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This paper presents the results of a systematic investigation of the 
structure of 170-enriched, hydrothermally synthesized 1.1-nm to- 
bermorite, 1.4-nm tobermorite, jennite, calciochondrodite, xonotlite, 
and hillebrandite, using 29Si magic angle spinning (MAS) NMR, 
1H-29Si cross-polarization magic angle spinning (CPMAS) NMR, 
and 170 MAS NMR. The I70 and most of the 1H29Si CPMAS 
results are the first reported for these phases. Six types of oxygen 
sites were observed in tobermorite and jennite, including both Si- 
OH and Ca-OH linkages. The structure of 1.4-nm tobermorite is 
similar to that of 1.1-nm tobermorite with about 26% of the Ca2+'s 
in the interlayers. The results support the proposed jennite structure 
in which silicate chains and rows of O H  groups alternately occur 
along the CaO layers [1]. Jennite contains long, single silicate 
chains similar to those in 1.4-nm tobermorite, with Si-OH sites 
primarily occurring on bridging tetrahedra, and there seems to be no 
interlayer Ca2*'s. Although the Si sites in xonotlite and calciochon- 
drodite cross-polarize well, neither contains Si-OH linkages. AD- 
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C rystalline calcium silicate hydrates are impor- 
tant minerals to cement science, some having 
composi t ions  similar to that of calcium- 

silicate-hydrate (C-S-H) gel, and occurring in cement 
materials heated at moderate temperatures. The struc- 
ture of C-S-H has been thought to be similar to those of 
1.4-nm tobermorite and jennite [2]. Unfortunately, the 
structures of the phases of greatest interest to cement 
science have not been fully determined. Even for 1.1-nm 
tobermorite, whose structure has been solved [3], there 
is still controversy about the polymerization and the 
assignments of the 29Si magic angle spinning (MAS) 
NMR peaks [4--6]. 
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We provide in this paper results of a combined 170 
MAS, 29Si MAS, and 1H-29Si CPMAS NMR investiga- 
tion of the structures of 1.4-nm tobermorite, 1.1-nm to- 
bermorite, jennite, hillebrandite, calciochondrodite, and 
xonotlite. Although 29Si MAS NMR has been previously 
used to study some of these phases [4,7-9], data for 170 
under high speed MAS and systematic 1H-29Si CPMAS 
NMR results have not been previously available and 
shed significant light on the structures of these phases. 

Experimental 

Sample Preparation 
Most of the phases studied in this paper were hydro- 
thermally synthesized with Parr Acid Digestion Bombs 
(Parr Instrument, Moline, IL) under conditions de- 
scribed in Table 1. Deionized water was used in the 
synthesis and was bubbled with flowing N 2 gas to 
eliminate dissolved CO 2. All loading and unloading of 
the reaction vessels were within a glove bag filled with 
flowing N 2 gas to prevent carbonation. The solid prod- 
ucts were dried under flowing N 2 gas at room tempera- 
ture. 

Both 1.1-nm and 1.4-nm tobermorite are natural min- 
erals and can be synthesized hydrothermally from a 
variety of starting materials [5,10-12]. A separate 1.1- 
nm tobermorite specimen was obtained indirectly by 
heating 1.4-nm tobermorite at 105°C for 12 hours. 

Jennite occurs naturally [13,14] and has been hydro- 
thermally synthesized at 80°C for 40-100 days [15]. We 
used both quartz and acid silica as starting materials 
with bulk calcium/silica (C/S) ratios between 1.2 and 
1.5. When the reactions were terminated after 11 
months, only the sample listed in Table 1 was phase- 
pure jennite, others were mixtures of C-S-H and jennite 
or 1.4-nm tobermorite depending on the C/S ratio. 

Hillebrandite is a natural mineral but is difficult to 
synthesize [16]. The sample used was kindly provided 
by Dr. H. Ishida (INAX Corp., Japan), which was hy- 
drothermally synthesized [17]. 
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The 170 enrichment was achieved via isotopic ex- 
change with 21.8% 170-enriched H~70 at water/solid 
ratios between 2 and 4 for 2-3 days at 10-80°C below 
the synthesis temperatures. The 170 exchange does not 
alter the structure of the specimens, as shown by both 
X-ray diffraction (XRD) and 29Si NMR. 

NMR Spectroscopy 
29Si MAS NMR spectra were recorded at conditions de- 
scribed elsewhere [18]. Conditions for the 170 MAS 
NMR spectra were the same as those in ref 19, and those 
for the 1H-29Si CPMAS NMR spectra the same as in 
ref 20. 

Results and Discussion 
1.1-nm Tobermorite 
29si MAS NMR. The 29Si MAS NMR spectrum of the di- 
rectly synthesized l . l -nm tobermorite contains three 
main peaks, corresponding to Q1 (-79.5 ppm), Q2 (-85.9 
ppm), and Q3 (-95.7 ppm) Si sites, and possibly two 
small peaks between the main Q2 and Q3 peaks at ca. 
-89.7 and -92.1 ppm (Figure 1A). In addition, the main 
Q2 and Q3 peaks are not symmetric and contain small 
shoulders or are broadened on the left side. These re- 
suits are consistent with those previously reported [4,9]. 

The 29Si NMR spectrum of 1.1-nm tobermorite ob- 
tained by heating 1.4-nm tobermorite at 105°C for 12 
hours contains primarily Q2 sites resonating at ca. -85.9 
ppm, but the peak is broad, and there is a small shoul- 
der corresponding to Q1 and Q3 sites (Figure 1B). This 
sample is, thus, less polymerized than the directly syn- 
thesized one. The full width at half height (FWHH) of 
the Q2 peak is approximately 5.3 ppm, compared to ca. 
2.5 ppm for the Q2 peak of the directly synthesized 
sample. The XRD peaks of the heated sample are also 
broader. These observations all indicate that the heated 
sample is less well ordered than the directly synthe- 
sized sample. 

The average s t ructure  of 1.1-nm tobermori te ,  
Ca2.25[Si307.5(OH)1.5]" H20 , has been determined [3] 
and consists of CaO layers sandwiched between single 
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FIGURE 1. 29Si MAS NMR spectra of different phases. A, Di- 
rectly synthesized 1.1-nm tobermorite; B, 1.1-nm tobermorite 
by heating 1.4-nm tobermorite at 105°C for 12 hours; C, 1.4- 
nm tobermorite; D, jennite; E, xonotlite, F, hillebrandite; and 
G, calciochondrodite. 

silicate chains and additional Ca 2÷ and H20 molecules 
in the interlayer (Figure 2). There are six crystallo- 
graphically different Si sites, forming two nonequiva- 
lent dreierkettens. The ideal structure contains only Q2 
Si sites, but our results and most published data also 

TABLE 1. Synthesis conditions of the phases investigated 

C/S w/s Temperature Time XRD 
Phase Starting materials (molar) (weight) (°C) (days) phases 

Tobermorite (1.1-nm) CaO, quartz 0.8 5 175 2 pure 
Tobermorite (1.4-nm) CaO, quartz 0.9 20 80 133 pure 
Jennite CaO, acid silica 1.4 20 80 335 pure 
Calciochondrodite CaO, ~-C2 S 2.5 3 210 21 contains Ca(OH) 2 
Xonotlite CaO, quartz 1.0 7.5 230 5 pure 
Hillebrandite a pure 

C/S = calcium/silicate; w/s = water/solid; XRD = X-ray diffraction. 
aHillebrandite was provided by Dr. H. Ishida (INAX Co., Japan). 
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FIGURE 2. Simplified projection of the 1.1-nm tobermorite crystal structure along a (left) and b (right), with OH- groups and 
H20 molecules omitted (based on ref 3). The filled circles represent Ca 2+ in central CaO layers and the empty ones represent Ca 2÷ 
in interlayer sites, which are partially occupied. The tetrahedra close to the central CaO layers appear in pairs and have been 
termed pairing tetrahedra (PT). Those linking the pairs together in the dreierketten arrangement are called bridging tetrahedra 
(BT). 

show the presence of Q1 and Q3 sites. As shown in 
Figure 2, displacement of one chain by b / 2  allows the 
bridging tetrahedra (BT) of two chains to cross-link. The 
existence of such cross-linking has been considered to 
be one of the reasons for the so-called anomalous ther- 
mal behavior of some 1.1-nm tobermorites, which do 
not collapse to 0.9 nm-tobermorite upon heating at 
300°C [21]. Our directly synthesized 1.1-nm tobermorite 
maintains its basal spacing upon heating at 315°C for 36 
hours, supporting this idea. The 1.4-nm tobermorite 
sample collapsed to 0.97 nm when heated directly at 
315°C for 36 hours, and 29Si MAS NMR indicates that it 
contains primarily Q2 sites. 

The downfield shoulders on the Q2 and Q3 peaks and 
small peaks between them in the 298i NMR spectrum of 
the directly synthesized sample indicate that there are 
multiple Q2 and Q3 Si sites in the structure. As dis- 
cussed by Hamid [3], there are many mechanisms to 
produce stacking disorder in 1.1-nm tobermorite, in- 
cluding displacement and tilting of the tetrahedra. Mul- 
tiple Q2 and Q3 sites are, thus, possibly due to distor- 
tions caused by structural disorder. These sites may 
have the same polymerization as the main peak but 
local structural environments with different, for ex- 
ample, bond angles and bond distances. 

It has been thought that not all dreierketten chains in 
tobermorite are cross-linked by formation of Q3 sites, 
and that the Q2 sites and specifically BT in the uncross- 
linked chains are responsible for the downfield shoul- 
der on the Q2 peak [4,5]. These ideas are inconsistent 
with our observations. In 1.1.-nm tobermorite, only BT 
can cross-link to form double chains (Figure 2), and 
thus the maximum relative intensity of the Q3 peak 

should be 0.33. The observed relative intensity of the Q3 
peak of our directly synthesized sample is 0.31, indicat- 
ing that almost all of the BT are cross-linked. However, 
there is still a relatively large downfield shoulder on the 
Q2 peak, and it is impossible that the shoulder is due to 
Q2 Si sites in silicate chains that are not cross-linked. 

'tt-~gsi ce~As N~R. The 1H-29Si CPMAS NMR spectra of 
1.1-nm tobermorite are generally similar to the MAS 
NMR spectra (Figure 3A). All three main peaks, Q1, Q2, 
and Q3, can be cross-polarized (CP), and their relative 
intensities vary with contact time. The contact time de- 
pendence of the CP intensities can be described by eq 1 
and is governed by Tcp, the cross-polarization time con- 
stant, which controls the signal build up, and T~, the 
proton spin lattice relaxation time in the rotating frame, 
which controls the signal decay [22]. 

I° exp - - exp - . 
I(~ - Tc~e 

1 -  

(1) 

I 0 and I(t ) are the initial intensity and intensity at contact 
time t. T c e  depends on the 1H-29Si distance and the 
number of protons in the vicinity of 29Si, with shorter 
distances and a greater number of protons reducing 
Tcp. T~ is controlled by molecular motion at frequen- 
cies of 104-10 s Hz. For a brief review of CP theory, see 
ref 20. 

Fitting the observed data with eq 1 yields the CP 
relaxation parameters, Tcp and T~ (Figure 4A and 
Table 2), and the results indicate that the CP behavior of 
the Q1, Q2, and Q3 sites are different. The T~ value of 
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FIGURE 3. lH-29Si CPMAS NMR spectra of directly synthe- 
sized 1.1-nm tobermorite (A) and jennite (B) with the indi- 
cated contact times. 

protons  associated with  Q1 sites is about  48 ms, about  
one third that of the protons  associated with  Q2 and Q3 
sites (150 ms  for both). This large difference demon-  
strates that there are separate  pro ton  reservoirs  in the 
structure,  one associated with  Q1 sites only and the 
other associated with both the Q2 and Q3 sites. Signifi- 
cant spin diffusion occurs only within each reservoir  
but  not be tween  them. This is possible only when  the 
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FIGURE 4. Dependence of cross-polarization intensity on 
contact time for directly synthesized 1.1-nm tobermorite (A) 
and jennite (B). The points are averages of at least two mea- 
surements of peak height. The curves are calculated based on 
eq 1, and the parameters are given in Table 2. 

two reservoirs  are physical ly separated.  We interpret  
this observat ion to indicate that most  Q1 sites are not on 
chain ends but  in d imers  separated f rom the chains and 
that the cross-linked chains are so long that the effects 
of the chain ends  are negligible. 

The Tcp values for the Q1 and Q3 sites are similar and 
m u c h  smaller  than those of the Q2 sites, indicating that 
CP is more  effective for Q1 and Q3 sites than for Q2 sites. 
The effectiveness of CP is propor t ional  to both  the num-  
ber  of protons  in the vicinity of the Si and the 1I-I-29Si 
internuclear distance. Si-OH linkages are effective in 
this regard.  In the ideal s t ructure of tobermori te ,  BT's 
are the only sites that can be protonated  (Si-OH) [3]. 
Cross-l inking of BT only eliminates one of the two non- 
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TABU: 2. Summary of room temperature cross-polarized parameters for crystalline hydrous Ca-silicate phases 

1.1-nm Tobermorite 
Tobermorite Calcio 

Samples Dir. Indir. (1.4 nm) Jennite chondrodite Hillebrandite 

QO Top 
(_+10%) TIHp 
Q1 Tcp 
(+10%) TIHp 
Q2 Tcp 
(_+10%) r~p 
Q3 Tcn 
(_+1o%) r~ 
-83 ppm Tcp 
(+10%) T~. 
S/N 

1.5 
48.7 
4.2 

150.0 
1.1 

150.0 

134.3 

7.3 
933.4 

0.9 
6.5 

0.7 0.7 0.9 3.3 
13.7 9.8 8.1 46.6 

0.5 
6.9 

20.6 9.3 16.5 131.5 99.5 

The Tcp and T~ values are based on curve fitting of the contact time dependence data and are both in units of millisecond. The signal to noise (S/N) ratios given 
are the largest observed in the CPMAS spectra of each sample. Dir. represents directly synthesized 1.1-nm tobermorite. Indir. represents 1.1-nm tobermorite formed 
by heating 1.4-nm tobermorite at 105°C. 

bridging oxygen (NBO) sites, and the other one may be 
protonated (Si-OH). Si-OH linkages may also form on 
one of the three NBO's of the Q1 sites. Therefore, it is 
possible that the greater average Tcp value of Q2 sites is 
due to the lack of directly bonded OH- groups on them. 

The CPMAS spectra of the 1.1-nm tobermorite 
sample obtained by heating are also similar to its MAS 
NMR spectrum, but the CP relaxation parameters and 
the signal to noise (S/N) ratios are much smaller than 
those of the directly synthesized (Table 2). The smaller 
T~ indicates that there is more proton motion in the 
10~-105 Hz frequency range in the heated sample. Thus, 
the cross-linking in the directly synthesized 1.1-nm to- 
bermorite seems to result in a more rigid structure. The 
larger S /N ratios of the CP spectra of this sample are 
also consistent with this idea. 

" o  taAS NMR. The 170  MAS NMR spectra of the 170- 
exchanged 1.1-nm tobermorite samples are similar and 
contain multiple peaks, a narrow one located at ca. 103 
ppm and broad, overlapping components between 80 
and -50 ppm (Figure 5A and B). There are 18 different 
O sites in ideal 1.1-nm tobermorite [3], but because of 
peak overlap these sites cannot be resolved. Conse- 
quently, the peaks can be assigned to only different 
local bonding arrangements. Assignment of the peaks 
and the deconvolution of the spectra must be based on 
the results of model compounds with known structures. 
Previous work on C-S-H [23] and various oxides and 
silicates [24-28] provides good starting parameters. 170 
MAS NMR spectra we collected for silica gel (Si-OH), 
portlandite (Ca-OH), and Ca-silicate glasses [bridging 
oxygen (BO) and NBO] [19] also provide references for 
the deconvolution. 

The 170  MAS NMR spectra of both 1.1-nm tober- 
morite specimens can be simulated with a six-site 
model (Figure 5A and B and Table 3), but the local 
structural environments of the different sites may be 
different in the two specimens. There are two NBO sites 
with different chemical shifts. We assign the main peak 
at 104 ppm to NBO sites bonding to one Si and two 
Ca2+'s (Si-O-2Ca), which are the only NBO sites present 
in the ideal structure [3]. The second NBO site has a 
maximum at 89 ppm and is assignable to oxygens 
bonding to one Si and three Ca2+'s (Si-O-3Ca). Such 
NBO sites do not exist in the ideal structure of 1.1-nm 
tobermorite but occur in many Ca-silicates including 
xonotlite and foshagite [25,29,30]. The general principle 
that chemical shifts become more shielded (less posi- 
tive) with increasing nearest neighbor coordination 
number [31] supports these assignments. 

The parameters for Ca-OH sites [quadrupolar cou- 
pling constant (QCC), "q, and 8i] obtained from the 
simulation are similar to those of portlandite, indicating 
a similar local structural environment. Ca-OH sites in 
portlandite are tetrahedrally coordinated by a proton 
and three Ca2+'s [32]. Similar coordination for these 
sites may also occur in 1.1-nm tobermorite. 

There are three different kinds of BO sites in ideal 
1.1-nm tobermorite [3]. But due to the disorder and 
increased polymerization of our samples, we have 
simulated the spectra with only one BO site using pa- 
rameters similar to those for Ca-silicate glasses [19]. 

The parameters we used for Si-OH sites are similar to 
those previously reported for Si-OH sites in (C6H5)2SIO 
H [33]. Whether there is additional Ca 2÷ bonded to this 
O site is not clear due to the unknown positions of 
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FIGURE 5. Observed and simulated 170 MAS NMR spectrum 
of 1.1-nm tobermorite made by direct synthesis (A), and by 
heating of 1.4-nm tobermorite at 105°C for 12 hours (B), 1.4- 
nm tobermorite (C), and jennite (D). The component peaks are 
calculated based on the parameters listed in Table 3. 

protons in the refined structure and the clear difference 
between the refined structure and real structures of our 
samples. However, based on the coordinations of other 
O sites in Ca-silicates, it is possible that one or two 
Ca2+'s may be bonded to this site. 

The spectral simulations require a relatively narrow 
peak near 20 ppm, and we assign this peak to molecular 
water. Liquid water at room temperature resonates at 0 
ppm, but larger positive chemical shifts are not impos- 
sible [34]. 

The simulated relative intensities of the peaks for dif- 
ferent sites may not reflect the actual site abundances 
due to problems associated with fitting multiple over- 
lapping peaks, possible signal loss for broad peaks, and 
possible differential site exchange. Thus, the simula- 
tions are not unique, but they are consistent with the 
29Si NMR results in that NBO sites have the largest 
relative intensity. 

1.4-nm Tobermorite 
~+si mas nmr. The 298i MAS NMR spectrum of our 1.4- 
nm tobermorite is dominated by a Q2 peak at -85 ppm 
(Figure 1C). The relative intensity near -80 ppm (Q1) is 
less than 5%. Thus, the structure of this phase contains 
primarily single silicate chains, consistent with previ- 
ous reports [4,8]. 

The crys ta l  s t ruc tu re  of 1.4-nm tobermor i te ,  
Cas(Si6018H2) • 8H20, has not been solved but is 
thought to be similar to that of 1.1-nm tobermorite with 
more water molecules in the interlayer [1], consistent 
with NMR results. Based on a single-chain structure 
(Q2) and the known C/S ratio, we calculate that about 
26% of the Ca atoms occur in the interlayer, because 
only paring tetrahedra (PT) of the dreierkettens are di- 
rectly bonded to the CaO layers. 

1H-29Si CPMAS NMR. The 1H-29Si CPMAS NMR spectra of 
the 1.4-nm tobermorite have very low S/N ratios (<9.3) 
and contain peaks for both Q2 and Q1 sites. The relative 
intensities for the Q1 peaks are much greater than in the 
MAS spectrum and vary little with contact time, con- 
sistent with the presence of more protons in the vicinity 
of Q1 sites than Q2 sites. Quantitative analysis of the Q1 
peaks is impossible due to the low S/N ratios. 

The dependence of the CP intensity on contact time 
for the Q2 sites can be fit well with eq 1, and the Tcp and 
T~ values are much smaller than those of the directly 
synthesized 1.1-nm tobermorite but are comparable 
with those of the 1.1-nm tobermorite obtained by heat- 
ing the 1.4-nm toberrnorite (Table 2). The small T~p 
value (9.85 ms) probably indicates relatively strong pro- 
ton motion at frequencies in the 104-10 s Hz range [35]. 
This motion destroys the coupling between protons and 
silicons, resulting in inefficient CP, and is also the rea- 
son of the low S/N ratios of the CP spectra. 

'70 mas nmr. The 170 MAS NMR spectrum of 1.4-nm 
tobermorite is similar to those of the 1.1-nm tober- 
morites but contains more intensity in the 60 to -80 
ppm region and two well-separated peaks in the NBO 
region (Figure 5C). As for the 1.1-nm tobermorites, the 
spectrum can be simulated with a six-site model. The 
two narrow peaks located at about 106 and 83 ppm can 
both be assigned to NBO sites with the one at 106 due 
to Si-O-2Ca sites and the one at 83 ppm due to Si-O-3Ca 
sites. The rest of the spectrum is due to BO sites, Ca- 
OH, Si-OH, and H20 (Table 3). 

The 170 data are consistent with the 29Si data within 
the experimental errors. The 1.4-nm tobermorite has a 
C/S ratio of 0.9 and contains single silicate chains (Q2 
sites only). There are one BO and two NBO's per Q2 site. 
For the structure to be electrically neutral, the NBOs 
must be charge balanced by either Ca 2+ or H-. If all the 
NBO's are charge balanced by Ca 2÷, there are two Si- 
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TABLE 3. Quadrupolar coupling constant (QCC), asymmetry parameter (~q, and isotropic chemical shift (8i of different 170 sites 
in hydrous Ca-silicate phases 

QCC (MHz) ~ ~i (ppm) Intensity (%) 
Sample 170 Sites (+1) (+0.5) (±5) (±10%) 

Si-O-2Ca 1.8 (1.8) 0.2 (0.2) 104 (104) 47.0 (48.6) 
SI-O-3Ca 1.9 (2.0) 0.2 (0.2) 89 (89) 3.0 (6.7) 

Tobermorite Ca-OH 7.6 (7.6) 0.3 (0.3) 67 (68) 13.3 (15.3) 
(1.1-nm) BO 4.4 (4.3) 0.0 (0.0) 59 (62) 14.8 (16.7) 

Si-OH 4.8 (4.9) 0.0 (0.0) 23 (21) 20.1 (10.9) 
H20 0.0 (0.0) 0.0 (0.0) 20 (21) 1.8 (1.8) 

Si-O-2Ca 2.1 0.2 106 12.6 
Si-O-3Ca 2.0 0.2 83 15.0 

Tobermorite Ca-OH 7.4 0.3 72 15.0 
(1.4-nm) BO 5.4 0.0 49 22.8 

Si-OH 5.0 0.0 -4 22.5 
H20 0.0 0.0 -7 12.1 

NBO 2.0 0.2 107 18.7 
NBO 2.4 0.2 95 8.6 

Jennite Ca-OH 7.3 0.3 73 29.7 
BO 5.1 0.0 61 21.8 
Si-OH 5.4 0.0 9 13.7 
H20 0.0 0.0 -4 7.6 

Calcio NBO 2.0 0.2 129 55.2 
chondrodite NBO 2.0 0.2 109 44.8 

Hillebrandite NBO 106 a 

There are two sets of data for 1.1-nrn toberrnorite, the one in parenthesis is for 1.1-nm toberrnorite obtained by heating 1.4-nrn toberrnorite at 105°C, and the other 
is for directly synthesized sample. BO = bridging oxygen; NBO = nonbridging oxygen. 
aPeak maximum. 

O-Ca l inkages required per  te t rahedron.  But at the 0.9 
C / S  ratio, Ca2+'s can only balance 1.8 NBO's ,  and the 
remain ing  0.2 NBO's  mus t  fo rm Si-OH linkages. Thus, 
the relative intensities of BO, Si-O-Ca, and  Si-OH sites 
should  be 33%, 60%, and  6% respectively.  The s imu-  
lated relative intensity for BO sites is 26% (normal ized 
to 0% H20), consistent wi th  the 29Si N M R  data. But the 
s imula ted  relative intensities for the NBOs is 28% and 
that  for the Si-OH linkages is 23%. Thus,  a s suming  the 
spectra are quanti tat ive,  a por t ion of the Ca 2+ does  not 
charge balance the NBO's  but  ra ther  forms  Ca -OH link- 
ages. Consequent ly ,  the unbalanced  NBO's  mus t  fo rm 
Si-OH linkages, result ing in a greater  relative intensity 
for Si-OH sites. 

The 170 N M R  data suppor t  the idea that  the struc- 
tures of 1.1- and  1.4-nm tobermori te  are similar and 
p rov ide  a basis for analysis of their differences. Com-  
pared  to the ideal s t ructure  of 1.1-nm tobermori te ,  the 
CaO layer in 1.4-nm tobermori te  m a y  be dis torted due  
to the fact that  more  than half of the NBO's  are bonded  
to three Ca2+'s instead of two. The chemical  shifts of the 
BO sites are also more  shielded than that  of 1.1-nm 
tobermori te .  As in 1.1-nm tobermori te ,  there m a y  be 
mult iple,  unresolvable  BO sites in 1.4-nm tobermori te .  
The more  shielded chemical  shifts of these BO sites in 
1.4-nm tobermori te  m a y  be caused by  a greater  average  
coordinat ion to these sites by  Ca2+'s. 

The 170 and 29Si N M R  data are consistent wi th  the 
idea that all oxygens in the CaO layer are shared with  
silicate chains [1], because it is possible to assign a lmost  
all the Ca-OH sites in the interlayer. As discussed pre- 
viously,  26% of the Ca 2+ occurs in the interlayer,  and  
170 N M R  data indicate that 35% of the Ca 2+ occurs as 
Ca -OH sites. Therefore,  only  9% of the Ca 2+ in the main  
CaO layer  occurs  in C a - O H  l inkages,  which  corre- 
sponds  to only 4% of total O-sites. 

Jennite 
2'Si MAS NMR. The 298i MAS NMR spec t rum of synthetic 
jennite is similar to that of 1.4-nm tobermori te  and con- 
tains essentially only Q2 sites (Figure 1D), cor respond-  
ing to single silicate chains in the structure. This result  
contrasts  wi th  that  of Komarnen i  et al. [8], w h o  re- 
por ted  about  40% of Q1 sites in addi t ion to Q2 sites for 
a synthetic jennite wi th  a start ing C / S  ratio of 1. Their 
sample ,  if pure,  mus t  be highly d isordered  because the 
C / S  ratio they used is too low for ideal jennite, which 
has C / S  = 1.5 [14]. Thus, our  sample  appears  to be a 
bet ter  representat ive  of jennite. 

Jennite is considered to have  the ionic consti tution 
Ca9(Si6OIBH2)(OH) 8 • 6H20  [14,36], bu t  its s t ructure has 
not been solved. The XRD data and thermal  behavior  
[13,14] show that it has a layer s tructure and contains 
dreierkettens.  It has been  sugges ted  that cor ruga ted  
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central CaO layers are sandwiched between silicate 
chains and rows of OH- groups [1]. The main difference 
between the proposed jennite structure and that of to- 
bermorite is that in jennite half of the chains are alter- 
nately replaced by rows of OH + groups, resulting in a 
much larger a axis (0.996 nm). Although the proposed 
structure must be considered speculative, the 29Si NMR 
data support it. Based on a single-chain structure and a 
C/S ratio of 1.4 (using the ideal C/S ratio of 1.5 yields 
the same conclusion), at least 28% of the Ca 2+ must form 
Ca-OH linkages to maintain electrical neutrality, and 
the rest share oxygens with the silicate chains. How- 
ever, the BT point into the interlayers, and there may 
not be many interlayer Ca2+'s, considering the relatively 
small basal spacing (1.06 nm) [14]. If only PT's are 
bonded to Ca2+'s, 48% of the Ca 2+ is needed for charge 
balance and the rest forms Ca-OH linkages. BT can be 
charge balanced by formation of Si-OH linkages. Thus, 
the abundance of silicate tetrahedra and Ca-OH sites 
are roughly equal and can alternately occur in the struc- 
ture. 

'N-~%i CPMAS NMR. The ]H-29Si CPMAS NMR spectra of 
jennite are quite different than the MAS NMR spec- 
trum. The Q2 peak in the MAS spectrum is resolved into 
two narrow peaks at -85.3 and -82.7 ppm (Figure 3B). 
In addition, there are small peaks located at -80 ppm, 
corresponding to QI sites. The relative intensities of the 
peaks can all be fit with eq 1 (Figure 4B). 

The CP parameters of all three peaks are similar 
within experimental error and are smaller than those of 
directly synthesized 1.1-nm tobermorite but are compa- 
rable with those of 1.4-nm tobermorite (Table 2). The 
similarity of the T~ values for protons associated with 
Q1 and Q2 sites indicate that there is only one proton 
reservoir in the structure and, thus, that all three types 
of sites are near each other. Therefore, the Q1 sites are 
most likely to be chain end tetrahedra due to missing 
BT rather than dimers in a different part of the struc- 
ture. The -82.7 and -85.3 ppm peaks are both due to 
chain middle tetrahedra, but their local structural envi- 
ronments are different. The intensity decay of the -83 
ppm peak appears not to be a single exponential, indi- 
cating that more than one site may contribute to it. 
There are two possibilities for the origin of two Q2 sites 
in jennite. If the -85.3 ppm peak is due to the middle 
tetrahedra in dreierkettens similar to those in tober- 
morite, the -82.7 ppm peaks may be due to Si sites with 
different mean ZSiOSi's or bonded to a different num- 
ber of Ca2+'s. Another possibility is that the dreierket- 
tens in jennite are distorted so that the local structural 
environments of different tetrahedra, such as bridging 
and pairing tetrahedra, are different, resulting in differ- 
ent chemical shifts. Because NMR is primarily a local 

structural probe, it alone cannot resolve this issue, and 
the structure needs to be resolved from diffraction data. 

There are two additional important observations con- 
cerning the 1H-29Si CPMAS data of jennite. The first one 
is that the protons in jennite are probably in motion at 
104-105 Hz frequencies, because the T~, values for all 
three sites are very small and the S /N ratio is low 
(Table 2). However, the high concentration of OH- 
groups and H20 molecules also increase the efficiency 
of proton spin diffusion, reducing T~. Therefore, the 
proton motion may not be as important as in 1.4-nm 
tobermorite. 

The second observation is that CP and lH-decoupling 
are very effective, indicating the proton motion does 
not fully destroy the 1H-29Si coupling, consistent with 
the first observation. Thus, the silicons and at least 
some protons are strongly coupled in jennite, resulting 
in the broad peak in the MAS NMR spectrum. This 
strong 1H-29Si coupling in jennite is exceptional among 
the crystalline phases discussed in this article and C- 
S-H gel discussed elsewhere [20]. This observation, the 
discussion of the last section, and the 170 data shown 
below all lead to the conclusion that Si-OH linkages are 
present in jennite. This conclusion is the opposite of 
Komarneni et al. [8]. 

'70 MAS NMR. The 170 MAS NMR spectrum of jennite is 
similar to that of 1.4-nm tobermorite except that the 
NBO peak near 95 ppm is much smaller and the water 
peak is more obvious and near 0 ppm (Figure 5D). 
Again, the spectrum can be fit relatively well with a 
six-site model, including two NBO sites, one Ca-OH 
site, one BO site, one Si-OH site, and H20 (Table 3). 

The chemical shift of the dominant NBO peak (107 
ppm) is essentially the same as that of the 1.4-nm to- 
bermorite and may also be due to the Si-O-2Ca sites, but 
the chemical shift of the weaker NBO peak (95 ppm) 
assignable to the Si-O-3Ca sites is more deshielded. 
However, because the two peaks are not as well sepa- 
rated as for 1.4-nm tobermorite, it is possible that there 
are more than two NBO sites, which may have the same 
nearest neighbor (NN) coordination but different bond 
lengths and angles and slightly different chemical 
shifts. In this case, it is not possible to distinguish be- 
tween the NN coordination. Therefore, we assign the 
peaks simply to NBO sites. 

The large relative intensity for Ca-OH sites demon- 
strates that many oxygens in the CaO layer are not 
shared with silicate chains but instead form Ca-OH 
sites, consistent with the proposed structure [1]. The 
chemical shift of the peak assigned to H20 is about -4 
ppm, much closer to 0 ppm than for tobermorite, con~ 
sistent with the idea that its local environment is more 
like that of liquid water, probably due to hydrogen 
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bonding to the Ca-OH sites. The chemical shifts of the 
BO sites are similar to those of 1.1-nm tobermorite, 
whereas those of the Si-OH and H20 sites are between 
the two tobermorites. It is likely that the local structural 
environments of different O sites in jennite are more or 
less similar to those of tobermorites, even though the 
long-range structure is different. 

The 170 NMR data are consistent with the 29Si NMR 
data. Based on the calculations in the 29Si section and 
only concerning charge balance, jennite should contain 
53% NBOs, 26% BO's, and 21% Ca-OH. Only consider- 
ing BO, NBO, and Ca-OH sites in the simulated spec- 
trum, we obtain 35% NBO, 28% BO, and 38% Ca-OH 
sites, respectively. Comparing the results of the two 
methods, there are fewer NBOs and more Ca-OHs in 
the simulation, and the BOs are almost the same. This 
difference is consistent with the discussion in the 29Si 
section that some of the Ca2+s do not form NBOs but 
rather the Ca-OH sites in the main CaO layer. There are 
about 17% fewer NBOs in the simulation than in the 
idealized calculation, and this is coupled with a 17% 
increase in the Ca-OH sites. Consequently the same 
number of Si-OH linkages must occur to balance the 
charge. The simulation yields about 14% of Si-OH, 
agreeing well with the prediction. 170 NMR data are 
also consistent with the idea that almost all Si-OH sites 
occur on BT sites, which yield 18% of Si-OH sites. The 
relative intensities of NBO and Ca-OH are similar, sup- 
porting the alternating occurrence of silicate chains and 
rows of OH- groups. This also indicates that there are 
no interlayer Ca2+'s because all Ca2+'s occur in the main 
CaO layer. 

Xonotlite 
zgSi MAS NMR. The 298i MAS NMR spectrum of xonotlite 
is similar to that of the directly synthesized 1.1-nm to- 
bermorite. It contains a Q1 peak at -79.3 ppm, a Q2 peak 
at -86.3 ppm, and two Q3 peaks at -95.1 and -97.5 ppm 
(Figure 1E). The Q2 peak is broad and asymmetrical to 
the left. This spectrum is slightly different than those 
previously reported [7,9], which contain no Q1 peak 
and only one Q3 peak. 

The structure of xonotlite, Ca6Si6017(OH)2, has been 
solved for different polytypes [29,37] and contains 
double dreierkettens (Si6017) linked to CaO polyhedral 
sheets. The main structural difference between xonotlite 
and 1.1-nm tobermorite is that in xonotlite, the CaO 
polyhedral sheets are corrugated and split into ribbons 
so that the dreierkettens are connected with two CaO 
sheets of these ribbons and there is no interlayer region. 
Our results are consistent with the structure. However, 
our specimen appears to be highly disordered because 
it contains about 11% Q1 and only 23% Q3. Ideal xonot- 
lite had 33.3% Q3, 66.7% Q2, and no QI sites. The two 

peaks assignable to the Q3 sites also indicate disorder 
for the cross-linking sites. 

The 29Si MAS NMR data indicate that the xonotlite 
sample is not Ca 2+ deficient and does not require Si-OH 
linkages for charge balance, contrary to a previous re- 
port [38]. Charge balance calculations as described for 
1 . 4 - n m  tobermorite and jennite indicate that our sample 
needs only a C/S ratio of 0.94 to maintain electrical 
neutrality, assuming that NBOs are preferentially 
charge balanced by Ca 2+. Ideal xonotlite would require 
a C/S ratio of 0.83 to maintain its charge balance. The 
theoretical C/S ratio of xonotlite is 1.0, and the extra 
Ca2+'s form Ca-OH linkages. 

1H'29Si MAS NMR. The 1H-29Si CPMAS NMR spectra of 
xonotlite are different than the MAS spectrum, because 
the Q1 peak and the -95.1 ppm Q3 peak are not present 
in the CP spectra at any contact time. The CP intensities 
of both the Q2 and Q3 peaks increase with increasing 
contact time up to 90 ms, and then decrease (Figure 6). 
This decrease may be an instrumental effect because the 
contact times are too long. The CP intensity oscillates 
with increasing contact time, but the oscillation cannot 
be simulated with the method developed by Miiller et 
al. [39]. Thus, the oscillation is probably not due to Si- 
OH bonding but rather to multiple components in the 
proton spin system, such as both Ca-OH and H20. 

The large CP intensities at long contact times indicate 
that the Tcp values must be large and that the 1H-29Si 
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FIGURE 6. Dependence of cross-polarization intensity on 
contact time for xonotlite. The CP intensities are the average 
of at least two measurements of peak height. 
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distance may also be large. This result is consistent with 
the idea that there are no Si-OH linkages. The large CP 
intensities at long contact times also indicate that the 
T~ values are large, at least on the order of 100 ms. This 
large T~ indicates that there is little molecular motion 
at the 104-105 Hz range and that the proton concentra- 
tion may be small, which decreases the efficiency of 
proton spin diffusion. 

170 exchange of xonotlite was not successful, and 
there is no detectable 170 NMR signal. 

Hillebrandite 
29Si MAS NMR. The 29Si MAS NMR spectrum of hillebran- 
dite contains only a Q2 peak at -85.7 ppm, correspond- 
ing to single-chain structure (Figure 1F). This result is 
consistent with those previously reported [7,9,17]. 

The crystal structure of hillebrandite, Ca2SiOB(OH)2, 
has recently been solved and contains a three- 
dimensional network of CaO polyhedra and a single 
Si30 8 dreierketten accommodated in the structural 
channels parallel to the a axis [40]. The 29Si NMR data is 
consistent with this structure. 

'H-29Si CPMAS NMR. The 1H-29Si CPMAS NMR spectra of 
hillebrandite is the same as the MAS spectrum and con- 
tains only a Q2 peak. The CP intensity varies with con- 
tact time and can be well fit with eq 1 (Table 2). Com- 
pared with the CP relaxation data of other phases dis- 
cussed in this article, the Tcp and TIH, values for 
hillebrandite indicate that it has a relatively rigid struc- 
ture but that the protons relax quickly via spin diffusion 
due to the abundant proton population. The CP data 
alone cannot confirm whether there are Si-OH linkages 
in the structure. Charge balance calculation indicates 
that no Si-OH linkages are required but that at least 50% 
of the Ca2+must form Ca-OH linkages. 

'70 MAS NMRo The 170 MAS NMR spectrum of hillebran- 
dite consists of a narrow peak with a maximum at ca.  

106 ppm and poorly resolved intensity in the 60--0 ppm 
region (Figure 7). The 106 ppm peak can be assigned to 
the four NBO sites of hillebrandite, which are all 
bonded to one Si and three Ca2+'s [40]. They cannot be 
further resolved due to the lack of quadrupolar line 
shape and peak overlap. The signal between ca.  60 and 
0 ppm may be due to BO sites or Ca-OH linkages, but 
because of the low intensity, no reliable deconvolution 
can be achieved. 

Calciochondrodite 
~gSi MAS NMR. The 29Si MAS NMR spectrum of calcio- 
chondrodite contains one peak at -72.7 ppm, corre- 
sponding to isolated tetrahedra, Q0 sites (Figure 1G). 
This spectrum is consistent with that previously re- 
ported [91. 

ite 
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FIGURE 7. 170 MAS NMR spectra of calciochondrodite and 
hillebrandite. 

The c rys t a l  s t r u c t u r e  of c a l c i o c h o n d r o d i t e ,  
Cas(SiO4)2(OH)2, has been solved and contains portlan- 
dite-like layers between ideal Ca-olivine [41,42]. There 
is only one Q0 Si site, consistent with the 29Si NMR 
spectrum. 

1H-29Si CPMAS NMR. The 1H-29Si CPMAS NMR spectra of 
calciochondrodite are the same as that of MAS spec- 
trum, and the CP intensities increase with contact time, 
reach a maximum, and then decrease. The CP param- 
eters obtained by fitting the intensities to eq I are larger 
than for the other phases examined (Table 2). The large 
Tcp value of 7.3 ms indicates a relatively large 29si-lH 
distance, consistent with the structure with protons pre- 
sent only in the Ca(OH) 2 layers. The large T~p value of 
933 ms indicates that there is little or no molecular mo- 
tion at 104-10 s Hz frequencies to facilitate proton relax- 
ation. It is also consistent with a lower abundance of 
protons, in agreement with the composition. 

17o MAS NMR. The 170 MAS NMR spectrum of calcio- 
chondrodite is quite different than those of tobermorite 
and jennite (Figure 7), and there are only two peaks 
located at 129 and 109 ppm assignable to NBO sites. In 
calciochondrodite, there are four crystallographically 
different O sites [41-43], two of them bonded to one Si 
and two Ca's and the other two bonded to one Si and 
three Ca's. The peak at 129 ppm can be assigned to the 
first two O sites and the peak at 109 ppm to the rest. 

There is no intensity in the 60 to -60 ppm range, 
indicating that there are no BO and Si-OH sites, consis- 
tent, with the proposed structure. However, there is 
also no intensity assignable to Ca-OH sites, which 
should be present based on the structure. This incon- 
sistency may be due to difficulty in 170 exchange of the 
Ca-OH sites. 
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