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Silylation is an effective means of cellulose modification. However, the 
condensation reaction process between the hydrolysis products of the 
silane coupling agent and cellulose, as well as the structure of the coating, 
which both have a strong influence on the wettability, are still controversial. 
In this paper, the reactions of different methyltriethoxysilane hydrolysis 
products with cellulose were simulated via the density functional theory 
method. The reaction activity centers of the different methyltriethoxysilane 
hydrolysis products in an ethanol solution were analyzed via the front-line 
orbital theory and the Fukui function. The silylation reaction of different 
methyltriethoxysilane hydrolysis products in an ethanol solution on the 
cellulose surface were investigated via the transition state theory. The 
results show that although the initial hydrolysis product has the lowest 
grafting energy barrier, considering the whole process of grafting and 
condensation on the cellulose surface, the hydrolysis product with two 
hydroxyl groups is more favorable for the growth of organosilicon on the 
cellulose surface, so it is desirable to control the reaction where this 
product is dominant. In addition, the silylation process on the cellulose 
surface is more inclined to a multilayer coating mechanism. 
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INTRODUCTION 
 

Cellulose is the most abundant biopolymer on Earth; it is found in trees, waste from 

agricultural crops, and other biomasses (Li et al. 2021). With multiple advantages, 

including a low cost, renewability, easy processability, and biodegradability, as well as 

appealing mechanical performance, dielectricity, piezoelectricity, and convertibility 

(Béguin and Aubert 1994; Zhao et al. 2021), cellulose is an emerging potential material in 

energy storage (Li et al. 2022), wastewater treatment (Chen et al. 2017), desalination (Zhu 

et al. 2017; Li et al. 2018), flexible materials (Zhu et al. 2016; Zhao et al. 2021), etc. 

Cellulose nanotechnology has been developed to produce various structures, e.g., 

super-strong wood, transparent wood, and cooling wood for lightweight and energy-

efficient building applications (Chen et al. 2020), as well as fabric materials ranging from 

composites and macrofibres to thin films, porous membranes, and gels (Ye et al. 2019; Tu 

et al. 2021). However, there are disadvantages of cellulose, which is prone to water 

absorption and degradation, at the same time causing it easily to lose strength rapidly, 
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which limits its application in humid and aqueous environments. 

Grafting hydrocarbon polymers on the surface of cellulose is an effective method 

to improve hydrophobicity (Xie et al. 2010). For example, cellulose aerogels modified by 

polysiloxane, such as polydimethylsiloxane (PDMS), can have a water contact angle of 

greater than 150° and can be used for oil-water separation (Wang et al. 2019; Phat et al. 

2021). Alternatively, hydrophobic silanized cellulose can be produced by in situ 

polymerization of silane coupling agents on the cellulose surface to form polysiloxane 

networks (Wang et al. 2016). More importantly, silanization with silane coupling agents 

allows the formation of a micro-/nano morphology, which has a strong influence on the 

wettability (Liu et al. 2017; Feng et al. 2002). Therefore, in a previous work by the authors, 

a cellulose-based oil-water separation membrane with a water contact angle of 164.2° was 

prepared using silane coupling agents (Xing et al. 2022).  

The coupling of silane on cellulose is generally accomplished in two stages. In the 

first step, the silane coupling agent is hydrolyzed to silanol, which is condensed with the 

OH groups on the cellulose in a subsequent step (Rana et al. 2021). However, the structure 

and properties of the coating are still controversial (Hunsche et al. 1997; Vilmin et al. 

2014). So far, two conflicting theories for the silylation mechanism have been proposed. 

The generally accepted theory is called horizontal grafting (Xie et al. 2010, 2017) (Scheme 

1), while the other one is called multilayer coating (Yoshida et al. 2001; Shircliff et al. 

2013) (Scheme 2). It is not clear which one is favored by the condensation reaction process 

between the hydrolysis products of the silane coupling agent and the cellulose. 

 

 
 
Scheme 1. Horizontal grafting mechanism. (R represents the organic functional group of silane; 
the dotted lines represent hydrogen bonds.) 

 

Shang and Zhang (2020) studied the interaction between silica and different 3-

mercaptopropyltriethoxysilane (MPTS) hydrolysis products via Density Functional Theory  

(DFT) methods and tried to reveal the silylation mechanism. It was concluded that grafted 

silanes adsorbed flatly on the silica surface, and the elimination of ethanol promoted the 

grafting of partially hydrolyzed silane on the silica surface. However, the MPTS hydrolysis 

products adsorbed flatly on the surface of silica due to the influence of S atoms on the 

longer alkyl chains. In order to exclude the interference of the R group, the triethoxysilane 
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(MTES) with the R group being methyl, the most common hydrophobic group, is 

appropriate to study. And the theoretical calculations do not take into account the dipole 

electrostatic interaction between the solvent, e.g., methanol (Liu et al. 2004), ethanol (Chen 

et al. 1996), and the reactants (Iarlori et al. 2001; Deetz et al. 2016), which is inconsistent 

with the fact that surface treatments are usually carried out in a silane water-alcohol 

solution (Salon et al. 2005). It is worth exploring whether the interaction, adsorption 

behavior, and reaction profiles of the hydrolysis products of silane coupling agents with 

cellulose in ethanol solutions are similar to the silica surface grafting mechanism. 

 

 
 

Scheme 2. Multilayer coating mechanism 

 

In order to investigate whether the process of MTES grafting on the cellulose 

surface prefers Scheme 1 or 2, the reaction process is viewed as two parts: grafting and 

condensation reaction. In this paper, the reaction scheme that goes through the most 

representative intermediate product containing only one hydroxyl group as an example (as 

shown in Scheme 3) is taken as an example. There are four main reaction schemes for the 

formation of the intermediate product, while there are two types of subsequent 

condensation reactions. The activation energies of grafting and condensation reactions in 

an ethanol solution were investigated based on the Density Functional Theory (DFT) 

method and the cellulose Iβ crystal model, revealing the effects of the solvent on the 

grafting reaction mechanisms. The hydrolysis product with two hydroxyl groups is 

predicted to be more favorable for the growth of organosilicon on the cellulose surface. In 

addition, the silylation process on the cellulose surface is more inclined to a multilayer 

coating mechanism. 
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Scheme 3. scheme that goes through the most representative intermediate product containing only 
one hydroxyl group 

 

 

EXPERIMENTAL 
 
Models  

Natural cellulose has two different crystalline forms, Iα and Iβ. The cellulose in 

wood is primarily cellulose Iβ (as shown in Fig. 1) (Belton et al. 1989). The external 

morphology of cellulose Iβ primarily corresponds to the (110) and (11̅0) surfaces, which 

are highly decorated by protruding hydroxyls (Mazeau and Rivet 2008). 

In the investigation of the adsorption and chemical reaction mechanisms, the cluster 

model can guarantee a high accuracy with low computational effort (Taylor et al. 2011). 

The chemical properties of the clusters differ from those of macroscopic cellulose fibers, 

exposing more active sites. Therefore, based on the analysis of the reaction centers, those 

with similarities to the crystals were chosen. In this paper, the cellulose Iβ model was 

established based on the lattice structure data characterized by synchrotron X-ray and 

neutron diffraction, as shown in Nishiyama et al. (2003), and the cellulose cluster model 

isolated from the (110) crystal plane of cellulose Iβ was chosen (as shown in Fig. 1c). 
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Fig. 1. The cellulose models: (a) cellulose Iβ; (b) (100) surface of cellulose Iβ; and (c) cellulose 
cluster model isolated from the (110) crystal plane of cellulose Iβ (note: the grey, white, red balls 
are for C, H, and O atoms, respectively) 

 

Calculation Details 
The primitive cellulose model was optimized using the Dmol3 program package 

(Delley 1990, 2000) in the Materials Studio software (version 5.5, BIOVIA, San Diego, 

CA). The generalized gradient approximation (GGA) developed by Perdew-Burke-

Ernzerhof (PBE) (Perdew et al. 1996) was selected as the exchange-correlation function 

because of its high accuracy in terms of hydrogen bond description. The double numerical 

basis set plus polarization function (DNP) was used, and all electrons were considered 

without special core treatment. Under this calculation scheme, the basis set superposition 

error (BSSE) can be minimized (Delley 1990). The dispersion-corrected density functional 

theory (DFT-D) was employed to analyze the effects of the dispersion force.  

The orbital truncation radius was set to 4.6 Å (1 Å = 0.1 nm), and the core treatment 

was set to all electron. The maximum energy change was 10-5 Ha, the maximum force was 

0.002 HaÅ-1, and the maximum displacement was 0.005 Å. The self-consistent field 

convergence was set as 10-6. The conductor-like screening model (COSMO) are used for 

reactions in solution and is set to ethanol (24.3) and the other calculations are in gas phase. 

Different methyltriethoxysilane (MTES) hydrolysis products were optimized using 

the Dmol3 program package. The optimized structure was analyzed for the electron density, 

electrostatic potential, front-line orbitals, and Fukui functions. 

The linear synchronous transit (LST)/quadratic synchronous transit (QST) method 

was used to search the transition state for each reaction. After vibrational analysis of 

reactants and products, whether they are transition states was confirmed according to the 

direction of the imaginary frequency vibration and its connectivity, and then optimize the 

transition state and frequency were optimized. The activation energy and heat of the 

reaction was calculated according to Eqs. 1 and 2, respectively, 

EA=ETS-ER          (1) 

Eh=EP-ER         (2) 

where EA is the activation energy (kJ/mol), ETS is the energy of the transition state (kJ/mol), 

ER is the energy of the reactants (kJ/mol), Eh is the heat of the reaction(kJ/mol), and EP is 

the energy of the products (kJ/mol). 

  

(a)        (b)     (c)
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RESULTS AND DISCUSSION 
 

Activity Center Analysis 
There are three types of MTES hydrolysis products (denoted by MH0): where one 

ethoxy group is hydrolyzed, where two ethoxy groups are hydrolyzed, and where all ethoxy 

groups are hydrolyzed, which are denoted by MH1, MH2, and MH3, respectively (Shang 

and Zhang 2020).  

The activity of the grafting reaction can be quantified with the help of the front-line 

orbital electron clouds (as shown in Fig. 2) and the Fukui function (as shown in Fig. 3). 

The shift of the frontline orbitals makes the Si atom more electrophilic and the O atom 

more nucleophilic, thus increasing the activity (Yokoyama et al. 1999; Zhuo et al. 2012). 

The electrophilic indices of the Si atoms in MH0 through MH3 show a tendency to increase 

with the hydrolysis process, which is consistent with the substitution of -OEt by -OH, 

which is consistent with the literature (Liu et al. 2004). Hydrolysis makes the O atom 

readily accept the hydrogen atom in the hydroxyl group of cellulose, and the hydroxyl 

group in the hydrolysis product is more vulnerable to the attack of the hydroxyl group on 

the cellulose surface compared to the ethoxy group, which is considerably different from 

the literature reports that do not consider solubilization effects (Shang and Zhang 2020). 

 

 
 

Fig. 2. The LUMOs and HOMOs of the MTES hydrolyzed products 

 

 

 
 

Fig. 3. Electrophilic index of Si and nucleophilic index of O in the MTES hydrolyzed products 
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Grafting And Condensation Reaction  
Based on the above analysis of the reaction activity centers, the influence of the 

MTES hydrolysis process on the grafting and condensation reaction mechanism is revealed 

via kinetic calculations with the help of the transition state theory. 

 

Grafting reaction between cellulose and different MTES hydrolysis products 

The differences in the reaction mechanisms between alcohol and non-solvent 

environments were analyzed. The PES profile of the MH0 grafting reaction is shown in 

Fig. 4, and the reactant energy was set to 0 in kJ/mol. In an ethanol solvent, MH0 is first 

adsorbed on the cellulose surface as the hydrogen bond with a length of 2.204 Å. After 

that, the silica atom of MH0 is subjected to nucleophilic attack by the oxygen atom in the 

cellulose hydroxyl group. After the transition state, TS-MH0, with an activation energy of 

22.9 kJ/mol, the silica atom of MH0 binds to the oxygen atom in the cellulose hydroxyl 

group with a length of 2.020 Å. Subsequently, the silica-oxygen bond in MH0 breaks, and 

the hydrogen atom in the cellulose hydroxyl group transfers and binds to the broken ethoxy 

group to form ethanol to complete the grafting, which is exothermic.  

 
 

Fig. 4. The potential energy surface (PES) profile of the grafting reaction of MH0: (a) in ethanol; 
and (b) in gas phase  
 

The incomplete hydrolysis product has both ethoxy and hydroxyl groups, so there 

are profiles of deethanolization and dehydration reactions (shown in Fig. 5 and 6). The PES 

curves of the reaction of the complete hydrolysis product MH3 are shown in Fig. 7. The 

deethanolization reaction activation energy in ethanol is higher than that of the grafting 

reaction of MH0 (22.9 kJ/mol). In addition, the activation energy of the dehydration 

reaction tends to be lower. 

The PES profiles of the reactions in a non-solution show significant differences 

from those in an ethanol solution, especially for MH1. The activation energy of the 

deethanol profile in an ethanol solution is higher; while under non-solution conditions, the 

activation energy of the dehydration profile is higher, and the dehydration profile reaction 

is a slight heat absorption reaction. 

The products of the incomplete hydrolysis of MTES prefer the dehydration profile 

in an ethanol solution, while the non-solution conditions prefer the deethanol profile. This 

is because of the fact that the oxygen atoms in the MH1 and MH2 silicone hydroxyl groups 

have higher nucleophilic properties compared to the ethoxy groups in an ethanol solution 
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and bind more strongly to the hydrogen atoms in cellulose, contrary to the properties in the 

non-solution environment (Shang and Zhang 2019). 

 

 
 

Fig. 5. The PES profile of the grafting reaction of MH1: (a) in ethanol; and (b) in gas phase  
 

 
 

Fig. 6. The PES profile of the grafting reaction of MH2: (a) in ethanol; and (b) in gas phase  
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Fig. 7. The PES profile of the grafting reaction of MH3: (a) in ethanol; and (b) in gas phase  
 

Grafting reaction  

Intermediates containing only one hydroxyl group are representative intermediates 

for the grafting and condensation reactions of MTES and its hydrolysis products on the 

cellulose surface. The formation of representative intermediates requires a one- or two-step 

reaction, and there are four main cases. Among them, the dehydration grafting of MH2 on 

the cellulose surface has the lowest energy barrier (shown in Fig. 8). 

 

 
 

Fig. 8. The PES profile of the formation of representative intermediates: (a) MH0; (b) and (c) MH1; 
(d) MH2 
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Condensation reaction 

The dehydration condensation reactions are shown between the intermediate 

products and the free MTES hydrolysis products in solution (in the case of the major 

hydrolysis product containing one hydroxyl group) or the intermediate products correspond 

to the most likely vertical growth (multilayer coating) and horizontal condensation 

(horizontal grafting) reactions, respectively. As shown in Fig. 9, the reaction energy 

barriers for multilayer coating and horizontal grafting are close, but the energy of the 

vertical growth product is significantly lower than that of the horizontal condensation 

product. 

 

 
 

Fig. 9. The PES profile of the dehydration condensation reactions: (a) multilayer coating; and (b) 
horizontal grafting 

 

Although the initial hydrolysis product has the lowest grafting energy barrier, 

considering the whole process of grafting and condensation on the cellulose surface, the 

hydrolysis product with two hydroxyl groups is more favorable for the growth of 

organosilicon on the cellulose surface, so it is desirable to control the reaction where this 

product is dominant. The silylation process on the cellulose surface also tends to be a 

multilayer coating mechanism. 

 

 

CONCLUSIONS 
 

1. The hydroxyl oxygen of the incompletely hydrolyzed products is more active in the 

ethanol solution environment, and therefore more likely to undergo condensation via a 

dehydration reaction. 

2. Although the initial hydrolysis product has the lowest grafting energy barrier, 

considering the whole process of grafting and condensation on the cellulose surface, 

the hydrolysis product with two hydroxyl groups is more favorable for the growth of 

organosilicon on the cellulose surface. 

3. The silylation process on the cellulose surface tends to be a multilayer coating 

mechanism. 
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