OH),  Si(1) —86.4 —84.9 42

Si(2) —-87.2 —-95.0

Si(3) —-97.6 —95.7

a Assignment of th@°Si NMR parameters to the specific crystallographic
Si sites in the reported crystal structure¥he experimental isotropic
chemical shifts for the different crystallographic sites in&lg07F, and
a-CaSizOg have not been resolvetiCalculated?®Si isotropic chemical
shifts employing the correlation betweég, and the magnetic anisotropies

(b) combined with the valences of the bonds between oxygen and the second-

neighbor cations to silicon proposed by Sherriff and GruHd§ References
for the crystal structures reported from X-ray diffraction.

r T T T T T T T T T T T T T 1

0 -20 -40 -60 -80 -100 -120 (ppm)
Figure 3. (a)2°Si MAS NMR spectrum (14.1 T) of rankinite (g8i.O7)
recorded with the spinning speed= 1500 Hz, a 30 s relaxation delay,
and 2285 scans. (b) Optimized simulation of the slightly overlapping
manifolds of ssbs for the two Si sites corresponding to the CSA parameters *
in Table 1. The isotropic peaks for the crystallographic Si(1) and Si(2) sites
in rankinite are indicated by the numbers 1 and 2. The asterisk (*) denotes
the isotropic peak from a minor impurity of pseudowollastonite.

T

anisotropies and similar asymmetry parametgss< 0.65—
0.69). The parametetfs = —45 ppm and;, = 0 have earlier
been reported fof°Si in rankinite from?°Si static-powder @)
NMR.2® This shift anisotropy is approximately the mean U
value of the twod,, values determined from Figure 3. More
importantly, the asymmetry parameters for rankinite (Table
1) deviate significantly from axial symmetry{= 0) which
was assumed in the analysis of the static-powder NMR
spectrun?® Thus, our results for rankinite contrast the general
expectatioR'32°30that @ sites possess small asymmetry
parameters as a result of the nearly axial symmetry of their
environments caused by the presence of one long and three
short Si-O bonds. To assign the resonances to the specific ()
Si sites in the structure of rankinite, we have used the UU
correlation by Sherriff and Grundy betweén, and the
magnetic anisotropies combined with the valences of the = 0 20 -40  -60  -80 -100 -120 -140  (ppm)
bonds between oxygen and the second-neighbor cations tGigure 4. (a) 2°Si{19F} CP/MAS spectrum of cuspidine (G3i,0:F»)
silicon3' Employing this approach and the crystal structure obtainedat7.1 T using the spinning speee- 780 Hz, a CP contact time
data reported for rankin@#results in the calculated isotropic ~ ©f 5-|0 ms, ah4 39'4’“"."02 ‘éegk’ » and 10280 seans. (bT) Sb'lm“l'ated spectrum
chemical shifts listed in Table 2 for the Si(1) and Si(2) sites © 0 )"0 (e optmized CSA parameters fisted in Table 1.
in rankinite. These calculated values fiog, which are in
very good agreement with the experimental values, indicate (Figure 4a) shows a single manifold of ssbs with the isotropic
that the environments for the two Si sites are very similar. peak atdiso = —79.9 ppm, where each ssb exhibits a small
Cuspidine (CaSi,O-F,). Cuspidine is a rare mineral with  line width (fwhm = 36 Hz, 0.6 ppm). The optimized
a crystal structur@ that is very similar to the structure of simulation (Figure 4b) demonstrates that employing CSA
rankinite. The?°Si{'°F} CP/MAS spectrum of cuspidine parameters (Table 1) for a single Si site results in a
convincing agreement between the experimental and simu-
lated spectrum. These parameters apd are of similar

(29) Grimmer, A.-R.Chem. Phys. Letf1985 119 416.
(30) Zhang, P.; Grandinetti, P. J.; Stebbins, JJ.FPhys. Chem. B997,

101, 4004. magnitude as those determined for rankinite, which indicates
(31) Sherriff, B. L.; Grundy, H. DNature 1988 332, 819. e ; 1 cita 16— ;
(32) Saburi, S.; Kawahara, A.; Henmi, C.; Kusachi, |.; KiharalMiheral. that CUSpldm_e conta|n§ a ®I Slt? na 307 unit anc_i .

J. 1977, 8, 286. that these units are quite similar in cuspidine and rankinite.
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Figure 5. Contour plot of the two-dimensiond®Si{1°F} CP/MAS
spectrum (7.1 T) of cuspidine (G3i;07F,) obtained with high-speed
spinning ¢ = 9.5 kHz), a CP contact time of 5.0 ms, a relaxation delay of
4 s, 128 increments in the indired®f) dimension, and 240 scans. The
asterisks (*) indicate spinning sidebands. A summation over ke
dimension of the 2D spectrum is shown above the contour plot.

However, the crystal structure for cuspidine (monoclifi2y/

a) includes two crystallographic Si sites and two F sites in
the asymmetric unit? The presence of two F sites in the
structure is confirmed by the two-dimensiod¥i{ *°F} CP/

MAS NMR spectrum in Figure 5, which shows twéF (©)
resonances and that both fluoride ions must be in the vicinity
of the SpO7°~ unit in the structure (th&F resonances exhibit T 080 B0 100130 140180 (opm)
the 1°F isotropic chemical shift8is, = —101.6 and—106.1 i 6. 295 MAS NMR tra (14.1T) of wollastonitg{CaSiOq)
. . . . igure o. | Spectra . or wollastoni Bol30Ug
ppm relative to neat CFg)l The observation of a SlngFéSI recorded using (a), = 6.0 kHz, a relaxation delay of 30 s, 256 scans and

resonance with a narrow line width disagrees with the (b) v, = 1500 Hz, a relaxation delay of 30 s, and 2560 scans. The insets
proposed crystal structuf@However, this structure reveals illustrate the resolution of resonances from the three crystallographic Si
i . ' sites in wollastonite. (c¢) Optimized simulation of the spectrum in part b,
that Fhe two distinct SIQtenahedra .have the same mean resulting in the CSA parameters for wollastonite listed in Table 1.
O—Si—0 bond angle and very similar mean—-$» bond _ _ _ _
lengths, i.e., 1.618 and 1.620 A. This strong similarity in the isotropic chemical shifis, = —89.0 ppnt*® whereas
the local environment for the Si nuclei in the two $iO WO resonances at87.6 and—91.7 ppm with the relative
tetrahedra may potentially result in almost identical chemical intensities 1:2 were reported in the most recent stdywree
shift parameters for the two Si sites. The calculategvalues ~ resonances at-87.7, —88.9, and—89.3 ppm in a 1:1:1
in Table 2 for cuspidine support this supposition. intensity ratio were also observed by Sebald e¥alnd these
Wollastonite (8-CasSizOs). The polymorphs of Gs8isOs Jiso Values are in accord with those determined here (Table
include triclinic f-CasSisOs (Wollastonite), monoclinig-Cay- 1) from the spectrum in Figure 6a. The resolution of three

Sik0s (parawollastonite), and monoclinieCa;SiOs (pseudo- resonances is also achieved at lower spinning speed (Figure
wollastonite)?3 The high-speedi{ = 6.0 kHz)2°Si MAS 6b) where each of the ssbs splits into three peaks. Least-

NMR spectrum of wollastonite (Figure 6a) clearly resolves Sduares optimization to the overall line shape of these ssbs,
three resonances in agreement with the reported crystal strucincluding CSA parameters, line widths, and intensities for

ture (triclinic, P1), which contains three crystallographic Si  three sites, gives the simulated spectrum shown in Figure
sites33 Synthetié® and minerdt®%samples of wollastonite ~ 8¢ and the CSA parameters in Table 1. The simulated
have earlier been studied B8i MAS NMR. However, only ~ SPectrum excellently reproduces the intensities and line
a single resonance was observed in two of these studies Wi['r‘t35) Sebald, A Merwin, L. H.: Dollase, W. A Seifert, Phys. Chem.

Miner. 199Q 17, 9.
(33) Ohashi, YPhys. Chem. Minerl984 10, 217. (36) Sherriff, B. L.; Grundy, H. D.; Hartman, J. ur. J. Mineral 1991
(34) Yamanaka, T.; Mori, HActa Crystallogr.1981, B37, 1010. 3, 751.
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shapes for the three overlapping manifolds of ssbs in the
experimental spectrum, which indicates a reliable determi-
nation of the CSA parameters. The three sites possess very
similar asymmetry parameters,(= 0.60-0.68) and large
shift anisotropies in agreement with the fact that the crystal

structure contains an infinite-chain structure of QIO

tetrahedra. The CSA parametégs—= 69 ppm and;, = 0.88

have earlier been reported for wollastonite from a slow-speed .

29Si MAS NMR spectrum recorded at 8.45°TThis shift (a) (b)
anisotropy is of similar magnitude as those listed in Table 1 | N

for wollastonite whereas the discrepancy in asymmetry “ "

parameter most likely reflect that resonances from tRigie
sites were not resolved in this early study of wollastonite.

The three resonances observed for wollastonite are assigned
to the crystallographic Si sites in the crystal structure

employing the correlation by Sherriff and Gruritigand the

most recent crystal structure data for wollastofit&his

approach gives the calculatéd, values listed in Table 2

which show that two of the Si sites should possess quite (c) (d)

similar chemical shifts whereas &, value at higher b L
frequency is expected for the Si(3) site. This dispersion in U U

.............

calculated chemical shifts is in good agreement with the 0 -40 -80 -120 -160 (ppm) = O  -40 ' -80 -120 -160 (ppm)
experimental values and results in the assignment of thegigyre 7. 295i MAS NMR spectra (14.1 T) of pseudowollastonite- (
resonances given in Table 2. This assignment is supportedCaSi;Os) obtained with a relaxation delay of 60 s and the spinning speeds

by estimation of the distortion of the SjCtetrahedra, (&) ¥ = 5.0 kHz (184 scans) and (g} = 1500 Hz (840 scans). The
. corresponding simulated spectra are shown in parts b and d and employ
employing the parameter

the CSA parameters (Table 1) for a single Si site.

16
D==S16,— 6,
6 i T

bond angles §,_g_o = 109.2 for all Si sites) are very
similar for the three Si sites. Furthermore, the calculged
values (Table 2), employing the Sherriff and Grundy
which describes the mean deviation of the §—-0 bond  correlation* show only small deviations of about 2 ppm in
angles @) from the ideal valuefl; = 109.47) for a perfect isotropic chemical shifts for the three Si sites. Optimization
tetrahedron. The crystal structure data givealues of 3.88, of simulated ssb intensities to the ssbs in the slow-speed
3.58, and 5.77 for the Si(1), Si(2), and Si(3) sites, spectrum, employing CSA parameters for a single site, gives
respectively, which correlate well with the shift anisotropies the parameters in Table 1 which should be considered as
8, =59.8, 52.1, and 69.4 ppm, determined for these Si sites.mean data for the three Si sites in pseudowollastonite. The
Pseudowollastonite ¢-CasSizOs). Pseudowollastonite, the ~ simulated spectra (Figure 7b,d) based on these data are in
high-temperature form of G8i:0q, is often found in S|ags gOOd agreement with those observed experimentally. More-
and cementitious material3A single-crystal XRD structure ~ Over, the data agree favorably well with those reported by
for 0a-CaSisOe Was first reported by Yamanaka and Méri ~ Grimmer ¢, = 91.5 ppm and;, = 0.50)® Pseudowollas-
who refined the data in the triclinic space groQp with an tonite possesses the largest shift anisotropy determined in
asymmetric unit containing six different Si sites. However, this work (Table 1). This most likely shows that the $iO
in a recent single-crystal XRD study of pseudowollastofiite, tetrahedra in the 3D, tetrahedral rings are more distorted

the structure was refined in the monoclinic space gr@m compared to the Qunits in the infinite-chain structure of
with three different Si sites located in layers of;Gj SiO, tetrahedra in wollastonite. This distortion is reflected
tetrahedral rings. The high-speed € 5.0 kHz) and slow- in the Si-O—Si bond angles which are somewhat smaller

speed ¢, = 1500 Hz)?°Si MAS NMR spectra of pseudowol-  for pseudowollastonitefi-o-si = 134.4-134.6) compared
lastonite (Figure 7a,c) resolve only the resonance from ato wollastonite ¢si-o-si = 139.8-150.5). Moreover, cal-
single Si site §is, = —83.6 ppm) with a narrow line width  culations of the mean deviations of the-Si—0O angles from
(fwhm = 0.9-1.1 ppm), in accord with earli®Si MAS perfect tetrahedral symmetry give the values= 6.04,
NMR studies of this polymorpk26 The lack in resolution ~ 6.28, and 6.28 for the Si(1), Si(2), and Si(3) sites,

of resonances from three Si sites probably reflects the factrespectively. These mean deviations are similar for the three
that the environments of the individual Si sites in thgdgi  Si sites in pseudowollastonite and are all larger tharthe
tetrahedral rings are quite similar. This is also apparent from values calculated for wollastonite in agreement with the fact
the crystal structuf@where the average SO bond lengths ~ that pseudowollastonite possesses the largeparameter.

(dg o = 1.623, 1.627, and 1.626 A) and average ©-0 Scawtite (Ca(SisO15)CO3-2H,0). Scawtite is one of the
three known members of the calcium carbonate silicate group
(87) Yang, H.; Prewitt, C. TAm. Mineral.1999 84, 929. of minerals, and in this work, it has been synthesized for
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Figure 9. (a)2°Si{'H} CP/MAS NMR spectrum (14.1 T) of hillebrandite
©) (CaSiO3(OHY),) obtained with the spinning speeg= 1.0 kHz, a CP contact
time of 5.0 ms a 6 srelaxation delay, and 6129 scans. The asterisk (*)
T3 40 0 s0 a0 o a0 opm) denotes the isotropic peak for hillebrandite whereas the diaménd (

indicates the isotropic peak from a minor impurityefdicalcium silicate
Figure 8. 29Si{1H} CP/MAS NMR spectra (14.1 T) of scawtite hydrate. (b) Optimized simulation of the ssb manifold for hillebrandite,
(Ca(SigO18)COs-2H20) obtained using the spinning speeds ofyar 3.0 employing the CSA parameters (Table 1) for a single Si site.
kHz and (b)v, = 1200 Hz, a CP contact time of 5.0 ms, a 20 s relaxation

delay, and (a) 431 and (b) 6032 scans. (c) Optimized simulation of the . -
spectrum in part b employing the CSA parameters (Table 1) for the Si(1) reported by Pluth and Smithwhich contains Iayers of 8Dyg

and Si(2) sites in scawtite in a 2:1 intensity ratio, respectively. The asterisk rings (i.e., @ sites). Calculations of the isotropic chemical

(*r)] in part a indicates the isotropic peak 78.0 ppm) from an impurity shifts for thel2/m structure give the valuaks ¥ = —84.7
ase. . . . . .

P and—=86.0 ppm for the Si(1) and Si(2) sites in the 2:1 ratio,

the first time using hydrothermal methods. The synthesized feSPectively, whereas ti@mstructure results i values
sample has initially been characterized's®{*H} CP/MAS ~ ©of —85.2,—85.8, and—83.2 ppm for the Si(1), Si(2), and
NMR which shows a spectrum with a manifold of ssbs from Si(3) sites. The best agreement between experimental (Table
a single!®C site, corresponding to théC parametersyiso 1) and calculated chemical shifts is observed for ltk/en

= 168.9+ 0.2 ppm (relative to neat TMS), = 49.3+ 1.2 space group, which thereby supports the described findings.
ppm, and;, = 0.61+ 0.08. Thesé3C CSA parameters are Hillebrandite (Ca,SiO3(OH),). In analogy to tobermorite,
very similar to those reported for carbonate anions in other a model compound for the main binding phase in hydrated
inorganic compound¥.The?’Si{*H} CP/MAS NMR spectra  pPortland cements, and a number of other phases in the-CaO
of scawtite (Figure 8a,b) exhibit two manifolds of ssbs with - 5j0,—H,0 system, the structure of hillebrandite contains
an intensity ratio of approximately 2:1 and isotropic chemical sjo, tetrahedra in a “dreierketten” arrangement (i.e? Q
shifts which indicate that scawtite includes twé Stes. In units). Single-crystal XRD data for a mineral sample of hille-
addition, the CSA parameters (Table 1) determined from the j, g gite has been refined in the orthorhombic space group
sl_ow-speed MAS spectrum in Figure 8_b are of S|m|lar Mag- cme,, resulting in a structure that contains two crystal-
nitude as those observed for thé €tes in wollastonite and lographic Si sites with occupancies 8.4 However, the

pseudowollastonite. The crystal structure of scawtite has beenzgsi{ IH} CP/MAS NMR spectrum of hillebrandite (Figure
refined from single-crystal XRD data in the monoclinic space

groups|2/m?® and Cm*° These space groups result in two
different Si sites in a 1:2 ratidZ/m) or three crystallographic
Si sites with equal occupancigsrf). Thus, our results favor
the monoclinicl2/m space group and thereby the structure

9a) resolves only a single manifold of ssbs where the
isotropic resonance has a line width fwhn0.6 ppm. The
manifold of ssbs is simulated (Figure 9b) in a good manner,
employing the optimizeéSi CSA parameters (Table 1) for
a single Si site only. The isotropic chemical shift is in
(38) Duncan, T. MA compilation of chemical shift anisotropiegarragut accordance with the presence of<tes in hillebrandite and

Press: Chicago, 1990. with the value reported earlier by Bell et*dl.
(39) Pluth, J. J.; Smith, J. \Acta Crystallogr.1973 B29 73.
(40) Li-Ming, Z.; Ping-Qui, F.; He-Xiong, Y.; Kai-Bei, Y.; Zhong-Yuan,
Z. Chin. Sci. Bull.1992 37, 930. (41) Dai, Y.; Post, J. EAm. Mineral.1995 80, 841.
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Figure 11. Graphical representation of the spectral regions for the isotropic
chemical shifts and the principal elements of the CSA tensors for the
different types of condensation of Si@trahedra of the calcium silicate
studied in this work. The isotropic chemical shifts are indicated by crosses
(x) whereas open circle©}, open diamonds<§), and pluses+) denote

the dxx, dyy, and o, principal elements of the CSA tensors, respectively,
employing the same definition of these elements as used in Table 1.

NMR study of a more disordered sample of xonotlite;here
the @ resonance constitutes about 11% of the total Si inten-

(b) sity. Least-squares optimization of the CSA parameters, line
“ U widths, and relative intensities for the*@nd the two @
resonances to the experimental ssb manifolds in Figure 10a
T 50 60 70 80 90 -100 -110 -120 -130 -140  (ppm) results in the’*Si CSA parameters in Table 1 and the simu-

Figure 10. (a) 2°Si{H} CP/MAS NMR spectrum (14.1 T) of xonotlite Iatpn in Figure 10b, which convincingly reprpduces the ex-
(CasSisO17(OH),) recorded using; = 1.8 kHz, a CP contact time of 1.0 perimental spectrum. Thg, values for the @sites are very
ms, an 8 s relaxation delay, and 7224 scans. The inset illustrates the isotropicsimijlar to those observed for the2@ites in hillebrandite
peaks for the ®and the two @ sites in xonotlite whereas the asterisk (*) b h I h h d ined for th |
indicates the isotropic peak originating from the terminbB{, tetrahedron ut Somew atsmallert 6_‘” t o.se etermine Qr the two wol-
when the double chains of2®iO, tetrahedra are broken. (b) Simulated  lastonite polymorphs. This indicates that the Si€@rahedra
spectrum for the &and @ Si sites in xonotlite, using the optimizeédSi in xonotlite are less distorted (i.e), = 3.23 for Si(1) and
CSA parameters in Table 1. o . . . .

D = 2.98 for Si(2)) than those in wollastonite. Calculation
of the isotropic chemical shifts for the two?@ites, using

Xonotlite (CasSisO17(OH)>). The crystal structure of xo- . . . :
notlite includes chains of SiQetrahedra in a double “dreier- e approach by Sherriff and Grun#gives almost identical
calc values (Table 2) for the Si(1) and Si(2) sites in the

ketten” arrangement, where the chains are branched at ever)ﬁ Iso . . cale
third SiQ, tetrahedrort?#2 In agreement with this overall crystal structure. However, this small differencedig,

structure, resonances a86.8 and—97.6 ppm with a 2:1 values does not provide the basis for a reliable assignment

29Q; 200
intensity ratio, originating from ®and @ sites, have been of th.e. S! NMR, resonances for the tWO, @lte§ to the
reported from?Si MAS NMR studies of xonotlitd7-26:44 specific Si sites in the crystal structure using this approach.

However, the crystal structure of xonotlite contains two  Relationships between the*Si CSA Parameters and
crystallographically different Bsites® and the?Si NMR the Local Environment of the Si Sites.The 2Si chemical
resonances from these sites have for the first time been re-Shift parameters determined for the calcium silicates in this
solved in a recent®Si MAS NMR study of synthetic and ~ Work (Table 1) are illustrated in Figure 11 as a function of
mineral samples of xonotlit¥ The2°Si{ 1H} CP/MAS NMR the type of condensation of the Si@etrahedra. For the
spectrum of xonotlite (Figure 10a) exhibits three isotropic iSotropic chemical shifts, this plot shows the well-known shift
peaks at-86.4,—87.2, and—97.6 ppm with approximately ~ Of diso toward lower frequency with increasing degree of
equal intensities in accord with the most recéigi MAS ~ condensation of the Siinits™*3>*However, a comparison
NMR* and XRD* studies of xonotlite. Furthermore, a reson- Of the diso values with the principal elements of the CSA
ance at—79.7 ppm with very low intensity is observed, t€nsors (i.e.px, Oy, andd;;) in Figure 11 clearly reveals
which originates from terminal &sites of the double “drei-  that an improved characterization of the environment for the

erketten” structure and/or from defects in the chains of,SiO Si sites is achieved from the CSA parameters. This is also

tetrahedra. This resonance was also observeddgiMAS apparent from the plot of, as a function o, in Figure
12. The smallest shift anisotropies are observed for the Q
(42) Kudoh, Y.; Takechi, Y. Mineral. J. 1979 9, 349. units which reveal that these SjQetrahedra are quite
(43) gejny, )%: Q:?bar#?ctfrhuj,gis%lmr' éggjdﬁgtggg% 2 133 symmetric with only small variations in the -SO bond
gigg Ngnmge{, H Adaahi,Y.;’M:atsudUa', Y.;Ylokoyama,crhem. Lett’l998' Iengths and ©Si—O bond angles. Larger CSAs are ob-
3, 219. served for the @sites which all possess a negative value
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Figure 12. Graphical representation of the CSA asymmetry parameter
(7o) as a function of the shift anisotropyd) for silicates including @
(0,0), Q' (¢,0), and & (a,2) units of SiQ, tetrahedra. The filled symbols
correspond to the CSA data in Table 1 for the calcium silicates and the
parameters determined for pBIO; and kyanite (Table 1) whereas the open
symbols represent CSA parameters from the literature (see text).

for the 0, parameter. This observation is in agreement with
an earlier study by Grimmer et &lwho reported negative
and positived, values for the @and @ sites in tricalcium
silicate hydrate (CG&i,07(OH)s) and tetramethylammonium
silicate hydrate ([N(Ch)4]SisO.0:69H,0), respectively. Fur-
thermore, they proposed that this change in sigh,oéflects
the fact that @ sites generally contain one long and three
short Si-O bonds whereas ites include one short and
three long SO bonds. This suggestion also implies that
small values for the asymmetry parametes £ 0) should

be expected for Qand G units as a result of their nearly
axially symmetric environments. However, theparameters

the @ site in NaSiO; and for the two @ sites in kyanite
(Table 1), determined in this work from slow-speed €

790 and 1000 Hz°Si MAS NMR spectra recorded at 9.4
and 14.1 T, respectively, are also included in Figure 12. The
plot in Figure 12 clearly reveals that thg andy, parameters
give a unigue characterization of the type of condensation
of SiO, tetrahedra in silicates including®@*, and @ units

and that a determination of these parameters can be used to
distinguish different types of SipDspecies in silicates.
Moreover, the?*Si NMR data illustrated in Figure 12 indicate
that the CSA primarily reflects the geometry of the local
SiO, tetrahedron rather than effects from other types of
cations situated in further distant coordination spheres.

Conclusions

High-field (14.1 T)?°Si MAS NMR employing slow-speed
spinning has allowed determination of precise values for the
29Sj chemical shift anisotropy (CSA) for a number of crystal-
line calcium silicates and calcium silicate hydrates. 3%
MAS NMR spectra of rankinite, wollastonite, scawtite, and
xonotlite resolve resonances from each of the crystallographic
Si sites in their crystal structures. The individual resonances
can be assigned to the specific Si sites in the structures by
calculation of the isotropic chemical shifts employing the
approach by Sherriff and Grundy For the two Si sites in
cuspidine and hillebrandite and for the three crystallographic
Si sites in pseudowollastonite, only mean values of’#5e
CSA parameters for these sites have been obtained. Exami-
nation of the crystal structures for these silicates shows that
the geometries of the Si@etrahedra are quite similar, which

in Table 1 demonstrate that this expectation does not holdiS in accord with the lack of resolution of the resonances

for the @ sites, since large asymmetry parameteys £
0.65) are observed for the!@ites in rankinite and cuspidine.

from the individual sites. Thé’Si CSA parameters),, 7.,
or the principal elements of the CSA tensor, lead to an

The largest CSAs are observed for the calcium silicates with improved characterization of the local environment for the

Q? sites, which may be ascribed to their asymmetric
electronic environments caused by two bridging—{Si
Si) and two terminal S+O bonds. For the Osites, the plot

Si sites in the studied calcium silicates as compared to the
isotropic chemical shifts. Thé, and #, values for the
calcium silicates give a unique reflection of the type of

Oxx Oy, and d;, elements. This leads to very similar

parameters is in accordance wiflsi CSA data reported for

asymmetry parameters, which are observed to be in the rangéther types of silicates including®Q", and G units. These

1, = 0.63 £ 0.08 for the @ sites in calcium silicates. The

data in addition to those determined for the calcium silicates

increase in CSA observed with increasing degree of con- Show thatd, andz, can provide an unambiguous determi-

densation of the Sigtetrahedra for the calcium silicates is
in general agreement with tA&Si CSA parameters reported
for other silicates including ® Q*, and G units>%*3Figure

nation of the type of condensation of Si@trahedra in
silicates. This type of information is expected to be particu-
larly useful in?°Si NMR studies of unknown structures for

12 displays CSA parameters for the calcium silicates studiedtobermorites and calcium silicate hydrate phases, resulting

in this work and for a number of silicates for which the CSA

parameters have been reported in the literature. These

silicates are fosterite (M&iO;, Q),1° CaMgSiQ (Q9),°
andalusite (AISiOs, Q°),° calciochondodite (GASIOy),-
(OH),, Q9,2 afwillite (Cag(HSiO4)2:2H,0, Q),2 gehlenite
(CaAl,SiO;, QY),° akermanite (CaMgSi,O, QY,° lawsonite
(CaA|28|207(OH)'HQO, Ql),g dellaite ((C@(SIO4)S|QO7)-
(OH), Q® and @), tremolite (CaMgs(SisO11)2(OH),, Q?),°
diopside (CaMgSDe, @), enstatite (MgSi@ @?),° SrSIQ
(@,° BaSiQ; (Q?),° sillimanite (ALSIOs, Q%),° and spo-
dumene (LiAIS}Os, @?).° Furthermore, CSA parameters for

from hydration of Portland cements.

Acknowledgment. The use of the facilities at the Instru-
ment Centre for Solid-State NMR Spectroscopy, University
of Aarhus, sponsored by the Danish Natural Science Re-
search Council, the Danish Technical Science Research
Council, Teknologistyrelsen, Carlsbergfondet, and Direktar
Ib Henriksens Fond, is acknowledged. J.S. thanks the Danish
Natural Science Research Council for financial support (J.
No. 0001237).

1C020647F

Inorganic Chemistry, Vol. 42, No. 7, 2003 2377





