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Abstract 22 

 23 

Calcium–alumino–silicate–hydrate (CaO–Al2O3–SiO2–H2O, or C–A–S–H) gel, which is 24 

the binding phase of cement-based materials, greatly influences concrete mechanical 25 

properties and durability. However, the atomic-scale kinetics of the aluminosilicate 26 

network condensation remains puzzling. Here, based on reactive molecular dynamics 27 

simulations (ReaxFF) of C–A–S–H systems formation with varying Al/Ca molar ratios, 28 

we study the kinetic mechanism of the hydrated aluminosilicate gels upon precipita-29 

tion. We show that the condensation activation energy decreases with the Al/Ca mo-30 

lar ratio, which suggests that the concentration of the Al polytopes has a great effect 31 

on controlling the kinetics of the gelation reaction. Significantly, we demonstrate that 32 

5-fold Al atoms are mainly forming at high Al/Ca molar ratios since there are insuffi-33 

cient hydrogen cations or extra calcium cations to compensate the negatively charged 34 

Al polytopes at high Al/Ca molar ratios during accelerated aging.  35 

 36 

Keywords: Calcium–Alumino–Silicate–Hydrate Gel, Gelation, Kinetics, Activation en-37 

ergy 38 

 39 

1. Introduction 40 

Concrete is a complex cement-based material that is commonly utilized in human lives. 41 

Cement is the source of concrete strength as a binding component, and its micro-struc-42 

ture determines the mechanical properties and durability of concrete. However, ce-43 

ment manufacturing emits a significant amount of carbon dioxide, with around 0.75 44 

tons of carbon dioxide emission per ton of cement 1-4. To this end, numerous research-45 
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ers have attempted to use green supplementary cementitious materials (SCMs) to par-46 

tially replace some cement in order to reduce the carbon emission footprint of ordi-47 

nary Portland cement 5-7. Blast furnace slag and fly ash, both industrial wastes, are the 48 

most widely used SCMs due to their low cost and availability 5, 8, 9. Generally speaking, 49 

calcium–silicate–hydrate (C–S–H) is the main hydration product of ordinary Portland 50 

cement (OPC) and the main binding phase of cement-based materials. When OPC is 51 

mixed with blast furnace slag and fly ash, the new reaction product is calcium–alu-52 

mino–silicate–hydrate (C–A–S–H) gel phase. Due to the presence of aluminum oxides, 53 

this gel phase plays a significant role in the structure, mechanical properties and dura-54 

bility of cement-based materials10,11. Better understanding the formation of C–A–S-H 55 

gels can provide us with guidance to develop novel concrete materials featuring desir-56 

able performances and achieving low carbon footprints12, 13. 57 

 58 

In general, the process of C–A–S–H gel formation can be attributed to the dissolution-59 

precipitation process 14-17. When cement, slag, or fly ash are dissolved in water, the 60 

solution concentration of silicon, aluminum, and calcium ions increases14. The solution 61 

eventually becomes supersaturated, and the C–A–S–H gel begins to precipitate17. This 62 

precipitation process is directly impacted by its kinetic properties. In recent decades, 63 

many researchers have widely attempted to investigate the precipitation kinetics of C–64 

A–S–H gels by means of laboratory experiments 18-21. For example, Zhang et al. found 65 

that when the alkalinity of the solution increases, it’s easier to precipitate silicon and 66 

aluminum atoms, thus favoring the formation of C–A–S–H gels 21. Nevertheless, it is 67 

challenging to explore the kinetic mechanism for the early-age precipitation of C–A–68 

S–H gel through experiments due to the swiftness of the reaction stage and the heter-69 

ogeneous nature of the gel structure 22-25. Meanwhile, since the C–A–S–H formation 70 

contains a succession of chemical reactions, understanding the insights into C–A–S–H 71 

gels polymerization at the nano-scale is critical to providing a fundamental reference 72 

for analyzing how aluminum influences the early-age polymerization of such gels. 73 

Therefore, the kinetic properties of C–A–S–H precipitation at the nanoscale remain 74 

unclear. Especially, the atomistic origin of its chemical composition is still poorly un-75 

derstood. 76 

 77 

Compared with physical experiments, atomic-level molecular dynamics simulations 78 

give useful insights into the kinetics of C–A–S–H gelation process and provide an alter-79 

native method to conventional experiments, making it possible to study the evolving 80 

gel structures with time at the nanoscale 16, 26. It is reported that a C–A–S–H gel has an 81 

amorphous structure comparable to a C–S–H gel, which is usually defined as a tober-82 

morite-like but mostly cross-linked structure in molecular dynamics simulations 27, 28. 83 

Since the structure of such gel upon precipitation is time-evolving, the atomic simula-84 

tion of its early-age polymerization remains a challenge. Fortunately, the occurrence 85 

and development of Reactive Force Field (ReaxFF) provides a convenient way to simu-86 

late chemical reactions in the system with comparable accuracy to first-principles 87 

methods but with less time required 29-32. As such, several studies have recently used 88 

reactive molecular dynamics simulation to properly describe the chemical reactivity of 89 

hydrated silicate phases 5, 16, 17. 90 

 91 

Here, we use reactive molecular dynamics simulations to reveal the kinetic mechanism 92 
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of hydrated aluminosilicate gels upon precipitation. We first investigate the structural 93 

evolution of the C–A–S–H gel during gelation at different reaction temperatures. Based 94 

on these predictions, we further explore the effects of the Al/Ca molar ratio on reac-95 

tion activation energy and polymerization reaction rate, which are compared to avail-96 

able experimental data. As a major outcome of this work, we demonstrate that the 97 

concentration of the Al polytopes significantly affects the kinetics of the polymeriza-98 

tion reaction. Importantly, we show that 5-fold coordinated Al atoms are forming at 99 

high Al/Ca molar ratios but not at low Al/Ca molar ratios because there aren’t enough 100 

Ca cations to compensate the negatively charged Al polytopes at high Al/Ca molar ra-101 

tios during accelerated aging. 102 

 103 

2. Methods 104 

2.1 ReaxFF potential  105 

The reactive ReaxFF forcefield is a bond order-based potential, and it is capable of de-106 

scribing bonds formation and breakage dynamics based on interatomic bond orders 107 

which depend on each atom’s local environment 32. Unlike classical potentials that de-108 

pend on fixed charges, the ReaxFF potential can dynamically assign the charges of at-109 

oms via an implemented charge equilibration (QEq) means, which is critical for mod-110 

eling chemical reactivity 33. The total energy of the ReaxFF system consists of ten dif-111 

ferent energies, namely, Coulomb potential energy, van der Waals energy, under-coor-112 

dination energy, long-range electron pairs energy, over-coordination energy, torsion 113 

energy, short-range bond energy, conjugation energy, penalty energy, and valence an-114 

gle energy 17, 29. More detailed information about these items can be found in Refs. 29 115 

and Refs. 34. Recently, the ReaxFF potential has been shown to provide a realistic de-116 

scription of disordered materials and their interaction with water, such as hydrated 117 

cementitious material 5, 16, 17. Here, using the ReaxFF potential parameterized by Pit-118 

man et al. 32, we can simulate the kinetics of C–A–S–H gel upon precipitation. More 119 

information about the full interatomic potential parameters is available in the Supple-120 

mental Material. Note that the parametrization of ReaxFF used here has already been 121 

extensively studied and validated for various hydrated silicate systems e.g., C–S–H gel, 122 

C–A–S–H gel 9, 16, 17, 25, 35. All the simulations are performed with the USER-REAXC im-123 

plementation of ReaxFF, which is included in the large-scale atomic/molecular mas-124 

sively parallel simulation (LAMMPS) package34 . The velocity-Verlet integration algo-125 

rithm with a timestep of 0.25 fs is employed to numerically calculate the motion of the 126 

atoms.  127 

 128 

2.2 Simulation details 129 

Here, we prepare a series of hydrated aluminosilicate gels with the chemical formula 130 

(CaO)1.7(Al2O3)x(SiO2)1–x(H2O)3.7+x, where x (the amount in moles of Al2O3) = 0.00, 0.02, 131 

0.05, 0.08, 0.10, 0.12, 0.15, 0.17, 0.19, 0.22, and 0.26 35. The corresponding Al/Ca mo-132 

lar ratios are 0.00, 0.03, 0.06, 0.09, 0.12, 0.14, 0.17, 0.20, 0.22, 0.26, and 0.30, respec-133 

tively. It should be noted that the composition formula of C–A–S–H gel is defined here 134 

based on the molar ratio of any two compounds rather than the concentration to di-135 

rectly represent the role of aluminum oxides when added to ordinary cements. For 136 

example, the CaO/(Al2O3 + SiO2) molar ratio is kept fixed at 1.7, which corresponds to 137 

the average stoichiometry of the C–A–S–H gel forming upon the hydration of ordinary 138 
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Portland cement 16,17. These selected compositions are consistent with typical stoichi-139 

ometries of slag-based cements observed in the laboratory 16, 17, 35, 36. All simulated 140 

systems comprise about 4000 atoms, and the detailed composition and size of these 141 

eleven C–A–S–H systems can be found in Ref. 35. The precipitation of a C–A–S–H gel is 142 

modeled by adopting the methodology proposed by Côté and Cormack et al. 37, which 143 

has been extensively used to investigate the binding phase of cement-based materi-144 

als16, 17 35.  145 

 146 

In the beginning, we utilize the PACKMOL package 38 to generate the initial configura-147 

tion by randomly putting isolated Ca(OH)2, Al(OH)3, and Si(OH)4 molecules into a cubic 148 

simulation box with a length of 40 Å. All molecules are guaranteed to prevent any un-149 

realistic overlap, and periodic boundary conditions are applied in the cubic box. Sub-150 

sequently, the initial configuration is relaxed for 100 ps in a canonical (NVT) ensemble 151 

at 300 K by using the Nosé-Hoover thermostat 39, 40. The obtained system is then re-152 

laxed for 500 ps in an isothermal-isobaric (NPT) ensemble under 0 atm of pressure and 153 

300 K 16. The duration of this relaxation stage is long enough to achieve the conver-154 

gence of both volume and energy in the initial system. An example of the atomic snap-155 

shot of the simulated C–A–S–H gel after the initial relaxation at 300 K is shown in Fig. 156 

1(a). As the energy barriers of the condensation reaction are too large to be overcome 157 

within the finite time scale of reactive molecular dynamical simulation at 300 K, we do 158 

not observe any formation of Si–O–Si, Al–O–Al, or Si–O–Al linkages in this configura-159 

tion. Finally, to speed up the gelation dynamics, the initial relaxed system is exposed 160 

to an accelerated aging process that heats the system to a high temperature (varying 161 

from 1500 to 3000 K) for 1.25 ns in the NVT ensemble. Such accelerated aging tech-162 

nique is widely employed to accelerate the condensation reaction in reactive molecu-163 

lar dynamical simulations 17, 41. In detail, the energy barrier associated with the break-164 

ing of Si–O–H, Al–O–H bonds and subsequent formation of Si–O–Si, Si–O–Al and Al–165 

O–Al bonds is about 96 kJ/mol 16,26. For this system, the thermal energy (NkT) with a 166 

temperature T in the range of 1500 to 3000 K is about 1325e-20 ~ 2650e-20 kJ, which 167 

is close to the total condensation energy barrier (about 3142e-20 kJ). Therefore, at this 168 

stage, these aluminate and silicate monomers gradually condensate and generate 169 

some aluminosilicate chains/rings [see Fig. 1(b)]. In addition, all molecular dynamics 170 

simulations are repeated six times for statistical averaging. The simulated results are 171 

the average of six repeated calculations, and the error bars are determined from the 172 

standard deviation of the six simulations.  173 
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(a) t = 0.00 ns (b) t = 1.25 ns 

Fig. 1. Atomic snapshots presenting the simulated configurations of a CaO–Al2O3–
SiO2–H2O (C–A–S–H) gel with Al/Ca = 0.09 (a) after the first relaxation at 300 K and 
before accelerated aging, and (b) after 1.25 ns of reaction at an elevated temperature 
(e.g. 2000 K). Note that, only the Ca atoms, and bonds of Al–O and Si–O are shown 
for clarity. Al, Ca, Si, and O atoms are displayed in purple, blue, yellow, and red, re-
spectively. 
 174 

2.3 Structure analysis 175 

In order to describe the kinetics of the precipitation of C–A–S–H systems, we focus on 176 

how the atomic structure and topology of the C–A–S–H gels upon gelation evolve over 177 

time. Especially, more attention is paid to the oxygen (O) atoms’ local environment to 178 

capture the degree of polymerization of the network. To this end, it’s first necessary 179 

to compute the partial pair distribution functions (PDFs) of atom pairs, which are com-180 

monly used to represent the distribution of atoms in the study of molecular materials.  181 

In general, the partial pair distribution function 𝑔(𝑟) can be defined as the probability 182 

distribution of other atoms on the coordination spherical shell with a radius of r cen-183 

tered on atom i. In detail, 𝜌(𝑟) is defined as the average local number density of atoms 184 

at a distance r, and the average number of atoms 𝑛(𝑟) in a coordination spherical shell 185 

can be defined as follows 41: 186 

                                                         𝑛(𝑟) = ׬ 4𝜋𝑟2𝜌(𝑟)𝑑𝑟𝑟+𝑑𝑟
𝑟                                       (1) 187 

correspondingly, the number of atoms specified on the coordination spherical shell 188 

layer of thickness 𝑑𝑟 can be evaluated as follows 41: 189 

                                                              𝑑𝑛(𝑟) = 4𝜋𝑟2𝜌(𝑟)𝑑𝑟                                        (2) 190 

where 𝜌(𝑟) = 𝜌0𝑔(𝑟) and  𝜌0 is the bulk density of atoms. Therefore, the pair distri-191 

bution function 𝑔(𝑟) may be calculated by the following formula 41: 192 

                                                      𝑔(𝑟) = 𝑑𝑛(𝑟)/(𝜌0 ∗ 4𝜋𝑟2𝑑𝑟)                                 (3) 193 

Note that the PDFs can be compared to the experimental results of X-ray or neutron 194 

diffraction of materials. The partial PDFs of Al−O, Si−O, Ca−O, H−O, Al−H, and Al−Ca 195 

pairs can be found in Fig. S1 and Fig. S2 in Supplemental Material. Secondly, the posi-196 
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tion of the minimum after the first peak in the partial pair distribution function is de-197 

fined as the cut-off point to distinguish the first and second coordination shells. The 198 

obtained cutoffs in this work for Si–O, Al–O, and H–O bonds are 2.2 Å, 2.0 Å, and 1.2 199 

Å, respectively. Lastly, the partial coordination number of each atom is computed by 200 

enumerating neighboring atoms’ numbers in the first coordination shell 4. According 201 

to their partial coordination numbers, the O atoms in the C–A–S–H gel can be divided 202 

into bridging oxygen (BO) atoms that are linked to two skeleton atoms (Si or Al) and 203 

non-bridging oxygen (NBO) atoms that are linked to one skeleton atom. The evolution 204 

of the fraction of BO atoms is typically taken as an index to quantify the total degree 205 

of polymerization (i.e., network connectivity).  206 

 207 

3. Results and Discussion 208 

3.1 Effect of temperature  209 

We first assess the effect of temperature on the kinetics of the gelation of C–A–S–H 210 

gels. For this purpose, the evolutions of the BO/(Si + Al) molar ratio as a function of 211 

time during accelerated aging at various temperatures (i.e., 1500 K, 2000 K, 2250 K, 212 

2500 K, and 3000 K) are calculated for the eleven compositions. On the contrary, higher 213 

temperatures cause the system to melt, which greatly affects the gelation mechanism. 214 

Fig. 2 shows the evolutions of the number of bridging oxygens (i.e., Si–O–Si, Si–O–Al, 215 

and Al–O–Al) atoms per Si and Al atoms [BO/(Si + Al)] in the simulated C–A–S–H system 216 

with Al/Ca = 0.06 and (b) Al/Ca = 0.30 during accelerated aging at select reaction tem-217 

peratures. On the one hand, for each composition (see Fig. S5 in Supplemental Mate-218 

rial), we observe that the overall polymerization degree (BO/(Si + Al) molar ratio) of 219 

the C–A–S–H system gradually increases as the precipitation proceeds and ultimately 220 

gets to a plateau, which is similar to recent findings that the degree of polymerization 221 

of C–S–H was also found to gradually increases over time and eventually reaches a 222 

plateau in the case of the gelation of Al-free C–S–H gels 16.On the other hand, we note 223 

that the polymerization rate rises with an increase in temperature, and higher temper-224 

atures could lead to quicker kinetics of the condensation reaction. Nevertheless, the 225 

ultimate value of the BO/(Si + Al) molar ratio for each composition is unaffected by the 226 

reaction temperature. This also demonstrates that the gelation kinetics can be en-227 

hanced by such high temperatures while having no effect on the ultimate configuration 228 

of the gel 16, 26.  229 

 230 

In order to quantitatively evaluate the temperature-dependence of the gelation kinet-231 

ics, the reaction polymerization rate k for each temperature is determined by fitting 232 

the BO/(S i+ Al)(t) curve shown in Fig. 2 with a first-order exponential relaxation func-233 

tion as follows16: 234 

                                          BO/(Si + Al)(𝑡) = 𝐴[1 − exp(−𝑘𝑡)]                                   (4) 235 

where 𝐴  is the final value of the BO/(Si+Al) molar ratio at infinite time 𝑡 . Fig. 3(a) 236 

shows the evolutions of polymerization rate of C–A–S–H gels during accelerated aging 237 

at 2000 K as a function of the initial Al/Ca molar ratio, with the gray area representing 238 

the slop variation. It can be observed that the polymerization rate at 2000 K increases 239 

significantly as the Al/Ca molar ratio increases, which indicates that the addition of 240 

Al(OH)3 monomers can significantly accelerate the kinetics of the gelation reaction. 241 

Furthermore, we compute the polymerization rates at these reaction temperatures for 242 
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various compositions based on Eq.(3). As shown in Fig. 3(b), the obtained polymeriza-243 

tion rate values reflect an Arrhenius-like dependence on temperature.  244 

 245 

  

Fig. 2. Evolutions of the number of bridging oxygens (i.e., Si–O–Si, Si–O–Al, and Al–
O–Al) atoms per Si and Al atoms [BO/(Si + Al)] in the simulated C–A–S–H system with 
(a) Al/Ca = 0.06 and (b) Al/Ca = 0.30 during accelerated aging at select reaction tem-
peratures.  

 246 

3.2 Activation energy of gelation reaction 247 

We now calculate the activation energy of the gelation reaction to deeply investigate 248 

the temperature-dependence of the kinetic process. Generally, the activation energy 249 

of condensation 𝐸𝑎  can be determined by fitting the reaction temperature and 250 

polymerization rate [see Fig. 3(b)], with the Arrhenius equation as follows 42: 251 

                                           𝑘(𝑇) = 𝑘0exp (−𝐸𝑎/𝑅𝑇)                                        (5) 252 

where 𝑇 is the temperature, 𝑘0 is the polymerization rate at infinite temperature, and 253 

R is the perfect gas constant. Fig. 3(c) shows the evolution of the computed activation 254 

energy of C–A–S–H gelation with the Al/Ca molar ratio. For Al/Ca = 0.00, we observe 255 

the activation energy value is 114 kJ/mol, which can be compared with the previous 256 

simulation results and available experimental data (about 96 kJ/mol) 16. At this point, 257 

the obtained total kinetic energy is about 3711 ~ 7422 kJ/mol which is greater than 258 

100 kJ/mol. As shown in Fig. 3(c), the activation energy first dramatically decreases 259 

with the increase of the Al/Ca molar ratio, and the activation energy is only 63 kJ/mol 260 

when the Al/Ca molar ratio is 0.14; then the activation energy decreases steadily as 261 

the Al/Ca molar ratio increases, eventually reaching 50 kJ/mol when the Al/Ca molar 262 

ratio is 0.30. Meanwhile, the gray area in Fig. 3(c) depicts when the Al/Ca molar ratio 263 

is greater than or equal to 0.14, the decreasing rate of the activation energy reduces. 264 

This indicates that aluminum atoms in solution lower the magnitude of the energy 265 

barrier associated with gelation reaction, but once the amount of aluminum reaches 266 

a certain level or saturation, the reduction in the energy barrier decreases considera-267 

bly.  268 

 269 

The possible reasons for this phenomenon are grouped into two facts. On the one 270 
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hand, when the concentration of aluminum cation in solution is low and calcium cation 271 

is moderate, calcium atoms act as catalysts during the gelation process and accelerate 272 

the kinetics of precipitation of C–A–S–H gels, which is consistent with prior studies 41, 273 
43. Moreover, calcium atoms tend to cause nano-segregation within the gel to favor 274 

the generation of calcium-rich and aluminosilicate-rich regions 5,44. Such nanosegrega-275 

tion reduces the moving area of Si(OH)4 and Al(OH)3 monomers and brings monomers 276 

and oligomers closer, increasing the collision probability between them and eventually 277 

improving the polymerization rate 5,16. On the other hand, when the concentration of 278 

aluminum cation in the aqueous solution increases to a certain point but the concen-279 

tration of calcium decreases, the calcium atoms continue to act as catalysts. At this 280 

point, the high concentration of aluminum cation causes some nanoscale phase sepa-281 

ration, wherein Si and Al species are largely segregated into different regions 35. Be-282 

cause silicon and aluminum atoms are both network-forming atoms, the kinetic mech-283 

anism of phase separation between them is different from the nano-segregation of 284 

the formation of calcium-rich and silicon-aluminum-rich regions. In other words, this 285 

nanoscale phase separation not only makes Al(OH)3 monomers and oligomers (con-286 

taining Al atoms) closer, but also brings Si(OH)4 monomers and oligomers (containing 287 

Si atoms) closer, thereby enhancing the collision probability among them and acceler-288 

ating the formation rate of silicon and aluminum polymers in the polymerization reac-289 

tion to some extent. However, because the energy barriers required to form alumino-290 

silicate polymers are lower than those required to form silicon and aluminum polymers 291 

alone, the activation energy of the polymerization reaction continues to decline at this 292 

time, albeit at a slower rate.  293 

 294 

In turn, the polymerization rate of C–A–S–H gel at 300 K can be estimated from Eq. (3). 295 

As depicted in Fig. 3(d), the polymerization rate at 300 K begins to increase signifi-296 

cantly when Al/Ca = 0.14, which coincides with the observed change in the trend of 297 

the reaction activation energy. The maximum polymerization rate at 300 K reaches a 298 

value of about 1300 s-1 when Al/Ca = 0.30. It is worth noting that the accuracy of the 299 

predicted polymerization rate directly depends on the quality of the data fitting [see 300 

Fig. 3(b)]. Nonetheless, the overall trend of the evolution of the polymerization rate 301 

at 300 K is unaffected by this uncertainty, which is consistent with the trend of the 302 

polymerization rate at 2000 K [see Fig. 3(a)]. These simulation results suggest that the 303 

addition of aluminum atoms may greatly raise the polymerization rate of the C–A–S–304 

H gel. 305 

 306 
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Fig. 3. (a) Polymerization rate at 2000 K as a function of the Al/Ca molar ratio. (b) 
Arrhenius representation of the temperature-dependence of the initial polymeriza-
tion rate of gels with several Al/Ca molar ratios. The data are fitted by the exponen-
tial relaxation function. (c) Activation energy of C–A–S–H gels gelation and (d) 
Polymerization rate at 300 K as a function of Al/Ca molar ratio. The lines are to guide 
the eye. The data are fitted by the Arrhenius equation. The grey area indicates that 
the break in slope in the activation energy. 

 307 

3.3 Effect of Al coordination number 308 

Next, we explore the effect of coordination number of the aluminum atom on the ac-309 

tivation energy and the polymerization rate of C–A–S–H gelation process. Based on the 310 

partial pair distribution function of Al–O atomic pair (see Fig. S1), we calculated the 311 

coordination number of each aluminum atom. Note that the coordination number of 312 

aluminum atoms is not fixed in this system, so it’s necessary to pay more attention to 313 

the average coordination number of aluminum atoms. Moreover, the results of the 314 

average coordination numbers for other kinds of atoms, and the mean coordination 315 

numbers related to Al−H and Al−Ca pairs in C–A–S–H gels can also be found in Fig. S3 316 

and Fig. S4. Fig. 4(a) presents the average coordination number of aluminum atoms in 317 

the C–A–S–H gels before accelerated aging at 2000 K as a function of the Al/Ca molar 318 

ratio. When the Al/Ca molar ratio is less than 0.14, the average coordination number 319 
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of aluminum atoms exceeds 4 and increases slowly because the low concentration of 320 

aluminum cations in the solution results in a small number of formed polymers. In 321 

contrast, when the Al/Ca molar ratio is greater than or equal to 0.14, the average co-322 

ordination number of aluminum atoms also exceeds 4 but increases obviously. As ex-323 

pected, the breaking position (i.e., Al/Ca = 0.14) from the curve slope of mean coordi-324 

nation number of Al atoms is found same to that in the both curves of activation en-325 

ergy and the polymerization reaction rate at 300K, revealed in Figs. 3(c) and (d). This 326 

finding suggests that the growth of the average coordination number of aluminum at-327 

oms reduces the energy barrier in the gelation process and speeds up the polymeriza-328 

tion rate of C–A–S–H gels at room temperature. 329 

 330 

Moreover, the results of the molecular dynamics simulation show Moreover, the re-331 

sults of the molecular dynamics simulation show the presence of 4-fold, 5-fold, and 6-332 

fold coordinated aluminum atoms in the system (see Fig. S6), which are close to the 333 

experimental results obtained from the 27Al NMR (Nuclear Magnetic Resonance) test, 334 

wherein the 4-fold (with a fraction of about 75%), 5-fold (with a fraction of about 10%), 335 

and 6-fold (with a faction of about 15%) coordinated aluminums are observed on C–336 

A–S–H samples with low Ca/Si molar ratio 45. The fraction of 5-fold Al atoms in hy-337 

drated aluminosilicate gels with the Al/Ca molar ratio before accelerated aging at 2000 338 

K exhibits a change trend that is significantly related to kinetic properties, as illustrated 339 

in Fig. 4(b). It is clear that the fraction of 5-fold Al atoms gradually increases with the 340 

increasing Al/Ca molar ratio. When Al/Ca molar ratio is larger than 0.14, the increasing 341 

rate of 5-fold Al atoms abruptly changes, and the fraction of 5-fold Al atoms reaches 342 

up to 6%, which is much greater than the case where the Al/Ca molar ratio is less than 343 

0.14. This finding is consistent with the previous change in activation energy and 344 

polymerization rate at 300 K, which directly indicates that the existence of 5-fold Al 345 

atoms accelerates the precipitation kinetics of C–A–S–H gel. In fact, from an experi-346 

mental point of view, 5-fold Al atoms easily result in the formation of so-called coordi-347 

natively unsaturated sites (CUS), which are present on the surface or in surface near 348 

areas and are thought to have high Lewis acidity 46-48. As a result, the polymerization 349 

rate is enhanced, implying that 5-fold Al atoms act as potential catalysts, which is in 350 

agreement with earlier experimental findings 49, 50. That is to say, the presence and 351 

addition of 5-fold Al atoms before accelerated aging at 2000 K requires more cations 352 

(e.g., H+ or Ca2+) for charge compensating, which, in turn, may lead to an increase in 353 

the pH value of the solution, thus accelerating the polymerization kinetics. Overall, our 354 

findings support the idea that the coordination number of aluminum in C–A–S–H gel 355 

plays a key role in affecting the gelation kinetics.  356 
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Fig. 4. (a) Mean coordination number of Al atoms and (b) fraction of 5-fold coordi-
nated Al atoms in hydrated aluminosilicate gels as a function of Al/Ca molar ratio 
before accelerated aging at 2000 K. The lines are to guide to the eye. The grey area 
indicates that the break in slope. 

 357 

3.4 Mechanism of charge compensation 358 

Finally, we further focus on the reasons for the increase of 5-fold coordinated Al atoms 359 

in the C–A–S–H gels with the Al/Ca molar ratio before accelerated aging at 2000 K. To 360 

this end, we investigate the effect of the charge compensation mechanism on the ki-361 

netics of the precipitation of C–A–S–H gels by computing the charges of various atoms 362 

in the present systems. Generally speaking, the oxygen atoms before the gelation re-363 

action may be divided into NBO atoms and free oxygen (FO) atoms according to the 364 

topology. The FO atoms are the oxygen atoms that are neither connected to silicon 365 

atoms nor aluminum atoms. These oxygen atoms include the oxygen atoms typically 366 

balanced in charge with calcium cations and hydrogen cations, and the isolated oxy-367 

gen atoms (the proportion in this work is almost zero). Due to the variable number of 368 

aluminum atoms, it’s easy to form negatively charged AlO41-, AlO52- , and AlO63- alumi-369 

num polytopes when the Al concentration increases (see Fig. S7), which is consistent 370 

with the previous finding in silicate glasses 51. These negatively charged aluminum pol-371 

ytopes require hydrogen cations with one positive charge or calcium cations with two 372 

positive charges for charge compensation in the C–A–S–H gels. Therefore, both hydro-373 

gen atoms and calcium atoms can be classified into the following three categories 374 

based on their specific roles: for creating NBO atoms, for forming FO atoms, and for 375 

charge balancing aluminum-oxygen polyhedra. Note that, in silicate glasses with both 376 

Na and Ca charge compensators, it is well known that negatively charged aluminum 377 

polytopes are first compensated by Na+ ions. Depending on Al concentration, AlO41-378 

AlO52- , and AlO63- aluminum polytopes can appear where Ca ions begin to charge com-379 

pensate these aluminum polytopes (per-aluminum or per-alkali glasses) 52, 53. In addi-380 

tion, based on the multiple quantum (MQ) 27Al NMR test, Faucon et al. proposed that 381 

AlO41- aluminum polytopes are charge balanced predominantly by hydrogen cations 382 

in C–A–S–H gels 54. Here, it is assumed that H+ ions could play a similar role as Na+ ions 383 

before Ca2+ ions bring their charges and increase the formation of AlO52- and/or AlO63 384 

aluminum polytopes. Thus, the numbers of hydrogen and calcium atoms, respectively, 385 
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required for charge balancing are 𝑁ComH and 𝑁ComCa , which can be calculated as fol-386 

lows: 387 

                                                           𝑁ComH = 𝑁AlO4
1−                                                           (6) 388 

                           𝑁ComCa = 1
2

(𝑁AlO4
1−−𝑁ComH) + 𝑁AlO5

2− + 3
2

𝑁AlO6
3−                   (7) 389 

where 𝑁AlO4
1−  is the number of AlO41- polytope, 𝑁AlO5

2−  is the number of AlO52- poly-390 

tope, 𝑁AlO6
3−  is the number of AlO63- polytope. However, the real number of hydrogen 391 

and calcium atoms, respectively, available for charge compensation are 𝑁ComH
′  and 392 

𝑁ComCa
′ , which can be calculated as follows:  393 

                                          𝑁ComH
′ = 𝑁TotalH − (𝑁NBOH + 𝑁FOH)                             (8) 394 

                                        𝑁ComCa
′ = 𝑁TotalCa − (𝑁NBOCa + 𝑁FOCa)                          (9) 395 

where 𝑁TotalH and 𝑁TotalCa are, respectively, the total number of hydrogen and cal-396 

cium atoms in the system; 𝑁NBOH and 𝑁NBOCa are, respectively, the number of hydro-397 

gen and calcium atoms used to create NBO atoms; 𝑁FOH and 𝑁FOCa are, respectively, 398 

the number of hydrogen and calcium atoms used to form FO atoms. Note that the 399 

total number of calcium atoms in these gels with different Al/Ca molar ratios is a con-400 

stant value of 386. As the Al/Ca molar ratio increases, the amount of aluminum atoms 401 

grows, which increases the numbers of hydrogen and calcium atoms required for 402 

charge compensation. Meanwhile, the numbers of hydrogen and calcium atoms used 403 

to create NBO atoms increases, which may result in an insufficient number of hydro-404 

gen or calcium atoms actually used for charge balancing. Therefore, the numbers of 405 

missing hydrogen atoms and missing calcium atoms, respectively, for charge balancing 406 

are 𝑁MissingH and 𝑁MissingCa , which can be determined as follows:  407 

                                                   𝑁MissingH = 𝑁ComH − 𝑁ComH
′                               (10) 408 

                                                  𝑁MissingCa = 𝑁ComCa − 𝑁ComCa
′                             (11) 409 

Figure 5(a) show the fraction of missing hydrogen atoms for charge balancing in the 410 

C–A–S–H gels as a function of the Al/Ca ratio after the initial relaxation at 300 K. As 411 

illustrated in Fig. 5(a), the fraction of missing hydrogen atoms for charge balancing 412 

increases with the increasing Al/Ca molar ratio. As expected, the growing rate of the 413 

fraction of missing hydrogen atoms rises when the Al/Ca ratio is larger than 0.14, 414 

which agrees with the positions of the break in slope in the activation energy reported 415 

in Fig. 3(c), the polymerization rate reported in Fig. 3(d), and the fraction of 5-fold 416 

coordinated Al atoms shown in Fig. 4(b). In detail, when the Al/Ca molar ratio is less 417 

than 0.14, the growing fraction of missing hydrogen atoms for charge balance suggests 418 

that the number of the AlO41- aluminum polytopes is gradually more than the real 419 

number of hydrogen atoms available for charge compensation, and the effect of the 420 

charge compensation mechanism is amplified. At this point, more positively charged 421 

atoms (e.g., hydrogen atoms or calcium atoms) need to be consumed to achieve 422 

charge balance, raising the pH value of the aqueous solution, and accelerating the ge-423 

lation rate. Similarly, when the Al/Ca molar ratio is greater than or equal to 0.14, the 424 

difference between the number of AlO41- aluminum polytopes and the real number of 425 

hydrogen atoms available for charge compensation is relatively large, resulting in a 426 
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greater shortage of hydrogen atoms used for charge compensation. Meanwhile, the 427 

impact of the mechanism of charge compensation is stronger, necessitating a greater 428 

number of positively charged atoms (e.g., hydrogen atoms). As a result, the higher the 429 

pH value of the formed solution, the faster the polymerization rate. 430 

 431 

Based on the calculation results, we find that the fraction of missing calcium atoms for 432 

charge balancing is negative in the C–A–S–H gels, which means that there are extra 433 

calcium atoms after charge compensation with aluminum polytopes. Figure 5(b) 434 

shows the fraction of extra calcium atoms available for charge balancing in the C–A–435 

S–H gels as a function of the Al/Ca ratio after the initial relaxation at 300 K. We can 436 

observe that the number of extra calcium atoms gradually increases with the increas-437 

ing Al/Ca molar ratio. Especially when the Al/Ca ratio is greater than 0.14, the increas-438 

ing rate of the number of extra calcium atoms grows, which is also confirmed with the 439 

positions of the break in slope in the activation energy shown in Fig. 3(c), the polymer-440 

ization rate represented in Fig. 3(d). This finding agrees with the evolution of the 5-441 

fold coordinated Al atoms with the increase in Al/Ca molar ratio observed in Fig. 4(b). 442 

To be specific, AlO41-aluminum polytopes cannot completely be charged by H+ cations, 443 

Ca2+ cations begin to charge to compensate the excess AlO41-aluminum polytopes, the 444 

AlO52-or AlO63- units gradually appear as the Al/Ca molar ratio increases. When the 445 

Al/Ca molar ratio is smaller than 0.14, the fraction of extra calcium atoms available for 446 

charge balance is a small, which indicates that the number of 5-fold Al atoms is also 447 

small. At this point, the increasing positively charged calcium atoms could lead to an 448 

increase in the pH value of the aqueous solution, which tends to accelerate the gela-449 

tion kinetics55. On the other hand, when the Al/Ca molar ratio is larger than or equal 450 

to 0.14, the more fraction of extra calcium atoms available for charge balance, the 451 

more 5-fold Al atoms are formed. At the same time, the impact of a higher pH value 452 

of the formed solution is stronger, which results in a faster gelation kinetics rate. 453 

Therefore, the increase of Ca2+ cations can bring more charges and increase the for-454 

mation of AlO52- and/or AlO63- units. Generally speaking, the mechanism of charge 455 

compensation resulting from the change in atomic coordination number greatly 456 

speeds up the precipitation kinetics. 457 

 458 

 459 

 460 
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Fig. 5. The numbers of (a) missing H atoms and (b) extra Ca atoms in hydrated alu-
minosilicate gels with respect to the Al/Ca molar ratio before accelerated aging at 
2000 K. The line is to guide to the eye. The grey area indicates that the break in slope. 

 461 

4. Conclusions 462 

Altogether, this study shows the kinetic mechanism of calcium–alumino–silicate–hy-463 

drate gel formation by reactive molecular dynamics simulations. The elevated reaction 464 

temperatures which don’t affect the structure of the final hydrated gel are adopted to 465 

accelerate the condensation kinetics in the reactive molecular dynamics simulations, 466 

and the results of polymerization kinetics are in agreement with experimental data. 467 

As a major outcome of this study, we find that the condensation kinetics of the gel are 468 

strongly influenced by the concentration of Al atoms in the aqueous solution. Specifi-469 

cally, the activation energy of C–A–S–H precipitation decreases with the increase of 470 

the Al/Ca molar ratio, and accordingly the polymerization rate at 300K increases. Fur-471 

thermore, based on the atomic coordination analysis and charge-balancing mecha-472 

nism, we demonstrate that 5-fold Al atoms are mainly forming at high Al/Ca ratios, 473 

where the 5-fold Al atoms act as a potential catalyst in the gelation process. This arises 474 

from the fact that there are insufficient hydrogen atoms or extra calcium atoms to 475 

charge compensate Al atoms at high Al/Ca ratios during accelerated aging, which re-476 

quires the consumption of more positively charged atoms (e.g., hydrogen atoms) for 477 

charge balancing and hence enhances the gelation rate. Overall, we envision that the 478 

careful control of the kinetics of hydrated gels could open a new avenue for designing 479 

novel gels with enhanced properties. 480 

 481 

SUPPLEMENTARY MATERIAL 482 

See supplementary material for the pair distribution functions of Al−O, Si−O, Ca−O, 483 

H−O, Al−H and Al−Ca pairs; the average coordination numbers of Si, Ca, H, and O at-484 

oms; the average coordination numbers related to Al−H pair and Al−Ca pairs; the evo-485 

lution of the BO/(Si+Al) molar ratio as a function of time with different Al/Ca ratios; 486 

the fractions of 4-fold and 5-fold coordinated Al atoms before accelerated aging at 487 

2000 K; the fractions of AlO4, AlO5 , and AlO6 aluminum polytopes after accelerated 488 

aging at 2000 K; and the list of ReaxFF parameters used for the molecular dynamics 489 

simulations. 490 
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