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This paper presents the results of a comprehensive investigation of 
single-phase calcium silicate hydrate (C-S-H) with known compo- 
sitions using the combined capabilities of 29Si magic angle spinning 
(MAS) NMR, powder X-ray diffraction (XRD), and chemical 
analysis of the solution and solid. C-S-H gels with C/S ratios rang- 
ing from 0.4 to 1.85 have been synthesized by hydration of highly 
reactive ~-C2S and aqueous reaction of fumed silica with CaO and 
separately with highly reactive ~-C2S. The main findings include 
the following. (1) C-S-H shows continuity and diversity in both 
composition and structure and forms a continuous structural series. 
(2) Phase-pure C-S-H has C/S ratios between 0.6-1.54. (3) Si-OH 
and Ca-OH bonds both occur in C-S-H, with the abundance of the 
former decreasing and that of the latter increasing with increasing 
C/S ratio. Model calculation indicates that there are between 0.13- 
0.43 Si-OH bonds per tetrahedron and the Ca-OH/Ca ratio varies 
between nearly 0 and 0.64. An ideal formula for C-S-H with a C/S 
ratio of 1.5 is: Ca4.5[Si3Os(OH)I(OH)4 • nil20. A defect- 
tobermorite structural model is proposed for C-S-H in which indi- 
vidual layers have the basic structure of 1.4-nm tobermorite but 
contain a significant concentration of defects and are more disor- 
dered. Stacking disorder between adjacent layer and disorder within 
individual layers may both contribute to the local and long-range 
disorder and thus to the diversity of C-S-H. ADVANCED CEMENT 
BASED MATERIALS 1996, 3, 144-156 
KEY W O R D S :  C-S-H, Defect-tobermorite structural model, 
Jennite, NMR, Tobermorite, X-ray diffraction 

C alcium silicate hydrate (C-S-H/ is an impor- 
tant hydration product of portland cement and 
controls the strength development of the paste. 

It has been a major focus of research in cement since for 
the past four decades but remains poorly understood. 

C-S-H can be formed by hydration of C3 S and ~-C2S 
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1Standard shorthand notation in cement science: C, CaO; S, SiO2; H, 
H20. 

or alite and belite in portland cement and by precipita- 
tion from aqueous solutions containing Ca-salts and 
silicate. It has a wide range of chemical compositions. 
Numerous data obtained by bulk chemical analysis 
[1,2], electron microprobe analysis [3,4], and thermogra- 
vimetry [5,6] indicate that its molar C/S ratios vary 
between 0.6 and more than 2. It is generally accepted 
that the calcium/silicate (C/S) ratio of C-S-H gel in or- 
dinary portland cement (OPC) paste is in the range of 
1.5-2.0 [7], and in most cases near 1.7 [8,9]. The molar 
H20/SiO 2 ratios of C-S-H formed by hydration are be- 
tween 1.0-1.4 [10], whereas those formed by precipita- 
tion are between 0.5-2.5 [11]. Typical water contents of 
D-dried, fully reacted C3S are 20-24%, corresponding to 
the composition C~.TSH~. 5. C-S-H in nearly saturated 
OPC pastes contains 42% water, corresponding to the 
composition C1.7SH4 [8]. 

Many authors believe that there are different types of 
C-S-H and have developed structural classifications. An 
important traditional classification is that of Taylor 
]1,12], who divided C-S-H into C-S-H(I) and C-S-H(II) 
and proposed that C-S-H(I) is structurally similar to 
1.4-nm tobermorite and C-S-H(II) to jennite [13]. More 
recently, Jennings [14] observed that the concentrations 
of lime and silica in aqueous solution in contact with 
C-S-H fall on two distinct curves in plots of solution 
CaO concentration against solution SiO 2 concentration. 
He proposed that the C-S-H phases associated with the 
two curves are different. 29Si MAS NMR spectroscopy 
of synthesized C-S-H also appears to show two types of 
C-S-H [15]. However, these classifications do not gen- 
erally agree, and the structural classification of C-S-H 
remains unresolved. 

Based on 29Si magic angle spinning (MAS) NMR 
data, much is now known about the Si-environments in 
C-S-H and related phases [15-22]. These results have 
shown that C-S-H in OPC contains only Q1 and Q2 Si 
sites (and possibly some Q0 sites) but no Q3 and Q4 
sites. They also indicate that the silicate portion of C- 
S-H contains only chains and dimers and that no exten- 
sive two- or three-dimensional silicate structures are 
present. Based on this conclusion and X-ray diffraction 
(XRD) data [23], it is now widely accepted that C-S-H 
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TABLE 1. Chemical composition (mol%), initial and final C/S molar ratio, and XRD phases present for solid samples of the C-S-H 
series SEWCS and SCFUM 

Initial SiO 2 CaO H20- H20-  Total Final XRD 
Sample C/S (+1%) (±2%) (±2%) (+2%) H20 H+/C C/S phase 

SEWCS1 2.00 16.66 30.78 34.36 18.20 52.56 1.12 1.85 c a, pb 
SEWCS2 2.00 16.74 29.59 34.58 19.09 53.67 1.17 1.77 c, p 
SEWCS3 2.00 18.53 28.93 32.53 20.03 52.56 1.12 1.56 c 
SEWCS4 2.00 1.48 c c 
SEWCS5 2.00 20.57 28.62 30.12 20.70 50.82 1.05 1.39 c 
SEWCS6 2.00 1.27 c c 
SEWCS7 2.00 25.19 26.77 25.04 23.00 48.04 0.94 1.06 c 
SEWCS8 2.00 26.92 26.23 24.02 22.83 46.85 0.92 0.97 c 

SCFUMa 2.00 18.94 32.22 27.69 21.15 48.84 0.86 1.70 c, p 
SCFUMb 1.80 20.28 31.18 28.95 19.59 48.54 0.93 1.54 c, p 
SCFUMc 1.70 21.62 31.24 26.02 21.14 47.16 0.83 1.45 c 
SCFUMd 1.50 23.18 30.59 23.59 22.64 46.23 0.77 1.32 c 
SCFUMe 1.30 24.20 28.71 22.79 24.31 47.10 0.79 1.19 c 
SCFUMf 1.20 21.95 24.82 19.20 34.03 53.23 0.77 1.13 c 
SCFUMg 0.90 28.62 25.09 20.23 26.06 46.29 0.81 0.88 c 
SCFUMh 0.80 29.35 23.25 20.24 27.16 47.40 0.87 0.79 c 
SCFUMi 0.40 41.01 16.72 19.04 23.24 42.28 1.14 0.41 c, s a 

H2 O+ is the mole percent weight  loss at 1000°C calculated based on a molecular weight of 17 (OH). H20-  is the mole percent of weight loss at 110°C calculated based 
on a molecular weight of 18 (H20). H÷/C is the molar ratio of H20 ÷ to CaO. Also given are relative errors in analysis of different chemicals. XRD = X-ray diffraction. 
ac; C-S-H; bp; portlandite; Cestimated based on solution pH; es; amorphous silica. 

has a layer s tructure [24], and structural models  based 
on this idea have been proposed  [13,25]. 

Despite these extensive efforts, the nanostructure  of 
C-S-H is still not fully unders tood.  Impor tant  remaining 
questions include the following. H o w  closely is the C- 
S-H structure related to those of tobermori te  and jen- 
nite? H o w  long are the silicate chains, and how homo- 
geneously in length are they distr ibuted? H o w  should 
C-S-H be classified, and does it form a cont inuous series 
or are there different phases? 

This paper  presents part  of the results of a systematic 
structural s tudy of single phase C-S-H prepared  by hy- 
drat ion and pozzolanic reactions [26-29]. The composi-  
t ions of both  the solut ions and final solid gels are 
known.  The methods  of investigation used include 29Si  

MAS N M R  spec t roscopy ,  p o w d e r  XRD, and  bu lk  
chemica l  analysis .  A de f ec t - t obe rmor i t e  s t ruc tura l  
model  for C-S-H is proposed  in which the Ca-silicate 
layers resemble those of 1.4-nm tobermori te  but  contain 
significant defects and are more  disordered.  

Experimental 
Synthesis of C-S-H 
The C-S-H samples  have been synthes ized th rough  
three different  routes. All operat ions  were  inside a 
glove bag filled with flowing Na gas to prevent  carbon- 
ation. Water  used was deionized and freshly degased 
by bubbling with N 2 gas to eliminate dissolved CO2. 

Solid samples were  separated from the solution using 
100 circles ashless filter and dried under  flowing N 2 gas 
at room temperature.  

The samples of the SEWCS series were  made  by  pro- 
gressive hydrat ion of highly reactive ~-C2S [30]. Ini- 
tially, 10 g of ~-C2S were mixed with 500 cc water  in a 
plastic container with magnetic stirring at room tem- 
perature.  Upon  complet ion of hydrat ion at 40 days, 100 
cc of solution and about  1.5 g of solid gel were  removed  
from the container and stored in a separate bottle as 
sample #1 of the series. 100 cc water  was then added.  
After 2-4 days, 100 cc of the solution was exchanged 
with 100 cc water. The procedure  was repeated until  the 
p H  value  was about  0.1 less than that of the first 
sample, when  sample #2 was taken. 

The samples of the SCFUM series were  prepared  by  
aqueous reaction of CaO and fumed silica at initial C / S  
ratios between 0.4 and 2.0. The CaO was freshly cal- 
cined from reagent grade CaCO 3 at 1100°C for 2 hours. 
The fumed silica (99.8% SiO2, Aldrich Chemical Com- 
pany,  Milwaukee,  WI) was also calcined at 1050°C for 
15 minutes to remove adsorbed volatiles. Each synthe- 
sis run  consisted of 200 cc water  and 2 g of solid mix- 
ture. Plastic bottles containing the samples were  sealed 
and then shaken using a water  bath at room tempera-  
ture for 2 months. The tempera ture  was then raised to 
40°C for an addit ional  4 months.  

The samples of the CSHFS series were prepared  by 
reaction of fumed silica with highly reactive ~-C2 S. One 
gram of mixture  of fumed silica and ~-C2 S with C / S  
ratios be tween 0.6 and 1.7 was reacted with 5 cc water  
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FIGURE 1. Observed relationships between solution pH and C/S ratio of the solid C-S-H (left) and solution C a  2+ concentration 
and C/S ratio of the solid C-S-H (right) for the SEWCs and SCFUM series. Error in pH measurement is 0.01 and C a  2+ 
concentration is about 3%. 

in plastic bottles. The sealed bottles were rotated (10 
rpm) at room temperature. After 10 months of reaction, 
the samples became viscous pastes and were dried un- 
der flowing N 2 gas at room temperature without filter- 
ing. 

29Si NMR Experiments 
All 29Si NMR spectra were recorded with MAS at room 
t e m p e r a t u r e  us ing a home  bui l t  pu l se -Four i e r -  
transform NMR spectrometer equipped with an 8.45 
Tesla (Larmor frequency = 71.45 MHz for 298i) super- 
conducting solenoid magnet and a Nicolet 1280 data 
system. The probe uses a 7-mm sapphire rotor and was 
made by Doty Scientific (Columbia, SC). 

The MAS frequencies were about 4 kHz, and 200-500 
scans were accumulated for each sample, ¢r/3 pulses 
and 120 second delays were used. Chemical shifts are 
reported relative to external TMS, and more negative 
values correspond to increasing shielding. 

Other Experiments 
XRD powder patterns were recorded with Cu K~ radia- 
tion on a Siemens D-500 diffractometer. A 0.02 20 step 
size and 4-second count time were used. 

Bulk chemical compositions (CaO and SiO 2) of the 
solid samples were determined by X-ray fluorescence 
(XRF) at the Illinois State Geological Survey. Solution 
chemical compositions were analyzed with inductively 
coupled plasma (ICP) at the University of Illinois 
School of Chemical Sciences Microanalytical Labora- 
tory. Solution pH values were measured with a PHB-62 
pH meter. 

Results 
C-S-H Composition 
The measured C/S ratios of the solid samples of the 
SCFUM and SEWCS series range from 0.41 to 1.85 
(Table 1), but the largest C/S ratio for single-phase C- 
S-H (without portlandite) is 1.56. For the SEWCS series, 
the C/S ratios of the solid decrease with an increasing 
number of solution changes. For the SCFUM series, the 
C/S ratios of the solid increase with increasing C/S 
ratio of the starting materials, but there is a significant 
difference between the initial and final C/S ratio. 

The chemical compositions of the C-S-H samples syn- 
thesized by reaction of fumed silica and highly reactive 
~3-C2S (CSHFS1-CSHFS6) were not analyzed due to 
small sample size. The C /S  ratios cited for these 

TABLE 2. C/S molar ratio and XRD phases present for C-S-H samples in the CSHFS series 

S a m p l e  C S H F S 0  ~ C S H F S 1  C S H F S 2  C S H F S 3  C S H F S 4  C S H F S 5  C S H F S 6  

Initial C/S 1.85 b 1.70 1.50 1.20 1.00 0.80 0.60 
XRD c c, pa c, p c c c c c 

XRD = X-ray diffraction. 
"Fully hydrated highly reactive ~-C2S with w / s  = 9 for 11 months; 'Final C/S inferred from SEWCS1; Cc; C-S-H; 'p; portlandite. 
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samples (Table 2) are the initial values, which should 
represent their actual C/S ratios, because the hydration 
products were dried directly without filtering. 

For both the SCFUM and SEWCS series, the C/S ra- 
tios of the solid samples increase with increasing pH 
and Ca 2+ concentration in solution, and the two sample 
series fall on the same curves (Figure 1). Single-phase 
C-S-H samples occur between pH = 10 to 12 and Ca 2+ = 
3 to 15.5 mmol/L. The variation of solid C/S ratio and 
solution pH appears to be continuous, at least for pHs 
from 10.0 to 12.2. It appears that the samples have 
reached a metastable (at least) equilibrium state, be- 
cause the two series react from opposite directions but 
have the same p H - C / S  correlation. The SCFUM 
samples are formed by net depolymerization of a 
framework silicate, whereas the SEWCS samples are 
formed by net polymerization of isolated tetrahedra. 
Similar results have been reported by Grutzeck et al. 
[15], who, however, identified two invariant points cor- 
responding to the coexistence of three phases. 

Relationships between C/S ratio and solution Ca 2+ 
concentration similar to ours have been reported by 
Taylor [1] and many others [31]. Taylor [1] used a rela- 
tionship similar to Figure 1 as one of the criteria to 
distinguish between C-S-H(I) (region B) and C-S-H(II) 
(region C). Our data indicate that samples with large 
C/S ratios (region C) are mixtures of C-S-H and port- 
landite. 

The SCFUM and SEWCS samples contain between 
42-53 mol% total water, and the total water concentra- 
tion decreases slightly with decreasing C/S ratio (Table 
1). H2 O÷ generally increases with increasing C/S ratio 
for both analyzed series (Figure 2), indicating a close 
relationship to at least one portion of the C-S-H struc- 
ture containing Ca 2+. However, the correlations be- 
tween H2 O+ and C/S ratio are different for the two 
series. Samples of the SEWCS series contain more H2 O+ 
than those of the SCFUM series, and their H2 O+ con- 
centrations continuously increase with increasing C/S 
ratio. The H2 O+ contents of the SCFUM series samples 
are independent of C/S ratio for C/S < ca. 1.2 and 
increase with C/S ratio for C/S >1.2. H20- decreases 
with increasing C/S ratio for both series. It also de- 
creases with decreasing interlayer spacing as deter- 
mined by XRD. 

XRD Results 
Powder XRD shows that most of the samples are phase- 
pure C-S-H, but portlandite is present for samples with 
C/S ratios as low as 1.54 (Table 1). The largest C/S ratio 
of a pure C-S-H phase is 1.56 (SEWCS3). Amorphous 
silica is present in the sample with the lowest C/S ratio 
(0.41). 

Powder XRD also shows that most of our samples are 
semicrystalline with some long-range order. Most 

samples yield at least 5 XRD peaks and some yield up 
to 13 (Figure 3). The number of resolvable XRD peaks 
generally decreases with increasing C/S ratio, indicat- 
ing decreased long-range structural order. The XRD 
patterns are dominated by the main C-S-H peaks at ca. 
0.307, 0.282, and 0.183 nm, which are present for all 
samples. Most samples also yield a basal reflection be- 
tween 0.978 and 1.465 nm, but samples with both large 
and small C/S ratios sometimes do not. 

The observed XRD patterns of the C-S-H are consis- 
tent with a layer structure. The average orthorhombic 
pseudo-cell dimensions of our samples (Table 3) are 
quite similar to those of 1.4-nm tobermorite [32]. The 
only difference is the c dimension, which increases with 
increasing H20-. The cell dimensions of 1.1-nm tober- 
morite and jennite are significantly different than those 
of our C-S-H samples. 

Cell dimensions of C-S-H also change as a function of 
C/S ratio [33]. The a dimension increases and the b and 
c dimensions decrease with increasing C/S ratio. 
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TABLE 3. Pseudo-cell data for C-S-H, 1.1- and 1.4-nm tobermorite, and jennite 

C-S-H 
Tobermorite Tobermorite 

Phase Range Average 1.4-nm 1.1-nm Jennite 

C/S 0.6-1.5 0.90 
a 0.561-0.566 0.564 0.564 
b 0.364-0.368 0.366 0.366 
c 1.975-2.930 2.452 2.806 

Cell orthorhombic orthorhombic 

Source this study ref 32 

0.83 1.50 
0.559 0.995 
0.370 0.364 
2.278 2.137 

orthorhombic monoclinic 
[3 = 101.91 ° 

ref 41 ref 56 

Cell dimensions are in nanometers, and C/S is the molar ratio. 

29Si MAS NMR Spectroscopy 
The 298i MAS NMR spectra of most of our C-S-H 
samples contain only two major peaks located at ca. 
-79.5 and -85.3 ppm (Figure 4), corresponding to Q1 
and Q2 Si sites respectively [34]. Q1 sites can be present 
in pairs of linked silicate tetrahedra (dimers) or at the 
ends of silicate chains. Q2 sites are present in the middle 
of silicate chains. Therefore the main silicate structures 
in C-S-H, as previously proposed by many authors [16- 
19,21], are dimers and short silicate chains. There is no 
evidence in our spectra for the presence of a detectable 
amount of Q0 sites (monomers) [21], which would reso- 
nate near -71 ppm. The samples with C/S ratios of 0.6 
and 0.41 (CSHFS6 and CSFUMi respectively), and prob- 
ably the sample with C/S = 0.79 (SCFUMh), yield peaks 
at -94 ppm, corresponding to Q3 sites. SCFUMi also 
yields a Q4 peak located at about -110 ppm, which is 
readily assigned to Q4 sites in residual amorphous 
silica, consistent with the XRD results. The chemical 
shift of the peak assigned to Q3 sites is significantly 
downfield from that of Q3 (OH) sites in hydrated amor- 
phous silica (-99 to -102 ppm) [35,36], and some 
samples with Q3 sites do not have a Q4 peak (CSHFS6 
and SCFUMh). Thus, the Q3 sites in these samples ap- 
pear to be part of the C-S-H structure. 

The polymerization of our C-S-H samples as ex- 
pressed by the Q1/~Qi (i = 1-3) ratios decreases with 
increasing C/S ratio (Figure 5 and Table 4). The straight 
line in Figure 5 is a fit for all the single-phase samples 
and has a correlation coefficient of 0.9. However, the 
samples of the three series have slightly different cor- 
relations, and the correlations are not linear. It has been 
previously observed that the Q1/~Qi ratio of C-S-H 
does not change significantly for C/S >1.2 [17]. For our 
C-S-H samples at C/S > ca. 1.3, the polymerization de- 
creases less rapidly than at lower C/S ratios but does 
continue to decrease. Samples containing portlandite 
have polymerizat ions similar to the single-phase 
samples with the largest C/S ratios. 

The 29Si NMR spectra also show some differences 
that do not obviously correlate with composition. For 

example, the resolution of the spectra is different for 
different samples. Some Q2 peaks have a resolvable 
downfield (less negative) shoulder located at ca. -82.5 
ppm. This shoulder appears in all three series (e.g., 
SCFUMi, SEWCS1, and CSHFS2), and its resolution is 
independent of C/S ratio. A downfield shoulder also 
occurs on some Q1 peaks, especially for samples in the 
SEWCS series. 

Discussion 
Structure of C-S-H 
CONTINUITY t DIVERSITY t AND STRUCTURAL CLASSIFICATION. 

Based on the data in this article, our 170 NMR and 
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FIGURE 3. X-ray diffraction powder patterns of selected C-5-H 
samples. Peaks marked with an asterisk are due to portlandite. 



Advn Cem Bas Mat 2 9 S i  MAS NMR Study of C-S-H 149 
1996;3:144-156 

S C F U M  

Q1 

Q 2  

l i i i I i t i I i i i I 

-60 -80 -1 O0 -120 

LJ 
2J 

S E W C S  

Q1 

jennite 

I i ~ t I ~ ~ i I i , ~ I 

-60 -80 -1 O0 -120 

ppm from TMS 

C S H F S  

Q1 

'2-- 

U 
I i i i I ~ i i I i i i I 

-60 -80 -1 O0 -120 

FIGURE 4. Selected 298i MAS NMR spectra of C-S-H samples of the three sample 
series. Also shown are 29Si MAS NMR spectra of 1.4-nm tobermorite (C/S = 0.9) and 
jennite (C/S = 1.4) [26]. 

1H-29Si cross-polar izat ion magic angle sp inning  
(CPMAS) NMR studies of C-S-H [27,28], and published 
results [13,15,17], we consider C-S-H in the composition 
range we observed to be a single phase with a structure 
that varies continuously with varying composition. 
There is no structural evidence for multiple C-S-H 
phases. For single-phase C-S-H, most of the observable 
characteristics for samples within one synthesis series 
change systematically with composition, and there are 
few discontinuous changes. There are continuous 
changes in the silicate polymerization and pseudo-cell 
dimensions, solution Ca 2+ concentrations and pH val- 
ues, H2 O+ and H20- contents, and 170 MAS and ]H-29Si 
CPMAS NMR spectra [27,28]. 

C-S-H also shows diversity in that samples with simi- 
lar composition made by different methods may have 
different silicate polymerizations and cell dimensions. 
This diversity is not due to the occurrence of fundamen- 
tally different kinds of C-S-H, but rather to the effects 
of, for example, different starting materials, water/solid 
(w/s) ratios, reaction times, and curing and drying con- 
ditions on the same fundamental C-S-H structure. For a 
C-S-H sample with a known C/S ratio, for instance, it 
would not be possible to predict the XRD basal reflec- 
tion, Q1/~Qi ratio, and water content with any accu- 
racy, and vise versa. This diversity is probably the rea- 
son why the 298i NMR spectra of C-S-H samples de- 
scribed in different publications are so different. 

Taylor has proposed the existence of two C-S-H 
phases, C-S-H(I) and C-S-H(II). C-S-H(I) has relatively 
low C/S ratios (<1.5) and is supposedly structurally 
related to 1.4-nm tobermorite [12]. C-S-H(II) has rela- 
tively higher C/S ratios (>1.5) and is supposedly struc- 
turally related to jennite [37]. C-S-H(I) can be formed 
readily using many methods, but C-S-H(II) is very dif- 
ficult to form. Based on this classification, all of our 
C-S-H samples and most described in previous publi- 
cations would be C-S-H(I). There are only a few reports 
of successful synthesis of C-S-H(II) in the 1950s [1,38,39] 
but none in the past 30 years. 2 

We have followed one of the published procedures 
[38] to produce C-S-H(II) but obtained C-S-H(I). Our 
data show that samples with bulk C/S ratio > 1.5 are 
mixtures of C-S-H and portlandite. The importance and 
even the existence of C-S-H(II) is, thus, unclear. The 
diversity of our samples is clearly unrelated to C-S- 
H([I). 

Grutzeck et al. have proposed that silica-rich C-S-H 
(C/S <1) and lime-rich C-S-H (C/S >1) are different 
phases [15] but did not describe specific structural dif- 

2Hara et al. [40] considered the intermediate products for jennite syn- 
thesis to be C-S-H(II) but gave no details. The intermediate products in 
our jennite synthesis yield two broad XRD peaks without a basal reflec- 

1 l tion. The Q / ~ Q  ratio of ca. 0.45 for this intermediate product indicates 
a greater polymerization than for room temperature C-S-H, consistent 
with the higher synthesis temperature of 80°C. 
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TABLE 4. 298i NMR relative peak intensities (%) of the three C-S-H sample series 

SEWCS Series 

Sample  #1 #2 #3 #5 #6 #7 #8 

Q1 57.5 52.2 61.2 58.3 46.4 42.9 32.4 
Q2 42.5 47.8 38.7 42.0 53.6 57.1 67.6 

CSHFS Series 

Sample  #0 #1 #2 #3 #4 #5 #6 

Q1 59.0 62.3 55.2 54.7 40.9 20.4 5.2 
Q2 41.0 37.7 44.8 45.3 59.1 79.6 61.5 
Q3 33.3 

SCFUM Series 

Sample  a b c d e f g h i 

Q1 73.3 69.9 72.8 68.7 65.0 57.2 17.5 9.6 4.5 
Q2 26.7 30.1 27.3 31.3 35.1 42.8 82.6 74.5 49.9 
Q3 16.0 28.6 
Q4 17.0 

ferences. Our  data show that the structural  differences 
be tween  C-S-H with  C / S  >1.0 and <1.0 are no greater  
than the differences a m o n g  samples  wi th  C / S  ratios > 
1.0 (e.g., Figures 2-5). The only significant difference at 
low C / S  ratios is the occurrence of Q3 sites in some 
samples  wi th  C / S  <0.8. Thus, we  find no evidence in 
our  data for the existence of two the rmodynamica l ly  
distinct C-S-H phases. 

STRUCTURAL MODELS. There has long been evidence that 
C-S-H has a layer s tructure similar to that of tober- 
mor i te  a n d / o r  jennite [13,24], but  only the average  
structure of 1.1-nm tobermorite ,  Ca2.25[Si307.5(OH)l.5] • 
H20,  has been solved. This s tructure contains layers of 

d is tor ted  CaO p o l y h e d r a  s a n d w i c h e d  be t ween  two 
c r y s t a l l o g r a p h i c a l l y  d i f f e ren t  d r e i e r k e t t e n  s i l icate  
chains [41]. There are addi t ional  Ca a toms and H 2 0  
molecules in the interlayer space and significant stack- 
ing disorder.  Based on powde r  XRD and N M R  data, the 
s tructure of 1.4-nm tobermorite ,  Ca5(Si6018H2) • 8H2 O, 
is p robably  similar to that of 1.1-nm tobermori te  with 
more  wa te r  molecules  and  Ca2÷'s in the inter layers  
[8,26]. 

The structure of jennite, Ca9(Si6018H2)(OH)8 • 6H20, 
is thought  to be general ly similar to that of tobermori te  
[8]. The p roposed  main  difference is that about  half of 
the oxygen sites on the CaO polyhedra  layers are not 
linked to silicate chains but  to O H -  groups.  The silicate 
chains and  rows of O H -  groups  parallel to the b axis are 
thought  to alternate, result ing in a longer a axis than 
that for tobermori te  [8]. 29Si N M R  spectra of jennite 
contain mainly  Q2 sites (Figure 4) [26], consistent with a 
single-chain structure. 

We p r o p o s e  here  a de fec t - t obe rmor i t e  s t ruc tura l  
model  for C-S-H, in which the s tructure is based on that 

of 1.4-nm tobermori te  but  is more  disordered and con- 
tains a significant concentrat ion of defects. As in tober- 
morite,  there are Ca 2÷ ions and  H 2 0  molecules in the 
interlayers. The structure of the layers appears  to vary  
be tween  two cases shown  schematically in Figure 6. 
One kind is an a lmost  perfect tobermori te  layer, but  
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FIGURE 5. Relationship between NMR Q1/y_.,Qi ratio (i = 1, 2, 
3) and C/S ratio of all our C-S-H samples, showing the de- 
crease of polymerization as C/S increases. There is an ap- 
proximately 5% error in the Q1/(Q1 + Q2 + Q3) ratio due to 
errors in relative intensities, which are obtained by curve fit- 
ting the 29Si MAS NMR spectra. The correlation coefficient for 
the straight line is 0.9, which is a fit for single-phase samples 
only, because the C/S ratio of C-S-H in samples containing 
portlandite is unknown. 
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with some missing bridging tetrahedra (BT), resulting 
in depolymerization and disorder. The other kind is 
highly distorted, contains mostly dimers due to the ab- 
sence of most BT, and may have fragments of entire 
chains missing. The tetrahedra are tilted, rotated, and 
displaced relative to the CaO layers, possibly in ways 
similar to the disorder mechanisms in 1.1-nm tober- 
morite [41]. The two types of layers may merge into or 
occur with each other within a single layer; different 
types of layers may be stacked together or be present in 
widely separated parts of the sample. The stacking dis- 
order among adjacent layers and structural disorder 
within each layer allow for the diversity observed 
among different C-S-H samples. In cement pastes, 
Ca(OH)2 layers may also occur within the stacking se- 
quences, further increasing the disorder and C/S ratio. 

In his pioneering work on C-S-H, Taylor proposed a 
structural model in which most C-S-H samples are com- 
posed of structurally imperfect jennite layers and only a 
small portion have a structure similar to that of 1.4-nm 
tobermorite [13]. The main difference between our 
model and that of Taylor is that ours focuses on the 
similarity and importance of tobermorite to C-S-H, 
whereas his focuses on the importance of jennite. Both 
jennite and 1.4-nm tobermorite are single-chain hy- 
drated calcium silicates and resemble each other and 
C-S-H in many aspects, such as composition, 29Si MAS, 
CPMAS, and 170 NMR spectra. The XRD data indicate 
that the average structure of our C-S-H is more similar 
to that of 1.4-nm tobermorite than to jennite. C-S-H and 
jennite have different pseudo-cell dimensions (Table 3). 
The a axis of jennite is 0.995 nm, significantly larger 
than that of our C-S-H. On the other hand, the a and b 
cell dimensions of 1.4-nm tobermorite are 0.564 and 
0.366 nm, respectively, the same as those of our C-S-H, 
which range from 0.561 to 0.566 nm for a and 0.364 to 
0.368 for b. When the C/S ratio of the C-S-H sample is 
similar to that of 1.4-nm tobermori te  (0.88; e.g., 
SCFUMg), its XRD pattern, 29Si MAS/CPMAS, and 170 
NMR spectra are all more similar to those of 1.4-nm 
tobermorite than those of C-S-H samples with other 
C /S  ratios. Sample SCFUMg (C/S = 0.88) can be 
thought of as a poorly crystallized 1.4-nm tobermorite. 
However, C-S-H samples with C/S ratios similar to jen- 
nite (1.4-1.5; e.g., SEWCS4-5, SCFUMc, and CSHFS2) 
yield 298i NMR spectra dominated  by Q1 peaks, 
whereas the spectrum of jennite contains essentially 
only a Q2 peak (Figure 4). 

Because C-S-H is less polymerized than 1.4-nm tober- 
morite and jennite, any meaningful structural model for 
it must provide a structural description of this depoly- 
merization. In our defect-tobermorite structural model, 
the model compound, 1.4-nm tobermorite, has a C/S 
ratio of 0.9 and contains long dreieretten (mostly Q2 
sites). The Q1/~.Qi ratios of C-S-H samples with C/S 

<0.9 are less than 0.2, corresponding to relatively long 
silicate chains comparable to those of disordered 1.4-nm 
tobermorite. As the C/S ratio increases, the polymer- 
ization of the C-S-H decreases, resulting in QI/~.Qi ra- 
tios greater than 0.5. This net depolymerization can be 
achieved in many ways, one is by omission of BT in the 
dreierketten as first suggested by Taylor [13]. Removal 
of one BT produces 2 Q1 Si sites and reduces the chain 
length. If m represents the fraction of BT that is re- 
moved (0 < m ~< 1), the resulting C/S ratio is 

/(3) C/S= r 1 -  , (1) 

with r being the initial C/S ratio. The resulting Q1/(Q1 + 
Q2) ratio (Q1/£Qi) is, thus, 

(2) 

In this model, m increases as the C/S ratio increases, 
and progressively more BT are omitted, resulting in 
thinner layers. This idea is consistent with the XRD ob- 
servation that basal spacings decrease with increasing 
C/S ratio, although loss of interlayer water may be 
more important. 

i ~--'L b 

C " ~  1.0-1.4 

run 

2 

FIGURE 6. Proposed defect-tobermorite structural model for 
C-S-H, showing dreierketten and central CaO layers (filled 
circles). The interlayer Ca 2÷, OH- groups, and H20 molecules 
are omitted. The layer on top represents a relatively perfect 
1.4-nm tobermorite layer, in which only a small portion of the 
bridging tetrahedra is missing, and the chains are relatively 
long. The layer on the bottom represents a distorted layer, in 
which individual tetrahedra and an entire chain may tilt, ro- 
tate, or be displaced along the b axis. Most bridging tetrahe- 
dra are missing, resulting in many dimers, and entire seg- 
ments of silicate chains may also be missing. 
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If all the BT are missing (m = 1), a tobermorite-like 
layer would have a C/S ratio of 1.35, and only Q1 tet- 
rahedra would be present. Our single-phase C-S-H has 
C/S ratios up to ca. 1.5 but polymerizations greater 
than Q~ sites only, indicating that not all the BT are 
missing. Thus, at least for C-S-H samples with C/S ra- 
tios > 1.35, other defects must occur. These defects 
could include Ca(OH) 2 environments and loss of entire 
chain segments (both BT and PT). These defects could 
yield C-S-H with C/S ratios much greater than 1.35. 
With entire sections of chains missing, the local struc- 
ture could be similar to that of jennite. Whatever the 
proportions of these defects, it is clear that C-S-H with 
C/S ratios similar to that of jennite (ca. 1.5) does not 
have an average structure similar to jennite. For these 
C-S-H's, the average structures are still similar to that of 
1.4-nm tobermorite as shown by our XRD data, and 
there is no evidence that they are mixtures of 1.4-nm 
tobermorite and jennite. This conclusion is consistent 
with the transmission electron microscopy (TEM) ob- 
servations of C-S-H structure [42,43]. 

A jennite-based model cannot accommodate C-S-H 
with C/S ratios < 1.5 without the addition of silicate 
chains. Depolymerization of jennite by omission of BT 
increases the C/S ratio, and it is impossible to make 
both the structure and composition simultaneously ap- 
proach those of C-S-H. For example, a Q1/'2,Qi ratio of 
0.5 would yield a C/S ratio of 1.88. For most C-S-H, this 
Q1/~Qi is unrealistically small and the C/S ratio is too 
large. Our own data and most published 29Si NMR 
spectra of C-S-H formed under normal conditions (e.g., 
[15-18]) indicate that for C/S >1.2, Q1 Si sites dominate 
(Q1/~,Qi >>0.5). Our single phase C-S-H with the highest 
C/S ratio (1.56, SEWCS3) has a Q1/~ZQi of 0.61. Other 
samples may have even higher Q1/'ZQ' ratios (e.g., QI/ 
"ZQ i = 0.73 for SCFUMc). 

The compositional relationship among C-S-H, 1.4-nm 
tobermorite, and jennite is illustrated in Figure 7, in 
which the linear correlations between C/S ratio and 
Q1/,£Q, ratio for 1.4-nm tobermorite and jennite are cal- 
culated based on the aforementioned equations; and the 
straight line for C-S-H is taken from Figure 5. It is clear 
that the correlation for C-S-H is closer to 1.4-nm tober- 
morite than to jennite and that C-S-H does not approach 
the jennite structure for the entire polymerization 
range. The high polymerization of jennite prevents it 
from being a good structural model for C-S-H. 

The defect-tobermorite structural model of C-S-H is 
broadly consistent with "solid-solution" models of C- 
S-H [25,44-46], in which C-S-H is considered to be a 
solid solut ion  be tween  Ca-sil icate hydra te  and 
Ca(OH) 2. Our results provide a structural basis for 
these models, which are frequently used in thermody- 
namic modeling of C-S-H. 
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FIGURE 7. Correlation between Q1/£Qi and C/S ratio for 
C-S-H, 1.4-nm tobermorite, and jennite. Arrows indicate the 
direction of change of the 1.4-nm tobermorite line as inter- 
layer C a  2+ is removed (to the left) and additional Ca-OH sites 
are added (to the right). 

Charge Balance and the Concentration of 
OH- Groups 
Water molecules (H20) and hydroxyl groups (OH-) are 
important structural components of C-S-H, but no tech- 
nique used so far quantitatively and unambiguously 
distinguishes among water molecules, Ca-OH, and Si- 
OH groups. Ca-OH bonds have been observed in C-S-H 
by 170 NMR spectroscopy [19,28], but the existence of 
Si-OH linkages is still controversial [8]. 1H-29Si CPMAS 
NMR demonstrates that 1H is within a nanometer of Si 
in C-S-H, because both Q1 and Q2 peaks cross-polarize 
[19,47], but it does not provide conclusive evidence of 
Si-OH bonds. Si-OH linkage is not required for obser- 
vation of cross-polarization (CP) signal, as demon- 
strated by the strong CP signal for Q4 sites without 
Si-OH bonds in silica gel [35]. 

We have carried out charge-balance calculations for 
C-S-H based on the known C/S and Q~/,£Qi ratios and 
the assumption that the nonbridging oxygens (NBOs) 
are preferentially balanced by Ca 2+ [33]. The results 
demonstrate the presence of both Si-OH and Ca-OH 
sites in C-S-H (Figure 8). Single-phase C-S-H samples 
with C/S ratios < 1.3 fall on the left of the 1:1 line in 
Figure 8, indicating that they contain less Ca 2+ than 
required for overall charge neutrality. The only other 
positive species is H ÷, thus there must be Si-OH link- 
ages in these samples to balance the charge. Samples 
with C/S ratio > 1.3 fall on the right of the 1:1 line in 
Figure 8, indicating that they contain more Ca2+'s than 
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FIGURE 8. Charge-balance calculation for C-S-H. The y-axis 
is the calculated, minimum C/S ratio needed for balanced 
charge. The straight line represents an 1:1 ratio of the calcu- 
lated and measured C/S ratios. Points on the left of the 
straight line represent samples that are Ca 2+ deficient for 
charge balance. Points on the right of the straight line repre- 
sent samples that have excess Ca 2+. Also shown are data for 
tobermorite (both 1.1- and 1.4 nm varieties) and jennite. 

needed to neutralize the NBOs. These excess Ca2+'s 
must form Ca-OH bonds. Ca-OH bonds could also be 
present at lower C/S  ratios for which there is not 
enough Ca 2+ for charge balance, and their presence 
would require an equal number of additional Si-OH 
bonds to maintain overall charge neutrality. Similarly, 
Si-OH bonds could also occur at C/S ratios greater than 
1.3 if there are additional Ca-OH bonds. This idea is 
consistent with 170 NMR results [28]. At larger C/S 
ratios, structural regions with high concentrations of 
Ca-OH bonds may be detectable by XRD as portlandite. 

The critical C/S ratio of approximately 1.3 in these 
charge-balance calculations is due to the limitation of 
the 1.4-nm tobermorite structure and supports the idea 
that the increase of C/S ratio and depolymerization of 
C-S-H are due to absence of BT in the dreierketten. As 
discussed earlier, the largest C/S  ratio obtained by 
omission of all BT (m = 1) in tobermorite is 1.35, 
whereas the calculated C/S ratio of 1.3 required for 
charge balance for C-S-H is independent of the struc- 
tural model. 

The charge-balance calculations also demonstrate 
that the C-S-H structure is quite dissimilar to that of 
jennite. 1.4-nm tobermorite falls on the same trend as 
C-S-H in Figure 8, whereas jennite falls far from it. 

The minimum mole percent of both Si-OH and Ca- 
OH can be readily calculated from the vertical distance 
of a point to the straight line in Figure 8. The results 
(Figure 9) show that the minimum mole percent of Si- 
OH bonds decreases from ca. 12% to 0 as the C/S ratio 
varies from 0.80 to 1.35 and that the minimum mole 
percent of Ca-OH increases from ca. 0 to 19% as the C/S 
ratio increases from 1.35 to 1.85. 

Limits on the abundance of Si-OH and Ca-OH bonds 
in C-S-H can also be calculated from a different ap- 
proach based on the known Q1/~Qi and C/S ratios and 
the defect- tobermori te  s t ructural  model .  1H-29Si 
CPMAS NMR data of our C-S-H show that both Q1 and 
Q2 si tes  have similar amounts of Si-OH bonds regard- 
less of whether they occur in short dreierkettens or 
dimers [27]. Our unpublished infrared (IR) data indi- 
cate that the concentration of Si-OH bonds in C-S-H 
decreases with increasing C/S ratio, whereas Ca-OH 
bonds seem to be present for all samples. Based on 
these observations, it can be shown that only 0-33% of 
NBOs on both Q1 and Q2 sites in C-S-H can form Si-OH 
bonds [33], and the percentage decreases with increas- 
ing C/S ratio. Assuming that the percentage of NBOs 
forming Si-OH bonds varies linearly from 33% for C/S  
= 0.88 (the smallest C/S ratio of single-phase C-S-H 
without Q3 Si sites) to 0 for C/S = 1.56 (the greatest C/S 
ratio of single-phase C-S-H), the concentrations of Si- 
OH and Ca-OH bonds for C-S-H of various composi- 
tions can be calculated by neutralizing the NBOs in the 
order of Si-OH, Si-O-Ca, and Ca-OH. 

The results of the calculations indicate that the maxi- 
mum percentage of NBOs forming Si-OH bonds is 
much less than 33%, because the resultant total amount 
of OH- groups (Ca-OH + Si-OH) is greater than the 
amount of measured H20 +, which is the maximum pos- 
sible total amount of OH- groups. Similarly, the maxi- 
mum percentage must be greater than 16%, because this 
value yields a total OH- abundance less than the mini- 
mum Si-OH bonds obtained by the charge-balance cal- 
culation. For the same reason, the minimum percentage 
of NBOs forming Si-OH bonds must be greater than 0. 
Satisfactory results can be obtained when the percent- 
age of NBOs forming Si-OH bonds are allowed to vary 
between 5% (for C/S = 1.56) and 20% (for C/S = 0.88) 
(Figure 9). 

The calculated concentration of Si-OH linkages cor- 
responding to the curve in Figure 9 is greater than that 
of Ca-OH for C/S <1.2 and decreases with increasing 
C/S ratio, whereas that of Ca-OH is very low (<3 mol%) 
for C/S <1.2 and increases with increasing C/S ratio 
(Figure 10). In this model, the number of Si-OH bonds 
per tetrahedron (Si-OH/Si) varies from 0.13 for C/S = 
1.56 to 0.43 for C/S = 0.88, with an average of 0.31, 
which is consistent with the estimated value of 0.33 
made by Taylor [48]. The low concentration of Ca-OH 
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bonds  (0.2% on average) for C / S  <1.2 is consistent with 
the charge-balance calculation (Figure 8), which shows 
that there is not enough Ca 2÷ to charge balance all the 
NBO's. The exact values of the Si-OH and Ca-OH abun- 
dances depend  critically on the assumed linear varia- 
tion of the percentage of NBOs forming Si-OH bonds,  
but  the trends and approximate  values are clear. There- 
fore, for single-phase C-S-H with the observed maxi- 
m u m  C / S  ratio of 1.5 and possible dreierketten, an ideal 
formula might  be Ca4.5[Si3Os(OH)](OH) 4 • nH20.  

Silicate Polymerization and 
C-S-H Composition 

One of the most  important  observations of this s tudy is 
that the C-S-H samples in all three series with C / S  ratio 
> ca. 1.54 contain port landite detectable by XRD. Their 
polymerizat ions are, thus, greater than their bulk C / S  
ratios suggest (Figure 5). Therefore, it seems that at least 
for our  samples, single-phase C-S-H has a limiting C / S  
ratio of ca. 1.5 and a corresponding Q1/~Qi of ca. 0.7. 
This limiting C / S  ratio is significantly less than the 
widely accepted value of 1.7 for C-S-H in OPC paste [8], 
possibly due  to difficulty in analysis of phase-pure C- 
S-H in cement paste. Recently, Ca(OH)2 has been found 
coexisting with C-S-H with a C / S  ratio as small as 1.3 
[47], support ing this conclusion. It is also possible that 
the chemical conditions in OPC paste differ signifi- 

cantly enough from those in our  experiments that C- 
S-H with C / S  ratios as large as 1.7 could become stable. 
Such differences may  include the existence of alkalis 
and sulfate phases and substitution of A1 or Fe into 
C-S-H. 

The average chain length for most C-S-H samples 
with low polymerizat ions determined by NMR does 
not fully describe the real structure. For instance, the 
average chain length for SCFUMc (C/S = 1.45, Q1/ZQi 
= 0.7) is 2.7, shorter than a trimer. However ,  1H-29Si 
CPMAS data indicate that many  dimers and some rela- 
tively long chains coexist in the s tructure [27]. The 
CPMAS data also indicate that the chains have a bimo- 
dal length distribution for samples with C / S  >0.9, con- 
sistent with the defect-tobermorite structural model.  

C-S-H samples with C /S  ratios < ca. 0.85 contain Q3 

Si sites, and similar sites have been reported previously 
[47]. The presence of these sites does not lead to signifi- 
cantly different XRD parameters.  Therefore, it is clear 
that Q3 sites do occur in single-phase C-S-H with C /S  
ratios between 0.8 and 0.6. The chemical shifts of the Q3 
sites are similar to those of the Q3 s i t e s  of tobermori te  
[22,26]. The relationship between Q3-containing C-S-H 
and normal  C-S-H may  be similar to that between nor- 
mal and anomalous tobermorite.  The Q3 s i t e s  in C-S-H 
can form due to stacking disorder  resulting from a b / 2  
displacement of the chains. C-S-H of this type does not 
occur in OPC paste but  may  be important  in dispersed 
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small particle (DSP) cement and other cements contain- 
ing pozzolanic components. 

Multiple Q1 and Q2 sites in C-S-H 
The 29Si MAS NMR peaks of our C-S-H samples are 
about 4.5 ppm broad at half height, indicating a range 
of different local structural environments. The peaks for 
the Q1 sites are asymmetric or have a small shoulder 
near approximately -78 ppm in addition to the main 
peak at -79 ppm (Figure 4). Similarly, the peaks for Q2 
sites are asymmetric or have a small shoulder at ca. 
-82.5 ppm in addition to the main peak at about -85.5 
ppm. The downfield shoulder on the Q2 peak has also 
been previously reported [17,36,47,49] with contradic- 
tory assignments. A similar downfield shoulder occurs 
on the Q2 peak of 1.1-nm tobermorite [20,50,51], but its 
assignment is also unclear. 

It is reasonable to consider that Q~ sites in dimers and 
on chain ends might have different local structures and 
thus yield slightly different chemical shifts, but the as- 
signment is not conclusive. 

Multiple Q2 sites are more difficult to explain. The 
main peak at ca. -85.5 ppm can be readily assigned to 
the middle tetrahedra of dreierketten. Many crystalline 
phases with similar compositions yield NMR peaks 

with this chemical shift, including 1.1-nm tobermorite 
[20,22]. The exact chemical shift for the downfield 
shoulder is hard to determine due to poor resolution, 
but it appears to be between -82.5 and -84 ppm. The 
only crystalline calcium silicate with a similar chemical 
shift known to us is pseudowollastonite, which has a 
ring structure and a chemical shift of -83.5 ppm [34]. 
Although there has been report of silicate rings in C- 
S-H [52], XRD data indicate the opposite; the consensus 
is that silicate rings are not important in C-S-H [53]. 

The downfield shoulder is probably due to distorted 
Q2 sites produced by various kinds of stacking disorder. 
Sherriff et al. [54] have found that the 298i MAS NMR 
chemical shifts of silicates can be correlated to the local 
geometry of the structure by a relatively simple model, 
which can be thought of as the magnetic anisotropy 
modified by the valence of the bonds between the near- 
est neighbor (NN) oxygens and the next nearest neigh- 
bor (NNN) cations. Although the magnetic anisotropy 
is a complex parameter, the most important controlling 
factor is the orientation of the O-M bond (M represents 
NNN cations) relative to the Si-O bond inside the tet- 
rahedron. Relative to the ordinary Q2 sites, the down- 
field shoulder corresponds to a smaller modified mag- 
netic anisotropy, which can be due to decreased Si- 
O-M bond angles and Si-M distances. The disorder 
mechanisms discussed in our structural model of C-S- 
H, such as displacement and tilt of tetrahedra and 
stacking disorder, may produce such sites. 

Recently, Brough et al. [55] have found resolved 
peaks at about -84 and -86 ppm in a 298i MAS NMR 
study of the hydration of mixtures of C3S and 29Si- 
enriched amorphous silica and assigned the -84 ppm 
peak to BT and the -86 ppm peak to PT in dreierketten. 
This assignment is, however, inconsistent with our ob- 
servation that for 1.1-nm tobermorite the downfield 
shoulder is present even when all the BT are cross- 
linked into Q3 sites [26]. 

Thus, assignment of these peaks is an unusually dif- 
ficult problem that remains unresolved. Quantum 
chemical calculations to better understand the local Si- 
environments and the controls of 29Si NMR chemical 
shifts are needed. 
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