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Abstract: The single most important structural material, and the major Portland cement binding
phase in application globally, is calcium silicate hydrate (C-S-H). The concentration has increasingly
changed due to its atomic level comprehension because of the chemistry and complex structures of
internal C-S-H cohesion in cement crystals at different lengths. This perspective aimed at describing
on calcium-silicate-hydrates (C-S-H) structures with differing contents of Ca/Si ratio based on the
report entitled “Quantum mechanical metric for internal cohesion in cement crystals” published by
C. C. Dharmawardhana, A. Misra and Wai-Yim Ching. Crystal structural and bond behaviors in
synthesized C-S-H were also discussed. The investigator studied large subset electronic structures
and bonding of the common C-S-H minerals. From each bonding type, the results and findings
show a wide variety of contributions, particularly hydrogen bonding, that allow critical analyses of
spectroscopic measurement and constructions of practical C-S-H models. The investigator found
that the perfect overall measurement for examining crystal cohesions of the complex substances is
the total bond density (TBOD), which needs to be substituted for traditional metrics such as calcium
to silicon ratios. In comparison to Tobermorite and Jennite, hardly known orthorhombic phased
Suolunites were revealed to have greater cohesion and total order distribution density than those
of the hydrated Portland cement backbone. The findings of the perspective showed that utilizing
quantum mechanical metrics, the total bond orders and total bond order distributions are the most
vital criteria for assessing the crystalline cohesions in C-S-H crystals. These metrics encompass effects
of both interatomic interactions and geometric elements. Thus, the total bond order distribution
and bond order offer comprehensive and in-depth measures for the overall behaviors of these
diverse groups of substances. The total bond order distributions must clearly be substituted for the
conventional and longstanding Ca/Si ratios applied in categorizing the cement substances. The
inconspicuous Suolunite crystals were found to have the greatest total bond order distributions and
the perfect bonding characteristics, compositions, and structures for cement hydrates.

Keywords: quantum cement chemistry; calcium-silicate-hydrate (C-S-H); cohesion

1. Introduction

Characteristics of inter-atomic bonding and electronic structures are primary to the
detailed comprehension of C-S-H properties and the atomic-scale structures that are fused
as products of Portland cement hydration [1]. This perspective aimed at describing calcium-
silicate-hydrates (C-S-H) structures with differing Ca/Si ratios. Crystal structural and bond
behaviors in synthesized C-S-H were also discussed [1].

In the atomic structure–property relationship, interest has emerged because of the pro-
gressively important economic, ecological, and social impacts of the generation and appli-
cation of international Portland cements, which presently stand at two billion metric tons.

Based on a range of high-resolution microscopic and spectroscopic methods, current
experimental results and findings show fully disordered or poorly crystalline atomic
structures of the hydrate in hardened cement pastes [2]. Various structural models have
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been recommended based on these experimental findings, either via hypothetical modeling
or binary solution utilizing crystal types of Tobermorite and Jennite as beginning structures.
The efforts have led to a broad variety of models for C-S-H that are either based on limited
atomistic simulations or solution theories applying classical molecular dynamics (MD) [3].
In these efforts, a major missing ingredient is the comprehension of bonding properties
of more disordered C-S-H and the crystalline C-S-H. To represent anhydrate crystals and
calcium silicate hydrate, the investigator follows the cement chemistry notations of CS and
C-S-H for clarity and brevity [4,5]. The researcher used C-S-H to symbolize calcium silicate
hydrates’ more general structures found in hardened cement pastes.

Phases of crystalline C-S-H vary to highly ordered crystalline from almost amorphous
phases. Various doubts persist about the structures and compositions for C-S-H higher
crystallinity phases because of the difficulty related to isolations of pure phases and their
differing crystallinity level [6,7]. In addition, information relating to quantitative bonding,
particularly hydrogen bonds (HBs), is inaccessible by experimental methods without the
help of strong atomistic models for correct interpretations, because the complexities of
C-S-H structures result in the famous chicken–eggs challenge. With well-documented
crystal structures, it is of great significance to assess an extensive range of crystalline
C-S-H stages in regarding this crucial disparity in knowledge. Such investigations offer
comprehensive insights into the differences in bonding properties regarding the structures
and compositions of the substances [8,9]. The C-S-H atomistic frameworks recommended
in the studies shall continue being hypothetical without this information.

Regarding the position of ‘H’, the uncertainties were previously explained in a study
of four crystalline C-S-H crystals [10]. HBs play vital roles in the behaviors of these sub-
stances because they have an important presence in C-S-H. Generally, these facts have been
acknowledged but rarely quantitatively researched. In the absence of advanced structures
of these stages, the bonding data cannot clearly be identified purely from experimental
information. In this case, the investigator took genomic approaches of materials and
hypothetically examined an extensive variety of C-S-H crystals utilizing the correct first
standard techniques [11,12]. The researcher selected fifteen crystals from the list of thirty
crystalline phases in the 2008 evaluation journal by Richardson with clearly-documented
structural data, and their four potential anhydrous Portlandites and precursors [13]. Of
these crystalline phases, the investigator started with completely optimized atomic struc-
tures. To tackle the partial occupancy issues, the investigator used supercell approaches in
some crystals at specific sites [14]. Then, the refined structures of electronic structures were
computed. Through calculations of overlapping populations (bond order), the investigator
quantitatively assessed the bonding properties of these crystals. Following the modified
Strunz classifications of minerals, the investigator analyzed the data according to the
polymerization level of the silicate chain in the crystals [15,16]. The results acquired from
crystalline stages can assist in the interpretations of experimental spectroscopic metrics,
resulting in realistic models that are reliable at both atomistic-scale and electronic-scale
performances for the C-S-H phased in synthesized Portland cements.

2. Crystal Structural Classifications and Relaxations

An extensive review by Richardson [13] includes a comprehensive list of thirty C-S-H
crystals. Taylor et al. [17] categorized the thirty C-S-H crystal phases into six categories. By
considering the polymerization of the silica chains, the C-S-H crystals nevertheless can be
more correctly categorized in accordance with the Strunz classifications [18]. Moreover,
the silica chain polymerization notions have the effects on the complex hydration process
products and biological degradations or carbonation that take place in Portland cement
pastes [19,20]. It has been speculated that cement paste maturations chiefly involve improv-
ing polymerizations of isolated silicon tetrahedrons to pentamers, dimers, and trimmers,
ultimately creating three-dimensional silicate frameworks [21].

Based on the well-documented atomic positions utilized in this research, Table 1 lists
twenty crystal phases categorized into four classifications: iono-silicates, soro-silicates,
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nesosubsilicates, and clinkers and hydroxide phases [22]. In Table 1, each classification
is organized in increasing order of Ca/Si ratio. Group (a) includes Portlandites (a.3) and
clinker phases (a.1 and a.2). Portlandites are part of this classification because they form
the cement hydration basis. The investigator used the Strunz schemes [18] to group the
remaining crystals. At each polymerization stage, the silicate units are illustrated by
Qn in this scheme, in which the silicon tetrahedrons are linked with n of other silicate
tetrahedrons [19,23]. For example, Q0 denotes isolated silicate tetrahedrons not linked
with any other silicate. Group (b) consists of the nesosubsilicates with isolated groups
(SiO4). The lowest polymerization degree is possessed by the C-S-H phases. In the next
polymerization stage, the soro-silicates with [Si2O7] groups are placed in class (c). The Si2O7
is linked with two isolated tetrahedrals to form the pyro-groups through one Bridging-O.
Therefore, all Si tetrahedrals are Q1. The Si tetrahedral is connected through non-bridging
O to 6, 7, or 8 fold-linked calcium atoms [20]. The mixtures of finite triple chains Q2 and
isolated tetrahedral (Q0) are special cases of structures of soro-silicates in which the Si
tetrahedrals are linked with six and eight fold-linked atoms bonded to calcium atoms.
The inosilicates are in group (d). Varying to 1.5 in Jennite (d.8) from 0.50 in Nekoite (d.1),
this comprises structures with a broad range of calcium to silicon ratios and infinitely
long chains. In this group, the phases can be subcategorized into double chains (1/3 Q3
and 2/3 Q2) and single chains (all tetrahedrals are Q2) according to the polymerization
degree [24,25]. From each group, the representative crystals are shown in Figure 1. For
group (a), these are Alites (a.2); for group (b), they are Afwillites (b.1); for group c they are
Kilichoanites (c.3) and Suolunites (c.2); for group (d), they are Anomalous T11 A (d.2) and
Forshgites (d.7). In the Supporting Information (SI), similar images of all twenty crystals
are shown as Figure 1.

Table 1. Chemical characteristics of (a) clinkers/hydroxide phases, (b) nesosubsilicates, (c) soro-silicates and (d) inosilicates [26].

Mineral Name Sy [1]:sg [2] Chemical Formulas Ca/Si ρ (g/cc) Eg

(a) Clinkers/Hydroxide stages

a.1 Belites O: P 1 21/n 1 2(CaO) SiO2 2.00 3.316 4.65
a.2 Alite M: P-1 3(CaO) SiO2 3.00 3.084 3.68
a.3 Portlandites M: P-3 m 1 Ca(OH)2 Inf 2.668 3.50

(b) Nesosubsilicates

b.1 Afwillite M: P1 Ca3(SiO3OH)2·2H2O 1.50 2.590 4.26
b.2 α-C2SH O: P 21/b 21/c 21/a Ca2(HSiO4)(OH) 2.00 2.693 4.37
b.3 Dellaite Tc: P-1 Ca6(Si2O7)(SiO4)(OH)2 2.00 2.929 4.12
b.4 Ca Chondrodites M: P 1 1 21/b Ca5[SiO4]2(OH)2 2.50 2.828 4.24

(c) Sorosilicate

c.1 Rosenhahnites Tc: P-1 Ca3Si3O8(OH)2 1.00 2.874 4.49
c.2 Suolunites O: F d 2 d Ca2[Si2O5(OH)2]H2O 1.00 2.649 4.87
c.3 Kilchoanites O: I 2 c m Ca6(SiO4)(Si3O10) 1.50 2.937 4.40
c.4 Killalaites M: P 1 21/m 1 Ca6.4(HO.6Si2O7)2(OH)2 1.60 2.838 3.85
c.5 Jaffeites Tg: P 3 Ca6[Si2O7](OH)6 3.00 2.595 3.92

(d) Inosilicates

d.1 Nekoite Tc: P1 Ca3Si6O15·7H2O 0.50 2.204 4.29
d.2 T11 Å M: B 1 1 m Ca4Si6O15(OH)2·5H2O 0.67 2.396 4.15
d.3 T14 Å M: B 1 1 b Ca5Si6O16(OH)2·7H2O 0.83 2.187 4.04
d.4 T9 Å Tc: C1 Ca5Si6O175H2O 0.83 2.579 4.57
d.5 Wollastonites Tc: P-1 Ca3Si3O9 1.00 2.899 4.62
d.6 Xonotlites Tc: A-1 Ca6Si6O17(OH)2 1.00 2.655 4.27
d.7 Foshagites Tc: P-1 Ca4(Si3O9)(OH)2 1.33 2.713 4.41
d.8 Jennites Tc: P-1 Ca9Si6O18(OH)6·8H2O 1.50 2.310 4.43

Remarks: [1] Sy = crystal symmetries. [2] Sg = space group symmetries.
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Figure 1. Crystals structures of C-S-H and C-S crystal: (a.2) Alites; (b.1) Afwillites; (c.2) Suolunites; (c.3) Kilchoanites;
(d.2) Anomalous T11 Å; (d.7) Foshagites [27].

The researcher utilized the Vienna ab initio simulation package (VASP) for the C-S-H
crystal structural relaxations [14,28]. The technical information is concisely explained as
follows: (1) An adequately large number of k-point meshes varying from 2.0 to 85.0k points
were utilized relying on the real sizes and structures of crystals; (2) high energy cutoffs of
500 eV were adopted; (3) for the ionic relaxations, the criteria of force convergence were set
at 1025 eV/Å; and (4) with the generalized gradient approximations (GGAs), the PAW-PBE
potentials were used [29,30].

3. C-S-H Electronic Structures

Inaccuracies exist together with some missing information, although the crystal atomic
structures are generally available, as shown in the Table 1 [31]. To merge with the chemical
formulas where appropriate, Figure 1 and Section 1 in the Supplementary Materials pro-
vide additional data on the corrected and completely relaxed structures. A summary of
computed electronic band gaps, calcium/silicon ratios, theoretical density, chemical formu-
las, and crystal symmetry are given in table one. Of the twenty crystals researched, five
are both hydroxyl and isolated water groups, two have purely isolated water molecules,
four are anhydrate phases, and the remaining nine have only hydroxyl classes [25,26].
Hydroxyl classes are majorly bonded to Si (Si-OH) in C-S-H. However, they can also be
bonded to Ca (Ca-OH) in some cases (d.7, d.6, c.5, c.4, c.2, b.3, b.2, and b.1). Figure 2
displays the computed band structures for the twenty crystals. The energy zero is set at the
valance band (VB) or the highest occupied state [26]. All crystals portray a flat top of the
valance band except a.3, and have larger band disparities varying from 3.50 to 4.87 eVs,
as anticipated. Of all crystals, the conduction band (CB) bottoms have a large curvature,
showing insignificant electron effective masses. Analyses of the partial densities of state
(PDO) indicate that the valance band upper parts are from the O-2P orbital of the non-water
O and the valance band lower part is from the O-2s orbital [6,27]. The lower conduction
bands originate majorly from Ca-3d orbitals.
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Figure 2. Distributions of bond orders and bond length for (a.2) Allites; (b.2) Alwillites; (c.2) Suolunites; and (d.8) Jennites.
Cryptograms of bonds include “-” for covalent bonds, “ . . . ” for HBs. In the inserts, the pie charts show percentages
of different bonding types: blue hydrogen bonds between water molecules; orange, other hydrogen bonds (HBs); violet,
covalent –(O-H); green, Si-O; and red, Ca-O. Different hydrogen bond types are shown by lower insets [6].

There are also significant contributions from the Si-3d orbital to the upper parts of the
valence band [6,32]. Based on correctly relaxed structures, high quality band structures are
crucial in examining the electronic structures because experimentally measured structures
are often not adequately accurate. For a hydrated crystal with a water molecule, this is
particularly true. In earlier works, discrepancies with the experimentally apportioned “H”
position have been pointed out. The percent deviations and the VASP relaxed crystals’
parameters from experimentally recorded values are showed in Table 2 [33,34]. Table S1
in the Supplementary Materials gives the parameters of experimental crystals. In general,
the parameters of relaxed crystals range from 1% to 2% in comparison with the recorded
experimental figures. However, they can be as high as 24.10% in some circumstances, such
as b.1 and b.4 [8]. The greatest deviations are in the Awfillite (b.1) crystal structure angle
c. These are greatly hydrated phases and the investigator found substantial deviations
in the hydrogen position from the recorded structures. This deviation is bigger than
those often present in other inorganic crystals. In the values reported at different times
by diverse groups applying multiple techniques for some of the C-S-H minerals, there
are obviously large uncertainties [35,36]. Based on density functional theory, accurate
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theoretical calculations can thus offer the required consistencies for crystal structures of
C-S-H, based on which consistent characteristics can be analyzed.

Table 2. Crystal parameters of (a) clinker/hydroxide phases, (b) nesosubsilicates, (c) soro-silicates and (d) inosilicates [26]
(% error from experiments).

a (Å) b (Å) c (Å) α
◦

β
◦

γ
◦

a.1 5.565 (−1.1) 6.8 (−0.6) 9.363 (−0.4) 90 (0) 94.70 (−0.6) 90 (0)
a.2 11.733 (−0.8) 14.298 (−0.9) 13.743 (−0.7) 104.80 (0.2) 94.36 (0.3) 90.11 (0)
a.3 3.614 (−0.6) 3.614 (−0.6) 4.958 (−1.1) 90.18 (−0.2) 89.82 (0.2) 120.025 (0)

b.1 16.57 (−1.5) 5.719 (−1.4) 11.764 (−0.7) 87.59 (2.8) 127.06 (−0.5) 93.65 (−4.1)
b.2 9.535 (−0.5) 9.228 (−0.5) 10.777 (−1) 90 (9) 90 (0) 90 (0)
b.3 6.888 (−0.5) 7.028 (−1.1) 12.952 (−0.4) 90.10 (0.7) 97.29 (0) 98.28 (0)
b.4 8.956 (−0.4) 11.556 (−0.9) 5.111 (−0.7) 90.56 (−0.6) 89.28 (0.8) 108.71 (−0.4)

c.1 7.052 (−1.4) 9.548 (−0.7) 6.888 (−1) 108.78 (−0.1) 95.73 (−0.9) 95.34 (0.6)
c.2 19.988 (−1.1) 6.036 (−0.8) 11.239 (−1.1) 90 (0) 90 (0) 90 (0)
c.3 11.527 (−0.9) 5.13 (−0.8) 22.204 (−1.2) 90 (0) 90 (0) 90 (0)
c.4 20.638 (−0.8) 15.607 (−0.9) 6.898 (−0.9) 90 (0) 97.17 (0.5) 89.87 (0.1)
c.5 10.085 (−0.5) 10.084 (−0.5) 7.538 (−0.5) 90 (0) 90 (0) 120 (0)

d.1 7.665 (−1) 9.797 (0) 7.418 (−1.1) 110.94 (0.7) 103.59 (−0.1) 86.69 (−0.2)
d.2 6.736 (0) 7.451 (−0.9) 22.73 (−1.1) 89.63 (0.4) 90.42 (−0.5) 122.22 (0.8)
d.3 6.706 (0.4) 7.416 (0.1) 28.589 (−2.1) 90.70 (−0.8) 92.45 (−2.7) 122.65 (0.5)
d.4 11.414 (−1.2) 7.416 (−1) 11.48 (−0.1) 98.36 (0.8) 97.05 (0.1) 90.23 (−0.2)
d.5 8.009 (−0.9) 7.381 (−0.8) 7.139 (−1) 90.08 (−0.1) 95.53 (−0.2) 103.44 (0)
d.6 8.786 (−0.8) 7.422 (−0.8) 14.193 (−1.2) 89.95 (0) 90.66 (−0.3) 102.25 (−0.1)
d.7 10.423 (−1) 7.367 (−0.1) 7.159 (−1.7) 90.07 (−0.1) 106.48 (−0.1) 89.98 (0)
d.8 10.732 (−1.5) 7.349 (−1.2) 10.784 (1.3) 103.22 (−1.9) 94.78 (2.3) 110.24 (−0.5)

4. Calculations of Bond Orders in C-S-H

On the basis of the VASP-relaxed crystal structures, the researcher utilized the or-
thogonalized linear combinations of atomic orbitals (OLCAOs) for bonding analyses and
electronic structures [25,37]. Using Mullikan population analyses, values of bond order for
every crystal were computed. In the SI, more comprehensive descriptions of the bond order
computations are included. The total bond order dimensions were acquired as aggregate
total bond orders from all special pairs divided by the volumes of cells [38]. The bond order
percentage contributions do not include the water molecule covenant O-H bond because it
does not directly contribute to the crystal internal cohesions.

The bond orders (BOs) between pairs of atoms represent the bond strength and
stiffness quantitative measures [24]. In the C-S-H crystals, the bond order is important in
disclosing the internal cohesion origin. Utilizing the initial principles of orthogonalized
linear bonds of atomic orbitals (OLCAO) methods, the researcher obtained the BO figures
between each pair of atoms in the crystals. For four representative C-S-H from every class
(a. Alites, b. Afwillites, c. Suolunites and d. Jennites), the distributions of bond length and
bond order were obtained. In each crystal, [–(O . . . H), H2O . . . H2O, –(O-H), H-O-H, Si-O,
and Ca-O], different bond types are as illustrated [25]. There are two OH bond types as
evident. They have weak HBs bonds and strong covalent bonds. In addition, there are two
covalent O-H bond types: those in hydroxyl ions –(O-H) that bond to calcium ions (Ca-OH)
and silicates (Si-OH), and the one contained by H2O molecules (HO-H) that do not result
in internal cohesions [27]. Moreover, the HBs have two classifications: HBs among all other
HBs types that are not completely amid two isolated H2O molecules, and those between
molecules of water (H2O . . . H2O) as indicated in the insets of Figure 2 for b.1; for example,
the HBs such as H2(O . . . H) O-Si and Si-(O . . . H) O-Si, which are specifically important,
are indicated as insets of Figure 2 for d.8 and c.2, respectively [26]. The researcher defined
the total bond order densities (TBODs) to be the TBO standardized by the crystal volumes
and total bond orders (TBOs) to be the total of individual bond order figures.
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In Figure 2, the pie charts give the proportion contributions from diverse bond types
to the total bond order [27]. In computing the percentage contribution, it is worth noting
that the researcher ignored the bond order contributions from covalent O-H bonds from
water molecules because they do not contribute directly to the overall cohesions. The
general representative pictures of relative strengths and distributions of diverse bond
species in C-S-H crystals are given in Figure 2 [6]. Within a fairly narrow variety of Si-O
bond lengths, the almost continuous and broad distributions of Si-O bond order values
clearly show that the strength and stiffness of the bonds, rather than the bond lengths,
are the chief reasons why the spectral characteristics related to Si-O bonds usually seem
as wide peaks. Moreover, it is noticeable that HB covers broad ranges of bond lengths
and bond orders in these materials and makes significant contributions to the total bond
order. In experimental spectroscopic methods, the HB effects have been broadly speculated
about but never precisely discussed [32,33]. In each group, the researcher describes the
distribution of the bond order for crystals in the following, illustrating the complex pictures
of diverse bond order distributions to the crystal cohesions and regarding their structural
characterizations.

5. Bond Order Distributions for Every Class

The plots of bond order versus bond length and the percentage distributions from
diverse bond types to the total bond orders for all twenty crystals are displayed in Figure 3.
Alites (a.2) and Belite (a.1) have only Q0 silicate in group (a) [34]. With the bond length
positioned at 1.65 Å, the bonds of Si-O have narrow bond order distributions positioned at
0.27. Varying from 2.25 to 3.50 Å and 0.02 to 0.10, respectively, the much weaker calcium-
oxygen bond exhibits a larger bond length and bond order dispersions [35]. Whereas the
Ca-O bond in Alites shows some distributions of 2.27 to 2.55 Å, in Belite the calcium-oxygen
bond has virtually evenly distributed bond orders and bond lengths. The dispersions of
bond order and bond length clearly describe why a noticeably sharp and strong silicon-
oxygen peak dominates the minerals’ experimental vibrational analysis, in contrast with
the weaker and broad peak related to calcium-oxygen bonds [6,27]. In Portlandites (a.3),
it is worth noting that with a bond length of 2.381 Å, the 0.2230 bond order for calcium-
oxygen bonds is much higher than the calcium-oxygen bond in all the C-S-H crystals and
the above C-S crystals.

The crystals of group (b) have HBs, the Q0 silicate, and covalent OH bonds [32].
Only Afwillites have a water molecule in this group. Although they have a well-defined
and narrow range of bond lengths, these crystals have widely distributed bond orders of
Si-O. Although the higher bond orders with Si-O bonds are within the tetrahedral units,
the lower Si-O bond orders are basically related to the Si-OH (hydroxyls) bonds [39]. In
group (b) crystals, the Ca-O bond orders are significantly smaller and indicate narrow
dispersions over a broad variety of bond lengths. in addition, HBs and O-H covalent bonds
show a broad variety of bond lengths and bond orders, as anticipated. In this group, the
contribution from HBs, Ca-O, and O-H bonds to the total bond order are approximately
50% or more for all the crystals. For instance, the contributions to the total bond order
in Afwillites (b1) are as follows: O . . . H (8.7%), O-H (14.10%), Ca-O (28.60%), and Si-
O (48.20%) [40]. The silicate tetrahedral units [HSiO4] are bonded to the covalent O-H
bonds with significant bond order values and HB whole bond lengths that differ within
1.380–1.980 Å. In Afwillites, the –O . . . H contributions are the greatest (8.71%). In the
analysis of the Afwillite IR spectra, Rastsvetaeva et al. allocated the typical vibrational
modes of the zundel cations (H5O2 1) or (H2-O . . . H . . . OH2) [33]. Nevertheless, the
researcher did not observe these zundel cation structures in the bond order analyses. Rather,
as indicated in Figure 1 (b.1), the researcher found two HB bonding molecules of water
with close proximities on either sides of CaO layers (parallel to b-c planes). The IR spectra
interpretations clearly may have massively gained from bond order computations and
relaxed structures [36]. On the contrary, the HB associated with Si-OH is comparatively
strong (bond order = 0.066) in comparison with those associated with the Ca-OH (bond
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order = 0.014) for a-C2SH (b.2), which has both Ca-OH and Si-OH. In a-C2SH (b.2), the
strong HBs can be associated with the fact that these crystals are created under conditions
of higher hydrothermal temperatures and are stable even at extreme temperatures [21].
Ca-Chondodites (b.4) and Dellaites (b.3), the other two crystals in group (b), indicate
insignificant contributions from HB due to the large O . . . H separation [40]. The O-H
covalent bonds, and the Si-O and Ca-O bonds, make major contributions to the total bond
orders in these two crystals.
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In group (c), crystals have even broader distributions than group (b) of bond order
values of Si-O, which vary from 0.18 to 0.35 [34,41]. Whereas contributions from HBs are
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relatively smaller, the contributions from Si-O bonds to total bond orders are generally
higher than those in group (b). With two silicate chain types (Q2 and Q0) co-existing,
Kilichoanites (c.3) in this group are naturally occurring anhydrous crystals [35]. Similar
to group (b) and group (a), the O-H covalent bonds are distributed in very narrow ranges
for crystals other than Kilichoanites (c.3). As in group (b), the HBs follow similar ranges
of 1.5 to 1.80 Å. The group crystals portray broad variations in bonding and structural
characteristics even though they share the Strunz classifications [18]. For instance, the
Killalaites (c.4) are non-stoichiometric and complex crystals with partial occupancies. They
consist of chains of Q1 silicates through O corner sharing with 124.8u SiO-Si angles. These
crystals contain both units of Ca-OH and Si-OH. Over comparatively narrow ranges in
bond lengths of 1.60 to 1.72 Å, the bond order distributions of the Si-O are very wide
(0.195–0.322) [8,41]. Ca-OH . . . O and Si-OH . . . O are the highest bond orders of HBs.
The percentage contributions to total bond order of HBs, O-H, Ca-O, and Si-O are 1.33%,
10.03%, 34.33%, and 54.30%, respectively.

By comparison, having twelve OH covalent bonds in the Ca-OH form but almost no
HBs, Jaffeites (c.5) have totally different bonding and structures [13,42]. All the groups of
hydroxyls bonded to calcium are directed away from the chains of disilicates. In terms of
bond order contribution, Jaffeites (c.5) are clearly outliers in comparison to other crystals in
group (c). Among the twenty crystals considered, these have the smallest Si-O contributions
(34.1%), thus the least total bond order distributions [39]. Suolunites (c.2) are the most
conspicuous of all the group (c) crystals. In contrast to other group (c) crystals that have
both Q2 and Q0, Suolunites mainly contain Q1 Si-tetrahedra. In this group, Suolunites (c.2)
are the crystals that contain molecules of water and are the only naturally occurring C-S-H
crystals to have H2O: Si2O: CaO ratios of 1:1:1 [8,10]. In Suolunites (c.2), all water molecules
have regular covalent bond lengths of 1.00333 Å. The H2O . . . H HB is not present because
these molecules of water are far apart. All the remaining HBs have comparatively strong
bond orders of 0.0420 to 0.0840 and shorter bond lengths of 1.5 to 1.76 Å [11]. In Suolunites
(c.2), both units of Q0 and Q1 silicate types have a single O-H covalent bond that also
bonds with HB and the adjacent O of the silicate chains with a bond order of 0.0850 and a
bond length of 1.543 Å. The remainder of the HBs originate from molecules of water to the
adjacent silicate chains of oxygen. It is worth noting that –O . . . H has bond order values
that are double those of the HB from the molecules of water [30]. Rosenhahnites (c.1) and
Suolunites have the same Ca/Si ratios but the former has no molecules of water. Therefore,
the contribution of HB to the total bond order is minor.

The Si-O bond contributions in crystals in group (d) in the structures of the infinite
silicate chains dominate the total bond order [43]. As the Ca/Si ratios increase, the Si-O
contribution to the total bond order generally reduces. Furthermore, crystal symmetry,
the layer separations, and H2O/OH contents also influence the contributions of the bond
order. In this group, with the exceptional of Wollastonites (d.5), the C-S-H crystals are
among the most hydrated. Wollastonites (d.5) are anhydrous precursor phases with 28.20%
Ca-O bonds and 71.80% Si-O bonds [40]. Of this group, the Si-O bond order values
portray distributions chiefly because of minor distortions from the hydroxyl ions and
tetrahedral units linking the calcium and silicate chains. Two silicate chain types are
reported: (1) the single silicate chains are those observed in d.8, d.7, d.5, d.4, d.3, and d.1;
and (2) the double silicate chains, where two silicate chains are linked through a Bridging-O
from either the interlayer sides, as in d.6 and d.2. The silicate chain presence results in high
contributions of Si-O to the total bond order and layered structures of these minerals [21].
The separations of interlayers among layers vary from 4.950 Å in Foshagites (d.7) to 14.00 Å
in T14 (d.3).

Regarding the mechanical anisotropies of these crystals, the layered structures created
by the chains have significant effects [43]. Calcium and water molecules typically control
the interlayer cohesion and reside in interlayer cavities. In Nekoites (d.1), the interlayers of
separations (7.60 Å) contain all water and calcium. The Ca-O bonds in this case contribute
15.24% to the interlayer cohesions [28]. By comparison, the HB contributes 5.21% to the
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interlayer cohesions. On the contrary, in the interlayer, the T11 (d.2) has a water molecule
but no calcium. Therefore, HB contributes 4.04%. The HB contributes 3.17% and 5.48%, and
Ca-O bonds contribute 4.86% and 4.07%, respectively, to the interlayer cohesions in T9 (d.4)
and T14 (d.3), which have both water and calcium. In T9 (d.4) and T14 (d.3), the differences
are associated with the presence of double silicates in the former and their absence in the
later. Because Foshagites (d.7) and Xonotlites (d.6) have only hydroxyl ions, they unusually
have low HB contributions [28]. In hydrated cements, Jennites (d.8), which have been
extensively viewed as a section of the C-S-H phases in group (d), have HB contributions
(6.99%) to the interlayer cohesions.

6. Discussion

The investigator presented the computed electronic structures of Portlandite crystal,
fifteen C-S-H crystals, and four anhydrous precursor crystals [29]. All crystals are shown
by the band structures to have wide band space insulators. The bond order topologies and
their contributions to the overall cohesion through the total bond order were evaluated. The
researcher reported no particular rules that are universal to all crystals, but separately found
certain patterns for each class [30]. The bond order, total bond order, and total bond order
distributions of different crystals clearly show: (1) the accurate crystal structure importance,
whose volumes determine the total bond order distribution; (2) the bond order dispersion
within each type of bond in C-S-H; (3) the range of HBs; and (4) the different levels of
contributions of the different types of bonds to the overall crystal cohesion. Using Ca/Si
ratios, the conventional criteria for categorizing C-S-H crystals are rudimentary, as shown in
the diverse views [37]. As correct quantum mechanical metrics, the investigator suggested
the total bond order density/distribution (TBOD) to categorize the C-S-H crystals, which
offer more in-depth insights regarding the strengths and cohesions of the materials.

Total bond order density vs. the C/S ratios, showing estimated indirect relationships,
are indicated in Figure 3a. It is clear that crystals can have different total bond order density
even if they have the same C/S ratios. The use of total bond order density for classifications
of C-S-H crystals is most relevant because the total bond order density is more relevant to
cohesion and sensitive to the bonding. Moreover, these plots show that the four classes
explained above do not cluster together regarding the total bond order density. Class
(c) has a wider range of total bond order densities and C/S. Nevertheless, the class has
narrower distributions in C/S but a wide total bond order density range. Group (d) is
thought to be closest to hydrated cements. Generally speaking, the twenty crystals can be
categorized into three classes (low, medium, and high) according to their total bond order
density. In particular, due to the high C/S ratios, crystals of c.5, a.1, and b.4 belong to the
low total bond order density class.

By comparison, d.4, d.1, and d.2 from group (d), b.1 from group (b), and c.2 and
c.1 from group (c) belong to the high total bond order density class. The remaining ten
crystals, which are predominantly from class (d), belong to the medium total bond order
class. Based on weak correlations of total bond order density with C/S ratios and Strunz
classifications, the mixing of groups symbolizes the complex tradeoffs and interplays
between HBs and covalent bonds in the C-S-H structures. HBs, interlayer hydroxyls, and
water drastically change the total bond order density by increasing the effective volumes
without modifications to C/S ratios, even though Qn chains in crystals in group (d) tend
to decrease C/S ratios. Crystal T14 (d.3), for instance, has lower C/S ratios but still had
a medium total bond order density. The reason for this is that there two silicate types.
Whereas d.3 has only a single silicate chain that considerably influences the total bond order
density, both d.4 and d.2 arrangements have double chains of silicates. Because of different
practical shortcomings, such as quick reactions with atmospheric water and synthesizing
single crystals, the measured C-S-H crystals’ mechanical characteristics are hard to acquire.
Furthermore, as reported by Clayden et al. [44], the structures of anions in oxosilicate
chains are among the constituents of the C-S-H phase by means of the nuclear magnetic
resonance involving 29Si; this study yielded valuable information on the vicinity of silicon
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atoms. One particularly interesting aspect is the quantity of different oxosilicate anions
in the sample as a function of the hydration time of the C3S slurry. Therefore, there are
only few phases of C-S-H/C-H in which the mechanical features have been experimentally
obtained. For instance, the Alites (a.2) and Belite (a.1) clinker phases with a well-described
stoichiometric structure are noted to have experimentally quantified Young’s moduli (E)
with ranges of 141–131 GPas and 148–136 GPas, respectively [33,34]. Depending on the
bulk moduli value and porosities of 39.66 GPa, similar experiments found the Young’s
modulus for Portlandites (a.3) to range from 36–38 GPa to 34–38 GPa. As recently obtained
using high pressure synchrotron X-ray diffractions, the Toberomites 14 Å (d.3) crystal bulk
modulus was found to be 47 GPa [40]. The researcher found that the mean of the measured
Young’s moduli figures for a.3, a.1, and a.2 crystals, applying these restricted experimental
values, increased as a function of the total bonds’ order density and indicated a near linear
fit. In addition, the measured bulk moduli also increased with total bond order density for
a.3 and d.3 crystals. It is premature to correlate the experimental mechanical characteristics
with the computed total bond order density at this stage. The researcher intends to research
this further with the computed mechanical characteristics to obtain the potential patterns
of mechanical characteristics with the total bond order density.

It is important to assess the multifaceted exchanges among the kinds of bonds by
studying total bond order density as functions of Ca:Si:H ratios because calcium, sili-
con and hydrogen are the major elements of different bond types in C-S-H. Regarding
Ca5Si5H compositions, the color-coded ternary total bond order map is shown in Figure 3b.
The resultant contour plots provide a vibrant example of the potential sites for stages
with a high total bond order density that seem to be concentrated in the area in which
Ca:Si:H = 0.25:0.25:0.5. Of the twenty crystals examined, the investigator illustrated that
Soulunites (c.2) with a Ca:Si ratio equal to one have the greatest total bond order density
according to the criteria used. Soulunites (c.2) would be adjacent to the perfect structures
and compositions. The Soulunite bonding and electronic structures have not been studied
to date. The investigator has further investigated their electronic structures with the presen-
tations of their partial densities of states (PDOS) and total density of state (DOS) resolved
according to the atoms involved in diverse bonding types. In Figure 3b, the narrow yellow
and green regions represent the medium TBOD. The lower TBOD areas are represented
by the broader blue areas. It is known that countless chain structures are not present in
cement hydrates (C-S-H).

On the contrary, it is broadly thought that the backbone or templates of the C-S-H
disordered arrangements are designed by the mixture of Jennites (d.8) and Tobermorites
(d.2–d.4) [45]. Nevertheless, the TBOD and the TO computation indicate that C-S-H arrange-
ments in hydrated cement cannot just be surmised as C-S-H crystal mixtures or even some
disordered forms of such mixtures. The following three elements are clear regarding this:
(1) the variations of the bond order of comparatively weak Ca-O bonds; (2) the significant
contributions of HB and its roles in influencing the bond order of all bond types; and
(3) the important dispersions in the bond order of the stronger Si-O bond with smaller
bond length variations [7]. Bonding information and comprehensive electronic structures
are essential to interpret experimental results, particularly in spectroscopic research such
as NMR, Raman, and IR measurements, because the interplays among diverse components
from the structures cannot be explicitly measured by known experiments [11,19,26]. The
implications are that attempts to apply vibrational spectroscopies for structural interpre-
tations, such as Raman and IR, have to be explored cautiously with special focus paid to
small nuances and features, such as asymmetry and peak widths.

The researcher noted that silicate with a stronger covalent bond is anticipated to con-
tribute greatly to the overall crystal stiffness under small deformations from the perspective
of mechanical characteristics [45]. Nevertheless, hydrated crystals with a lower degree
of polymerization can make substantial contributions to the stiffness of materials in the
HB networks via HBs. On crystals with finite silicate chains, the bond order analyses
show that HB, H2O, and OH networks all play major roles in the crystal cohesion. The
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Si-O covalent bond is more significantly not likely to be the major crystal strength source
as usually illustrated in the literature [15]. The failures and the fracture behaviors and
mechanical response nonlinearity are usually controlled by the weak hydrogen or ionic
bonds in multi-component crystals that include hydrogen, ionic, and covalent bonds. Di-
verse atomic-scale distortion mechanisms are prompted by and persevere under diverse
loading paths in the complicated material systems. The bond orders and different bond
types, and the silicate polymerization, will affect the deformation mechanisms for the more
disordered C-S-H and C-S-H crystals. Along the silicate chains supplemented by planes
of weaknesses, highly polymerized structures such as Jennites and Tobermorites in this
regard are likely to have highly anisotropic mechanical responses with stiff responses [15].
Suolunites, which have the lowest polymerization degrees of silicates, highest total bond
order density, and high contributions of HBs, are likely to have an absence of weak planes
and comparably high stiffness.

7. Conclusions

In conclusion, the researcher presented convincing arguments for utilizing quantum
mechanical metrics, the total bond orders, and total bond order distributions as the most
vital criteria for assessing the crystalline cohesions in C-S-H crystals. These metrics encom-
pass the effects of both interatomic interactions and geometric elements. Thus, the total
bond order distribution and bond order offer comprehensive and in-depth measures for the
overall behaviors of these diverse groups of materials. The total bond order distributions
must clearly be substituted for the conventional and longstanding Ca/Si ratios applied
in categorizing the cement substances. The inconspicuous Suolunite crystals were found
to have the greatest total bond order distributions and the perfect bonding characteristics,
compositions, and structures for cement hydrates. These findings should serve as motiva-
tions for cement technologists involved in hydraulic cement molecular-scale engineering.
The syntheses of hydration paths or anhydrous materials resulting in hydration products
of Suolunite types may generate strong building materials. Moreover, these research results
make it very clear that an understanding of the inter-atomic bonding features and electronic
structures is necessary for developments of practical structural instruments of disordered
cement hydrates and experimental spectroscopic data interpretations. In this research,
the approaches utilized can be applied to wide classes of complex material systems that
integrate hydrogen, covalent, and ionic bonds, such as classes of the apatite minerals
appropriate to biological systems.

Supplementary Materials: The following are available online at https://static-content.springer.com/
esm/art%3A10.1038%2Fsrep07332/MediaObjects/41598_2014_BFsrep07332_MOESM1_ESM.pdf.
Table S1. Experimental crystal parameters of the 20 crystals.
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